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Hazardous Exposure to Impulse Noise

INTRODUCTION

Limits for exposure 1o hazardous ngents are set by delining some spe-
cific accepiable effcel (the response) and then determining what exposure
condilions (the dose) preduce that effect, In 1968, the Commitice on Hear-
ing, Dioacoustics, and Biomechanies (CHABA) praposed a limit for expo-
sure lo impulse noise (gunfire) in which the response was g specific amount
of temporary threshold shift (TTS) and dose was specified in terms of the
peak pressure and two aspeets of the duration of a particular impulse, with
correclion factors for number of impulses and for the angle of incidence on
the car, The proposal was basically an endorsement of one advanced by an
Anglo-Americen lcam of investigalors (Coles, Garinther, Hodge, und Rice,
1968) thut was based on Lhe very limited pool of information then available
aboul the auditory hazard of gunfire, Coles, Garinther, and Hodge were
members of the Working Group on Proposed Damage-Risk Criterion for
Impulse Noise (Gunlire),

The 1968 criterion was essentially developed from experimental duty
obtained from studies vsing impulses produced by gunfire. It was nol in-
tended, as the discussion by Coles et al. (1968) makes clear, to be used for
indusirial types of impulses (impacts). This discussion of the 1968 docu-
ment is thus limited to impulses produced by gunlire, The proposcd guide-
lines were highly tentative, involving extrapolation from very limited actual
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datzt on the temporary effect of only small arms gunfire on hearing: it was
recopgnized that modification of the specific numerical values of the permis-
sible exposure descriptors could be expected as more data becaune avail-
able, In fact, it was considercd possible that the descriptors used would be
found to be inappropriate, and that exposares might better be chuaracterized
in terms of the rise time, spectral characteristics, and total acoustic encrgy
of the impulses, Furthermore, the 1968 proposal made no pravision for the
asscssment of the hazard of exposure to a scries of different impolses of
different peak sound pressure levels (SPLs) with various interstimulus in-
tervals or of impulses in combination with other forms of noise (steady,
intermitient, or impact noises), hor was consideration given to the effects of
hearing protectar yse,

The proposal of the 1968 CHABA working group was never adapted in
its entirely by any regulatory sgency, although some of iLs provisions were
incorporated into military standards. In the ensuing deeades, numerous
alternative methods for evaluming exposure have been suggested, but wide-
spread agreement on o preferred procedure has not been reached. Tt was
therefore deemed worthwhile 1o revicw the 1968 proposal in order ta deter-
mine whether changes shopld be made, Accordingly, in 1988 CHABA
cstablished a working group "to review, analyze, and synthesize the liera-
ture (since 1968) on hazardous exposure lo impulse noise, The working
group will recommend research far revision of the 1968 criterion,”

THE 1968 PROPOSED CRITERION

(1) The Response. The criterion response proposed by the Working
Qroup on Proposcd Bamage-Risk Criterion (DRC) for Impuise Noise was
simple: generation of a TTS, (temporary threshold shifl of auditory thresh-
old mensured 2 minuges alter termination of cxposure) of 10 dB at 1,000 Hz
and below, 15 dB a1 2,000 Hz, or 20 dB ar 3,000 Hz and above,

(2) The Dose, Animpulse was described in terms of three of its many
possible parameiers: (1) the peak pressure level Pr “ihe highest instnta-
neous pressure level reached at any Lime by the impulse, expressed in deci-
bels re 00002 dynfemn?, measured ot the position of the car with the individ-
ual not present™; (2) A-duration: “the time required for the initial or principal
wave to reach the penk pressure level and return momentarily lo zero™; and
(3} B-duration: “the total time that the cnvelope of the pressuee fluciuations
(positive and negative) is within 20 dB of the peak pressure fevel, including
rellected waves.™

(3) The Exposure Limits. The basic dose-response relation of the 1968
criterion is expressed in the form of the graph displayed in Figure 1. This
figure shows the permissible value of P, as a function of A- or B-duration,
“for 100 impulscs distributed over a period of Tour minues (o several howrs
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FIGURE 1 The 1968 Impulse Noise Criterion

on any single day™ and reaching the car at normal incidence, Under these
exposure conditions, the eriterlon TTS, will not be exceeded in more than §
percent of the cars exposed. IT the-impulses arrived at the car with grazing
incidence, the permissible peak level could be raised by 5 dB, Finally, il
the number of impulses N was not 100, then the permissible peak level
could be alicred by § log,,(100/N} B up or down as appropriate, Thus for
example, the point M on Figure 1 indicates that, for a pulse having & durn-
tion of 0.3 msee {or 300 psec), un peuk fevel of 157 45 waould be pemmilted
for a scrics of 100 impulses arriving at the car at normal incidence, 1T only
a single pulse were involved, the permilted peak level would be 167 dB,
and if that impulse arrived at the car with grazing incidence, it could have a
peak level of 172 dB,

It is important to emphasize what may be an obvious shoricoming in
the busic relation; the graph of Figure 1 shows permissible peak pressure
“as a function of A- er B-duration,” That is, the relative hazard of an
impulse is to be assessed in 1erms of either its A-duration or its B-duration,
whichever is larger, The 1968 report states speeifically: *In case of doubt
as to which waveform analysis to apply, the more conscrvative B-duration
should be used.” Since in nenrly every case imaginable, B-duration will be
longer than A-duration, the net effect is that A-duration will not be relevant,
The two durations, it should be noted, reflect relatively independent nspects
of the pressurc-time signalure of a given impulse cvent. The A-duration is
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linked 1o the energy of the source while the B-duration is a function of the
individual weapon and the exposure syrreundings and is related to the addi-
tional ¢nergy in the stimulus arriving ai the subject produced, for example,
by reflections.

The 1968 proposal, then, in elfect prescribed limits for exposurc 1o
gunlire that depended only on peak level, B-duration, number of identical
pulses, and the oricniatien of the ear relative to the source. Because of
severe Jimitations in available datz as well as instrumentation technology,
charaeieristics of the impalse, such as rise time, energy, or spectrum, could
not be incorporated into the DRC. In [act, one might arguc that the criteri-
on presented in terms of A-durations and B-durations is an artifact of the
then-current instrumentation limitations. Coles et al, (1968) wrote that “the
spectrym is believed 1o be important gnd, while & Fourier analysis can give
information regarding the spectral distribution of certain impulse wave-
forms, in general the specirum is difficult and time-censuming to analyze,
For this rcason, this parameter has net been included in the DRC.” No
method of treatment of exposures involving o mixture of levels was sug-
gested, nor was any mention made of the change in exposure limits associ-
ated with the use of hearing protectors, These and other deficiencies in the
DRC were acknowledged by ils authors.

With the elimination of A-duration, the 1968 limit can be reduced to a
single equalion defining the permitted peak leve! P of N impulses whose
duration is B msec ot normal incidence;

P =138 + 6.67 log,,(200/B} + 5 log, (100/N)
where i B > 200 mscee, use B = 200 msee,

EVIDENCE SINCE 1968 RELATIVE TO YALIDITY OF TIIE
PROPOSED CRITERION

Following publication of the CHABA criterion in 1968, varicus U.S,
agencies (e.g., the U.S. Army and the Oceupationa! Safely and Health Ad-
ministeation) derived exposure regulations from the criterion and for the
next 10 years very little additional research wus undertaken in the United
States, With the exception of a human study by Hodge and Garinther
(1970) and some animal research (e.g., Henderson et al,, 1974, and Hamemik
et b, 1974, in the civilian sector; Priee, 1974, at the U.S, Army Humaun
Engincering Luboratory), rescarch on impulse noise in the Uniled Siates
was at a virtual standsiill, In 1971, the Occupational Safety and Health Act
(Federal Register, 1971), although not necessarily addressing military re-
quirements, decreed (that “exposure 10 impulsive or impact neise should not
exceed 140 dB peak sound pressure level” (regardless not only of duration
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but also of spectrum, energy, or number of impulses), This recommenda-
tion discouraged the experiments necessary to address the military problems
of high peak level impulse noise exposure, even though it did not interdict
them (the regulation, it will be noted, uses the term showld rather than
shall). As aresull of this stricture in the United Siates against peak levels
above 140 dB, only a few cxperiments using human subjects that might
confirm or deny the fundamental validity of the 1968 proposal lor all forms
of gunfire have been conducted, Despite the limitations mentioned enrlier,
the proposed criterion may well do what it was designed 1o do for some
limited range of impulse parameters: i.e., indicate those cxposures (o nctual
small arms gunfirc that would just produce the criterion TTS, in 5 percent
of humans exposcd.

Hodge and Garinther (1970) showed that small shoulder-fired rockets
whose B-duration was 20 msee produced the criterion TTS, in 4-7 percent
ol their Army personnel exposed to a single pulse a1 a peak level of 160 dB,
Jjust as permilied by the proposed limit (145 dB from Figure 1, witha 10-dB
increase for N =1 and a 5-dB increase for grazing incidence),

A second stwly providing relevant information is one portion of an
extensive study of impulse noise using humans conducted by Eriel in 1973
in East Germany, Tweniy-six subjects were exposcd in an gnechoic chum-
ber to a single shot of a 7.6 mm machine pistol having a pesk level of 160
dB {normal incidence); onc listencr showed the eriterion TTS, after expo-
sure, indicating that this was indeed the limiting exposure, The proposed
criterion indicates that such a single 160-dB pulse sheuld produce the crite-
rion TTS, il ils duration were 3 msee, In this case, (he B-duration was about
2.5 msee, thus apparently verifying the accuracy of the proposal,

Both of these results support the proposal 1imits, provided that enly B-
duration is considered—but only in that case. Hodge and Gurinther (1970)
avoided any mention ol the A-durntion of their rocket impulses, but Ertel's
impulse had an A-duration of 0.3 msec. If the “use only B.duration rule”
had been ignored in the Initer case, the predicted tolerable peak level of a
single impulse with an A-duration of 0.3 msec, at normal incidence, is scen
from Figure 1 to be abom 167 dB, a value 7 dB higher than the actual peak
level.

One possible interprewtion of the foregeing resulls is that perhaps A-
duration renlly s irrelevant, This possibility, however, hus been dispatched
by a group of experiments recently ¢conducted in France using human sub-
jects {Comite Bruits d’Armes, 1990). A group of 7 men exposed 1o 25
reports from o cannen (peak level 159 dB, A-duration 4 msec) showeil no
TTS, but § of 11 subjects exposed at the sume peak level 1o 10 rounds ol o
“light gun” whose A-duration wns 0.2 msce showed o TTS a1 4 kHz of more
than 15 dB, so the [ifth percentile must have been shove 20 B, Thus not
anly is A-duration relevant, but nlso its cllect is in the opposite dircction to
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that implicd by the proposcd criterion’s contour; shorter pulses are more
hazardous than longer ones. These human data also provide an cxample of
a controlled study in which an exposure that should have been “safe” by the
proposed criterion nctually produced more TTS in the {ifth percentile than
allowable.

These resulis abtained with impulses of different duration were nol
unexpeeted, because studies with experimental animals had already demon-
strated that longer A-durations were less dangerous than short ones. Price
(1983, 1986; Price ot al., 1989a, 1989h) had shown that, in the cat, the
damage from exposure at a constant peak level was least for howitzer fire
(3-4 msec A-duration), more for rifle fire (0.4 msec), and even more for
primers (0.07 msec). Although some of these data arc confounded by an
anesthesia effect (Price, 1991), the cifect does not alter the basic conclu-
sion. The same result was demonstrated in the guinea pig by Dancer et al,
(1985): comparison of the effect of 11 different impulses at a constant penk
evel but with various A-durations indicated that the shorier the pulse, the
greater the hazard, down to 0,05 msee, All of these data imply greater
hazard for shorter pulses, which is contrary 10 what would be expected on
the basis of the overall acoustic energy in the impulses.

The most reasonable explanation of the foregoing results is that the
spectral distribution of the energy is crucial, since the spectrum of a1 simple
(free ficld) Friediander wave is closely linked to its A-duration, The longer
the A-duration, the lower the frequency at which the spectrum will display a
maximum, Ericl (1973} performed a Fourier analysis on a host of published
gunfire waveforms {(all of which have near-instantancous rise times) and
found thal the A-duration corresponded 1o about ene-sixth of the period of
the frequency of maximum encrgy, a figure in agreement with the analytical
prediction (Hamernik and Hsuch, 1991), If, therefore, the hazard associated
with the spectral distribution of the energy increases with frequency up 1o
arcund 2,000 11z, as imptled by ihe Lanslu funciion of the ower ear, this
hazard shoeld increase as A-duration becomes progressively shorter, until it
reaches a maximum for an A-duration of one-sixth of 0.5 msec, or around
85 usec. For cven shorter A-durations, the hozard should finally decrease,
ns the corresponding frequency becomes higher and higher, and the total
acoustic cnergy in the impulse becames the determining factor. Such o
reduction in hazard for A-durations below 100 msee had already been dom-
anstrated by Locb and Fletcher (1968), who showed that the TTS caused by
a spark discharge increascd steadily in humans as pulse duration increased
from 32 to 96 pusec, For constant hozard, then, a limit relating maximum
peak level 1o A-duration should decrease, as A-duration increases, to only
around 100 psec; from that point on, the permitted peak level should in-
creasc rather than remaining constint as the proposed criterion’s A-duration
curve does.
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Additional evidence clearly illustrating the need 1o consider the spee-
trum of the impulse cun be found in Johnson and Pattersen (1992). The
impulse under consideration had a peak SPL belween 180 and 190 dB in the
free field, However, under the hearing protectors worn by the subjects, the
high frequencies are filtered ouwt, leaving a very low-lrequency pulse (A-
duration = 7 msee.) of more than 180 dB peak SPL entering the car, The
subjects showed levels of TTS within the proposed limits, Clearly this is a
result not in agreement with the proposed criterion, which overestimales the
hazard when very low-frequency transients are encountered and can lead 1o
unwarranted conclusions concerning the inadequacy of hearing-praieclive
devices (Pekkarinen et al,, 1992), One conclusion concerning low-frequen-
cy energy content impulses that con be drawn lrom recent chinchilla dala
(Hamernik ct al,, 1991) is that the energy in a particular frequency band
transporicd by an impulse whose speetral peak is at the very low end of the
spectram is less effective in producing wrauma than is the same amount of
encrgy in the same octave band transported by an impulse whose spectrum
peaks at a higher requency.

The 1968 proposed criterion has limited support from two reeent ficld
studies, Yiminez ctal, (1989) studied 60 normal-hearing Army recruits who
[ired a weapon with a peak level of 163 dB (probably .30 caliber) 235 times
in about § minutes, producing an average TTS of 8.5 dB immediately after
exposure, No mention is made of A- or B-durstion nor the standard devia-
tion of the TTS, but if the laiter were 5-6 dB, the results would be in ling
wilh the present limit, Borchgrevink ct al, (1985), in a retrospective study,
found permanent hearing losses to be significantly increased in Norwegion
military drill squads whe used blank ammunition for a year that generated a
peak level 10 dB higher than the costomury 160 ¢dB. The lower-level expo-
sures produced “rare” cascs of permanent threshold shift (PFTS), while the
high-level exposures produced consistent high-level PTS at the high [re-
quencics,  While these resulls are diflienlt to evaluale in relation to the
proposed crilerion becouse of the compiex nature of the multiple exposures,
they can be inlerpreled to indicate a threshold for damage around 165 dB
and, depending on (the impulse durition chosen 1o represent the exposure,
may be in agreement with the curve of the proposed criterion,

While neither of these last two reports can be characterized as scicntif-
icolly rigorous, they do not appear to contradict the limits for humans cm-
bodicd in the proposed criterion. This is in sharp contrast to results with
experimental animals, not adjusted [or species differences, that indicate that
not only high values of TTS but also permancnt damage are producad by
exposures thal would be permitied by the praposed limils: in the guinca
pig, by a single pistol shot with a 40-msec B-duration and o peak SPL of
145 dB (Cody and Johnstone, 1980), by a single spark-gap impulse with a
durntion of 100 pscc and a peak SPL of 164 B (Meyer and Biedermann,



8 HAZARDOUS EXPOSURE TOQ IMPULSE NOISE

1980}, or by 500 rounds of & cap pistol with & dursiion of 35 psec and a
peak SPL of 153 dB (Poche, Stockwell, and Ades, 1969); in the chinchilla,
by a single spark-gap impulse with an A-duration of 60 psce and a peak
SPL of 168 dB (Luz and Lipscomb, 1973) or by 50 shock-tube pulses of 1-
msec A-duration ot a peak SPL of 155 dB (Henderson, Hamernik, and
Sitler, 1974). None of the studics just ciled atlempted 10 estimage exprosure
values that would produce only TTS, however, so although they indicate
that humans are less susceptible to permanent demage than the laboratory
rodent, the magnilude of the difference cannat be ¢stimated, Only recently
have Pauerson et al, (1985) shown that the chinchilla®s just-innocuous ex-
posure (i.c., one that just fails o produce permanent hearing loss) is a
single loudspeaker-gencrated pulse with a peak SPL of 147 dB and a B-
duration of 4 msec, For a 100-pulse exposure, the peak SPL needed to be
between 13t and 135 dB. Price and Wansack (1989h) reported that for the
exposure of ancsthetized cats (o 50 impulses produced by n primer (A-
duration of 85 psce, B-duration of 400 usec), the onset of PTS was just
above 144 dB, Both of these studies used impulses that had spectral peaks
to which the chinchilla and cat ears are most sensitive, The proposed limit
for the pulse uscd by Panerson cf al, is 159 dB for a single impulse or 149
dB lor 100 impulses. For the primer impulse the proposed limit would be
ahout 158 B for 50 impulscs. Price also reported that Tor the cat car
exposed to 60 impulses from a rifle (350 psec A-duration, 2,8 msce B-
duration), the onset of PTS was caleulated to begin at about 140 dB. The
proposed criterion would have rated this exposure tolerable wt 1515 dB,
The 11- 10 14-dB dilferences between the proposed limits and the sbove
duta in part reflect species differences that are probably related in a system-
atic menner o the impulse spectrum and in part may reflect the different
criterin used in the comparison of the animal daw 10 the curve of the pro-
poscd criterion; ie., criterion Jevels of TTS [or the Iatter and the onset of
PTS for the former. It is reasonable to conclude that at Jenst for these
impulses the chinchilln and cat are more susceptible than humans, This
figure of 11 dB to 14 dB is interesting. [ one compares the resulls (rom
asymptotic threshold shift experiments in humans and chinchillas using continuous
noises (Mills ct al,, 1979}, a similar ligure for the relative susceptibility
between human and chinchilla is predicted.  While this may simply be
fortuitous, considering the very diflerent noture of the exposures and exper-
imental paradigms, it does indicate that there are probably systematic and
quantifigble differences between the two species thil, if explored, could
lead to methads for extrapolating from animal to human responses 1o im-
pulses,

During the 1970s n series of studies was carried out by Plander and his
associntes in West Germany using protecied and unprotected human sub-
jects. Their results are embodied in a DRC proposed by Plander (1975) and
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Plander et al. (1980), Despile differences in methodology, the DRCs pro-
posed by CHABA and by Plander intersect at around 150 dB peak SPL, and
for a limited range of temporal and peak pressure varizbles over 150 dB, the
CHABA curve is more conservative, A detailed comparisen can be found
in a North Atlantic Treaty Organizntion report {1987),

In 1976, interest in the hazards of impulse noise exposure was revived
within the U.S, Army due 10 problems associated with impulse noise cxpo-
sure from heavy weapons, In the early 1980s some of the lirst human
studies in the United States using high-intensity impulse noise produced by
weapons were undertaken by Pallerson et al, (1985, 1987). These studics
involved prolecied human volunteers, bul they failed Lo establish a limit for
cxposure to heavy weapons when good hearing prolection is used. The
protection used in these two studics was adequate 1o prevent TTS in gun
crews cxposed to the maximum levels of weapon noise that were produced.

This renewed interest an the part of the U.S. Army has led 10 a substan-
tinl incrense in the amount of animal model data available, Price and Kalb
(1991}, for example, alter analyzing a considernble body af animal daw,
have developed & mathematical model to evalunte the hazard to hesring
from high-level impulses. The basic concept is of modeling the transfer
funciion between free-ficld pressure and damaging processes within the
cochlea, Free-field wavelorms serve os an input to the model that enley-
lates the head-related ransfer funciion, the middle ear wransfer function, and
the resulting stapes displacements {including nonlincaritics) and computes
basilar membrane displacements. Hazard 10 the ear from o particulur im-
pulse is caleuwlated as a function of the nember and amplitude of the dis-
placements, Such a caleulation provides physical ingight into the mechani-
cal processes that mighy be operative and can yield an estimate of hazard as
well, Patterson and Hamernik (1992), using synthetically gencrated impuls-
s presented to chinchillas, have derived o spectral weighting funciion that
shows that cnergy carried by impulses ot low {requencies should he deem-
phasized up 10 10 dB mare than that produced by the A-weighting function.
Their weighting funcition when applied to the sound exposuare level (essen-
lizlly an encegy measure) unificd a broad range of results from impulse
noise exposures in the chinchilla,

In 1987, lollowing several meetings over a six-year period, the North
Atlantic Treaty Organization (NATO) Stmdy Group R8G-6 of Pancl 8 pre-
pared a review document entitled “The Effects of Impulse Noise" (North
Atlantie Treaty Qrganization, 1987}, To a large extent the charge of that
group as well as their conclusions were similar 10 those ol the working
group that produced this report, In an eight-point sumaary siatement the
NATO report emphasized the hazards to the audilory system associated
with impulse noise exposures and in point TV sutes thar;  “None of the
exisiing national Damage Risk Criterin (DRC) for impuis¢ noise are in
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complete agreement with alt the data that have been reviewed by RSG-6. In
order 1o fully account for these data, factors such as frequency weighting,
1emporal distribution of the impulscs, growth of hazard with exposure, in-
tersubject variability in susceplibility for impulse noise and protection af-
forded by various hearing protectors should be considercd. At present,
mare data are required to be able 1o address these factors, Until these data
become available, the current criteria should continue 1o be used.” The
criteria that were reviewed can be found in Smoaorenburg (1982), CHABA
{1968), Pfander (1975), and Pfander et al, {1980). The NATO report further
emphasizes the paucity of data available for use in DRC revisions as well as
the uncertainty of which physical purameters of the impulse exposure are
the best prediciors of hazard,

For impulse noise of moderate levels, standard relations between hear-
ing loss and exposurc have been established. In 1981, al a mecting of the
leading rescarchers of impulse noise, a consensus was reached (o use A-
weighted Leq 1o assess moderale impulse levels up to 145 dB at the car
(Von Gierke et al., 1982). The results of this meeting were incorporated in
the draft standard 180 1999, In 1986, using the snme concept and data of
the ISO 1999 draft siandard, the American National Standards Institute
(ANSI, 53.28, 1986) published o draft standard for evalunting intcnse sound
with A-weighted sound pressure levels above 120 dB and peak C-weighted
sound pressure levels below 140 dB, This standard wos intended 1o apply o
industrial ond recreational impulse noise for which levels were below those
addressed by the 1968 criterion proposed by the CHABA working group,
The ANSI standard uses an 8-hour, A-weighted Leq of all noise between an
A-weighted tevel of 75 and approximately 140 dB as the indicator of haz-
urd, The working group that developed this standard mude a deliberoie
decislon not 1o try to apply it to higher-intensity impulse noise because of a
lack of data and a lack of a general consensus on how o estimate hazard at
the higher levels, The 1SO siandard is bosed on o Noise-Induced Permanent
Threshold Thrift (NIPTS) to sound exposure relationship for the unprotect-
¢d cor, The sugpestion and interpretation thal the 1SO and ANS! standard
could be used for exposures with a hearing protector if the C-weighled penk
under the protector was below 140 dB was made by several members of the
ANSI committee but not accepted by all, With the approval of 15O 1999 in
1990 (by over 75 percent of the 1SO member bodics), a second standard
becume available te relate noise-induced hearing loss to the A-weighied
Leg. Qne of the benelits of these standards is that they integrate the hazard
from exposure Lo impulse noise with exposurc to sieady noise. However,
they are gencrally not approprinte for use in evalunling impulse noisc lor
the unprotecied car above 140 dB peak SPL, The charge of the Working
Group on Hazardous Exposure to Impulse Noisc was to review the 1968
CHABA criterion; thus a detailed evaluation of siandards such us ANSI or
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1SO was not attempled. However, eatension of the 1968 CHABA criterion
to impulses below 138 dB peak SPL is definitely not recommended. For
simplicily, the working group rccommends that the 138 dB level be raised
to a C-weighted peak of 140 dB so there is a clear demarcation between the
region of application of standards such as 1SO 1999 and the 1968 CHABA
criterion,

In summary, the few data relevant to the validity of the 1968 CHABA
proposal do support the general form of the basic peak level versus B-
duration curve for small arms fire, and a1 least do not deny the accuracy of
correction factors for number of impulses and angle of incidence. The 5-dB
correction for a decade change In number should be used with caution when
extrapolating to more than 100 impulses, since there are limited experimen-
tal data 1o justify this trading relation. It should be noled that in the origi-
nat Coles et al. (1968) paper the nuthors state: “Where exposure is to occa-
sional, single impulses only, it seems reasonable o mise the limits somewhat,
and an estimale of 10 dB has been agreed upon,” The 1968 CHABA report
has taken this estimale and extended it without benefit of experimental data
1o cases in which the number of impulses can be as high as 1,000, Al
though the A-duration limit appears (o be in error, both in form and in
specific value, Lthe requirement that B-duration be used in predicting hazard
hag rendered that probiem somewhat scademic.

THE QUESTION OF REVISION OF THE CRITERION

The 1968 criterion proposed by CHABA clearly nceds modification,
but the nature of ihe necessary changes is nat obvious. At the very least,
some parameter reflecting the spectrn! distribution of encrgy in the pulse
must be incorporated and methods for handting mixtures of various impuls-
es, numbers of impulses, lemporal spacing of impulses, hearing protection,
cte.. must be devetoped. Wilh this In mind, perhaps the most sensible
course would be 1o abandon the criterlon and its progenitor, the Coles et al,
(1968) proposal, reassess both the dala on which they were based and the
newer data cited above, perform the necessary experiments to extend knowledge
to cover the full cange of gunfire, and develop a completely new proposal,
I this course is adopted, a series of issues must be addressed in turn.

Criterion

Some measure of TTS in humans remains the most proctical criterion
response,  Although prevention of PTS is the ultimate objective, it is un-
likely thal any relevant dala on PTS will be gathered in humans in the
foreseeable future, Use of either TTS or PTS in animals always raises the
question of extrapolation to humans by means ol correction factors, apart
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from the possibility that the relntion between TTS and PTS may not be the
same for the animal in question as for humans. For cxample, Price and
Wansack (1989b) found that in the cal, cven mederate values of the group
mean TTS measured 1 hour after exposure to impulse noisc did not lully
recover,  In the chinchills, higher levels of TTS produced by high-level
impulses show almost no recovery for o period of several hours (Hamernik
¢t al., 19M). Indeed, the threshold shilt indeced by impulse noise may
actually increase In the first few hours after an ¢xposure that produces
permanent damoge {Luz and Hodge, 1971; Hamernik ¢t al,, 1988). A simi-
lar phenomenon has recently been demonsteated in humans by Dancer et al,
(1991}, Thus, while the best basic criterion response remains reversible
TT8 in the normal-hearing human, animal studies are useful in exploring
paramelers and the relations among them, Since the animal model offers
data that cannot be obtalned in human swdics, and phenomena seen in
animal models ofien have their parallels in the humun response, animal
models should be used 1o complement human rescarch and, conversely,
human studies may need to be designed to confirm or deny results from
animal studies, For all human studies, however, agreement must be reached
on (he questions of the magnitude of the criterion TTS, whether it should be
mensured two minutes afier exposure or at some other time, and in what
fraction of ears this shift can be lolerated. Once these decisions arc made,
various experiments should be designed to determine the rclation among
various impuise exposure parameters and the eriterion TTS.

ixposure Parameters

Energy

Despite years of sporadic experimentation and continuous speculation,
no way aof describing different gunfire impulses with a single measurc has
proved to be successiul iu praiicting relstive hazard, Obviously, hazard
depends on both sound pressure (P) and some function of time (1); kiowever,
attempts lo show that a constant hazard from gunfire is given by some
simple combination of these variables such as J P*d1, especially when x =2
(the equal-cnergy principle}), have usunlly given negative resulis {Hender-
son and Hamernik, 1986; Daniclson et al,, 1991}, even when the energy has
been A-weighied,

The allractivencss of the use of A-weighted energy or in fact any type
of an encrgy approach (in the form of L,q(, , the “equivalent ievel over time
") as a unilying exposure index ligs in 1s simplicity, One of the first
awempis in the carly 1970s 10 define the relation between hazard and num-
ber of impulses (Rice and Martin, 1973) resulied in a suggestion of a trad-
ing relation of 2,7 dB per doubling of B-duration or of N, a value close 10
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the 3 dB of he energy prineiple, This suggeslion was an outgrowth of an
attempt by Atherley and Martin (1971) to show thal the hazard of impact
noise might be adequately predicted by “total immission™ (Legtaany weight-
¢d by years of exposure); Rice and Martin were exploring the possibility
that the engrgy principle might even be applicable to impulse noise. This
elfort cutminuled in a proposal (British Occupational Hygienc Socicty, 1976)
that in the United Kingdom, all noises, including impulses, should be cvalu-
ated in terms of their immission, at least for peak levels up 1o 150 dBA,
Sinee there were no hard data contradicting the use of A-weighied energy os
a practical parameler in assessing hazard to human hearing from impulse
noise, the principle quickly galned widespread acceptance in Eutope, with
various inlernntional groups proposing a limiting encrgy of ch(sm of 90
dBA (Dircclion Technique des Armements Terrestres, 1983) or 85 dBA
(Smoorenburg, 1982; von Gicrke ot al., 1982; Dancer, 1983). One of the
convenient fentures of cqual energy is that an Ly of 85 dBA corre-

wly o f,

o
sponds to an L, of 160 dBA, a value in good agrecment with the 2L 2 19
(1 mm:l)

1968 proposal limit of 163 dB for a single impulse of 1-msec duration,

However, it is clear that encrgy is nol the sole determinam of hazard
from high-intensity gunlire, Price (1985b, 1986) has shown, for example,
that in order 10 produce a 40-dB TTS in cats, an A-weighted energy flux of
400 J/m* would be needed for howitzer fire, 10 J/m? for rille fire, but only
0.4 J/m? for primer noise, Although there is some question regarding the
magnitude of the last figure (Price, 1991), the data emphasize the necd for g
change from the A-weighting function for high-intcasity impnlses, That a
frequency weighling function other then A-weighting can organize a diverse
sct of impulse noise exposure data has been demonsirated by Paiterson and
Hamernik (1992), Another failure of the energy principle was reported by
Chatham (1985), who exposcd guinea pigs to different frequency Lone bursis
a few cycles in duration in an aticmpt to mimic impulse noise. She found
that the same 'I"I‘S(gh) was produced by 1-, 3-, or 10-msec tone bursis of o
given amplitude, despite o 10-fold range in encrpy.

Perhaps when the dynamic transfer function of the outer and middlc
cars is accurntely known so that a volid prediction can be made ol what
happens to an impulse waveshape as it proceeds through the middle car and
enters the cochiea, some form of a spectrally weighted energy or § Prdt will
prove Lo be o mare useful deseripor, A number ol studies (Stevin, 1982;
Kalb and Price, 1985; Chatham, 1985; Price and Kalb, 1987, 1988) have
attempted to establish n model of the middle car (or this pumpose. I is
likely, for example, that above some level, acoustic waves are subjected 1o
peak clipping by the eardrum or by the annolar ligament of the stapes
{Price, 1974}, These and other (perhaps protective) nonlinearitics (Sommer
and Nixon, 1973) nced to be understood before appropriate descriptive met-
rics of the impulse stimulus can be developed for use in exposure criferia,

‘(, 1 (¢
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Spectral Considerations

Many of the ambiguilies or dilficultics with the A- and B-duration
approach may be resolved by developing a spectral metrie for the evalua-
tion of the impulses in the frequency domaln, Such a metric wouid have the
advantage that all the time variubles for a single impulse wounld be consid-
ered and the number of variables for a single impulse reduced to essentially
two: impulse peak and spectral energy (considering the resulls of Patterson
et al.,, 1992, and Daniclson et al., 19H, impulse peak may need to be
retained as o separate variable even though the spectrum incorporates the
peak). That such an approach was not originally taken by Coles et al,
(1968) becawse of Instrumentation limitations can be inferred from their
puaper, Price {1979) and Paiterson and Hamernik (1991} have pursucd this
approach. The latter have developed a weighting function that can unify a
diverse sct of animal data by using a spectrally weighted encrgy measure.

Peak Pressure Level

Maximum positive overpressure is one of the most commonly used
paramelers for deseribing an impulse. The utility of this measure in Tuture
critcrin nceds to be evaluated in light of the peak limiting or other prolec.
tive nonlinearities deseribed by Price (1974). A particularly instructive sct
of results published by Patterson et al, (1986) used impulses whose peak
and total cnergy could be varied but whose spectra were kepl constant,
Their concluslon was that “these resuits indicale that peak pressure is nob a
sufTicient indication of auditory hazard; however, encrgy slone is not a
suflicient jndicator ¢ither,” These results coupled with the ability of an
energy-weighted measure (Patterson andd Hamernik, 1991) to organize im-
pulse noise data suggest that a weighted encrgy measure may provide a
better index than peak pressure when evalusting hazaris.

Duration

Temporal measures of the impulse waveform were considered impor-
tant by the nuthors ol the originai CHABA erierion, Thetr insighis ted 10
the criterion’s being defined in erms of the peak level and the A- and B-
durations, Considering that the basic instrument used in the measurement
of the impulse at that time was the cathode ray oscilloscope, these two
metrics of duration and peak were relatively casily obtained. Tt is evident
from the Coles ¢l al, (1968) text that the authors were aware that these three
variables provided at least o qualitative estimate of the specirum and encrgy
of the impulse. With current digital instrumentation it is unlikely that a
criterion in terms of these two often ambiguous temporal varinbles would
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have cvolved. In order to estimate o B-duration, for example, some aspect
of the cnvelape of the signature such as “the time afler impulse onset until
the envelope is Y dB down from the peak” was required, but the optimum
value of Y was not determined. The value of 20 dB down that defines B-
duration was apparently chosen arbitrarily by Cales et al. because it repre-
senled a pressure ratio of 1/10, Almost all subsequent proposed limits have
agreed that a smaller value such as 10 dB or 8.7 dB (pressure ratios of
1/+/10) and 1/e respectively) should be used because the contribution to the
total energy of the impulse by elemenis between 10 and 20 dB down would
be negligible, unless some form of a proteetive nonlincurity, such as peak
clipping, occurs so that sccondary penks might be just as bazardous as
primary peaks by the time they reach the inner car, Considering that such
nonlincar clfects are most likely introduced by elements of the conductive
chain (Price and Kalb, 1621) and that they may radically alter the waveform
orriving in the cochlea, the suggestion has been made, based on (heorctical
madeling, that it might be more useful (o establish & limiting band of pres-
sure disturbance about the baseline, DP* and DP (not necessarily symmet-
ric) and use this “clipped” measure of the entire signature 10 obigin energy
and speciral information for application to criterin design.

For most of the impulses produced by weapon discharges, the rise time
of the impulse is that characteristic of the shock front that typically leads
the pressure disturbance il the peak is in excess of roughly 140 dB. For all
practical purposes it can probably be considered zero or, if the frequency
domain approach is used, risc time will be subsumed into the spectrum and
appear as part of the high-frequency energy or more probably as a high-
frequency manifesiation of the microphone rise lime. There is as yel no
experimental evidence that a shock front legding the impulse per se has any
grealer or lesser effect on trauma beyond ils contribution to encrgy at the
high frequencies. With the sbove in mind, a spectral repiesenlation of the
impulse along with peak and cnergy metrics is casily obtained with conlem-
porary instrumenlation ani may avoid completely the need to consider tem-
peral parameters of the single impulse separately.

Number of Impulses

Once limils of exposure 10 single impulses have been established, sub-
sequent experiments should examing the rate of decrense of permissible
peak level as N increascs from I 1o 100 or 1,000, in order to derive correc-
tion factors for N thal are based on something more substantial than Coles
ctal.'s comment that a correction of 10 dB in going from 100 impulses 0 a
single one “was ugreed upon.” While one would hope that the correction
factor in dB will wrn out to be a linear function of cither N or log N,
adequate information s not available 1o determine this function for up ta
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1,000 impulses. There are results from animal experiments (Liang, 1992)
and with humuns using simulated gunfire (McRobert and Ward, 1973; Enel,
1973) that indicate that the function may not be lincar, Patterson et al,
(1983), in contrast, demonstrate a lincar relation over a 15-dB range of peak
SPLs, implying that the hazard from increasing the number of impulses may
accumulate on an energy basis. However, there are relatively few data
available, especially for exposures for which N » 100, [rom which a defini-
tive trading relation for N can be established.

Mixture of Impulses

Armed with knowlcdge about the trading relation between peak level
and N, it would be possible to infer the effeet of n mixture of impulses in
which all parameters except one are held constant, and then Lest this pre-
dicted relation by suitable experiments. Whether the effect would be domi-
nated by the highest levels or instead depend on an equivalent level or
median peak level, for example, would have o be determined, Develop-
ment of an equation in which the permissible gunfire “dose” is defined in
terms of numbers of impulses, evaluated as the sum of several partial doscs,
is & worthwhile gonl, although onc not likely to be realized in the near
future.

Data relevant to this issue were recently published by Paucrson ct al.
(1991). The experiment consisied of preseating o series of low peak (138
dB) impulses lollowed by a series of high peak (146 dB) impulses and then
reversing the order of presentation, The group mean data showed differenc-
es between the two impulse presentations, flowever, beeause of the large
variabillly and small sample size, the differcnee was not statistically signif-
icant, This caperiment, however, does indicate the possibility that there
mny be prablems with a “preportional dose” approach, Furtber experimen-
tation to study the possible inleraction between impulse noise and steady
noise should also be undertnken, as the evidence so far is equivocal, Hamernik
et al, (1974) reported extensive damage in chinchillas exposed 10 o combi-
nation of 95-dB-SPL steady noise and 50 158-dB-8PL spark discharge peaks,
cven though either noise alone produced little effect, And yet a combina-
tion of a serics of 300 impulses of simulated gunfire at a penk tevel ol 139
dB and 90-dB-SPL steady noise produced about the same TTS in humans as
cither one alone (Ward, 1588).

Temperal Spacing

If impulses follow cach other so rapidly that the acoustic reflex is
maintained, the hazard is considerably reduced, Other than that, the effect
of imerstimules interval is not well understood, except for the observation
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that beyond 10 seconds or so, both TTS and PTS will be reduced as the
intetval increases (Perkins ¢t al., 1975), More recently Hamernik et al,
(1991) concluded that because of the large intersubject variability, system-
atic effcets of interstimulus interval over a range 0.1 min through 10 min
could not be discerned, Daniclson et al, (1991), using synthelic impulses of
150 and 135 dB peak SPL, showed that there were clear differcnces in
cffcct related to the temporal order of the impulse presentation, Since all of
their exposures had cqual encrgy, these resulty further show that under
certain circumstances energy considerations are not sufficient to predict
hazards. A correction faclor for interstimulus interval may be nonmenoton-
ic, being larger for both shorter and longer intervals than for 1-10 seconds.

Modificatlon of Exposure Limits for the Protecied Ear

Obviously, a correction lactor assockuted with the use ol some sort of
hearing protective device is unlikely to be simple, because most prolectors
do not reduce all frequencies equally, In general, low frequencics are less
auenusted by the hearing protective device than high Irequeneies, so that in
addition 10 reducing the peak level, the device preduces changes in all
dimensions of the impulse reaching the inner car, including A-duration, B-
duration, and especially rise time, The increase in rise time beneath the
hearing protective device indicating the absence of a shock front (i.e., a
filtering out of high-frequency cnergy) may alone account for the fuct that
when deeply seated Insert foam proicctors are used, cannon fire, producing
peak levels of up to 181 dB SPL, fails to produce the slightest amount of
TTS in Army personnel (Patlerson et al., 1985), Even triple-flange proice-
tors reduced the TTS from howitiers to values so small as 1o be meaning-
less (Hodge ct al., 1979). These carly results are consistent with the recent
duin vn proiceied human subjects presented by Johnson and Paterson, (1992)
showing low levels of TTS from impulses as high as 190 dB in the lree
field, Clearly, the application of a single-number correction factor such as
the noise reduction rating of a hearing protective device will underestimale
the amount of reduction of hazard actua!ly obiained.

RECOMMENDATIONS

Use of the 1968 CHADA Criterion

The 1968 damage-risk criterion proposed by CHABA may still be ap-
plicd in many circumstances and con be expected 1o provide reasonable
answers, However, the following limitations or restrictions are sirongly rec-
ommended:
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+ The 1968 damage-risk criterion proposed by CHABA should be
applicd only 10 small arms fire with peaks in excess of 140 dB (l.e,, weap-
ons of approximately .22 through .50 culibre and shotguns) and to individu-
als wilh unprotected ears,

*  Uniil a suliable replaceinent for the 1968 criterion is formulated,
the A-duralion variable should be deleted for the reasons discussed.

«  Since the effects of farge numbers of impulses are ot known, the
trading relation of § dB of peak for o tenfold change in number should be
applicd with caution above 100 impulses. This criterion should not be ap-
plied to other types of impulscs,

* The 1968 criterion shoutd not be extrapolated to impulses with
peak levels below 140 dB for more than 100 impulses by using the 5-dB
decrease in Jevel for a tenfold Increase in number. For peak SPLs at the
unprotected ear of 140 dB. and below, the A-weighted energy approach as
standordized in 15O 1999, or ANSI 53,28, 1986, may be a practical ap-
proach lor milltary and nonmilitary application,

= The 1968 criterion should not be used for low-lrequency impulses
such as air bags, sonic booms, rapid pressurization, ete.

»  The 1968 criterion should not be used for assessing the hazard of a
waveform under a hearing prolector.

Use of Other Criterin

Other impulse noise criteria, primarily those developed or used in Eu-
rope, have been shown to artive al approximaicly the same ranges for sale
exposure bul suffer from the same lack of hard data, Thercfore, these crite-
ria are nol recommended as o replacement for the 1968 CHABA criterion.

Needed Research

Efforts should be made o replace the 1968 criterion with a criterian
based on daw obtained from systematic human and animal experimentation
ant supported by a modeling effort,

Human Research: Since it is unlikely that sufficient human PTS data
will ever became available, the most practical method lo arrive at safe
exposure conditions is to obtain TTS daln from heman experiments despite
the known limitations of the varous relations belween TTS from different
exposures angd the relations between TTS and PTS. Well-designed human
TTS studies are required to produce the data base needed to arrive at more
gencrally applicable impulse noise exposure criteria and to validate any
predictive models,

Animal Research: Animal experiments represent ihe best approach to
understanding the complex effects of different peak levels, average fevels,

e e

P L



P S R Ty

et g

L e T

HAZARDOUS EXPOSURE TO IMPULSE NOISE 19

spectra, durations, lemporal varigbles, vte, However, animal data canpot be
of quantitative help in arriving ol human cxposure criteria until stratcgics
for exirapolating from animal 1o human effects are developed, This is a goal
that should be pursucd, The following arcas of research should also be
emphasized in future studics:

»  Establish which parameters of an impulse exposure should be mea-
sured and how they should be combined to provide as simple an index of
hazard as is fcasible,

+  Establish the effects of impulse spectrum on hazard,

« Establish the efficiency of various hearing prolective devices in
reducing hazard.

«  Establish the contribution of various prateclive nonlincarities such
as the effect of the middle car reflex, peak clipping, cte,

+ Establish a trading relation between number of impulse presenta-
tions and other metrics of hazard,

«  Establish procedures for evaluating mixtures of impulses,

+  Establish procedures for assessing the effect of temporal spacing of
Impulses,

Modeling: A promising approach to understanding the hazard to hy-
man hearing from defined impulse exposures is that of modeling the human
ear based on biophysical, human, and animal response daia including level-
dependent nonlinearities. Despite some promising results, the approach needs
further maturation befare it can be more generolly applied.
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