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Noise-induced hair-cell loss and total exposure energy: Analysis
of a large data set®

Gary W. Harding® and Barbara A. Bohne
Department of Otolaryngology, Washington University School of Medicine, St. Louis, Missouri 63110

(Received 19 June 2003; accepted for publication 26 January) 2004

The relation between total noise-exposure energy, recovery time, or rest during the exposure and
amount of hair-cell loss was examined in 416 chinchillas. The exposures were octave bands of noise
(OBN) with a center frequency of either 4 kHz at 47—108 dB sound pressure(&vé&) for 0.5 h

to 36 d, or 0.5 kHz at 65—-128 dB SPL for 3.5 h to 432 d. Recovery times varied from 0 to 365 d.
With both OBNs, some animals were exposed on interrupted schedules. Hair-cell loss as a function
of age in nonexposed animalsl£117) was used to correct for sensory-cell loss due to aging. For
both OBNSs, the eard\=607) were separated into three subsets to characterize the primary hair-cell
loss from noise and the secondary post-exposure loss and to determine if rest during the exposure
decreased loss. Cluster and regression analyses were performed on data from the basal and apical
halves of the cochlea to determine the specific rates for these three factors. It was foufid) that:
when the OBN was above a critical level, there was no relation between total energy and hair-cell
loss; (2) below a critical level, there were highly significant log—linear relations between total
energy and hair-cell loss, but not at rates predicted by the equal-energy hypatBesst periods

during either OBN exposure reduced hair-cell loss; more so for the 4 kHz OBN than the 0.5 kHz
OBN; (4) except for the highest exposure levels, the majority of outer hair cell loss from the 4 kHz
OBN occurred after the exposure had terminated, while that from the 0.5 kHz OBN occurred during
the exposure; antb) a majority of the inner hair cell loss from both OBNs occurred post-exposure.

© 2004 Acoustical Society of AmericdDOI: 10.1121/1.1689961

PACS numbers: 43.64.Wn, 43.64.Dw, 43.66.Ed, 43.6/BRiM | Pages: 2207-2220
I. INTRODUCTION very well, particularly in cases of focal IHC lo$s.g., Nor-
dmannet al, 2000 and large lossesge.g., Hardinget al,

The equal-energy hypothesis is an often accepted relaz—
tion between noise exposure and noise-induced hearing Ioss?oa' .
A number of studies have been conducted to test the

(NIHL). The notion is that the same magnitude of NIHL is

produced by a variety of noise exposures, each of which ha%qual-energy hypothesis, but the results have often been con-
' tradictory. Findings appeared to depend upon the animal

equivalent total energy. That is, the frequency content, level; _ : ) _
odel, noise-exposure, and functional testing paradigms as

and duration of the noise exposure are unimportant as lon ) i
as the total energy is the same. Commoalyg dBtradeoff ell as the methods for histopathological assessment. In ad-

rule is applied to estimate this relatide.g., Eldredge and dition, the results have been confounded by several other
Covell, 1958. To limit damage from any given noise fre- issues. In some cases, the animals were terminated immedi-
quency spectrum, the duration must be halved when the lev&i€!y Post-exposure when there was a substantial temporary
is increased by 3 dB. threshold shiff TTS). It has recently been indicated that the
The equal-energy hypothesis can also be stated with rdnechanism leading to TTS is completely diffe_rent from that
spect to noise-induced hair-cell loss. The assumption here f§F PTS (Nordmannet al, 2000. The correlation of TTS
that permanent threshold shifeTS is highly correlated With PTS or with total exposure energy is pderg., Ward,
with hair-cell loss. The expectation is that different expo-1973. Some studies used intense, short duration noise expo-
sures with equal total energy produce the same amount ures which may have produced mechanical damage or
hair-cell loss. However, a doubling of total energy does no@coustic trauma. Other studies involved moderate level ex-
necessarily produce a doubling of hair-cell loss. The outePOSures for longer durations which produced hair-cell loss by
hair cells(OHC) are the first sensory cells to show signs of mechanisms other than mechanical damage. V\érel.
noise-induced damage. As the exposure continues, the OHG98) observed that the equal-energy hypothesis is not ap-
loss can become substantial. Even so, the correlation of OH@licable in cases of acoustic trauma and introduced the
loss with PTS is weake.g., Clark and Bohne, 197&xpo-  “critical level” hypothesis. That is, if the intensity of the
sure to noise also results in inner hair G¢HiC) loss, but it ~ exposure is above a critical level, the equal-energy hypoth-
is generally secondary to OHC loss and its magnitude i€sis does not apply.

considerably smaller. However, IHC loss correlates with PTS ~ To test the equal-energy hypothesis, some studies used
relatively narrow ranges of exposure level and duration.

3This work was presented in part at the 26th meeting of the Association forStUdIes have employed several different exposure paradigms

Research in Otolaryngology, February 2003, Daytona Beach, FL. rangi_ng from pure tone@-g-’ Eldredge and _Cove”' 19_58;
PElectronic mail: hardingg@wustl.edu Goulios and Robertson, 1983narrow-band impact noise

J. Acoust. Soc. Am. 115 (5), Pt. 1, May 2004  0001-4966/2004/115(5)/2207/14/$20.00 © 2004 Acoustical Society of America 2207



Apical Half Basal Half
50 PO P SN B U P I P P 50 U T PR P P Y N N P
40- - 404 ° -
£ - 30 -
g ° 3 - ° ° .
L = [ 20 ® o~ =T
Q _ L
3 - 104 —" % 5
{ o o8 28 - FIG. 1. Hair-cell loss due to aging for the OH@) and
- 0 ¢ °o - (b)], and IHC[(c) and (d)] within the apical half(a)

and(c)] and basal half(b) and(d)] of the OC. Regres-
sions (gq)—dashed lines; Gaussian bivariate ellipses at
0.95 probability level. Data from 117 chinchillas.

n=138 |
o B B A B B
10 12 14 16 18 20 0

| e e
10 12 14 16 18 20
P TP PR TP A

o -
- o 4
L &

L. » -

T
6 8
N PN BPEE P P Y bl

IHC Loss (%)

=]

10
4 C) —
P P ﬁ}o o

e . i

=
-1
[}

104

0

o

@ Sppsm &5 ;89"’>°" 3

T
o2 4 8
Age (years)

L I B e e e
8 10 12 14 16 18 20

ML B |
0 2 4 &

Age (years)

TV
8 10 12 14 16 18 20

(e.g., Hamernik and Ahroon, 1998octave bands of noise
(OBN, e.g., Ahroonet al, 1993; as well as impact noise
broad-band impact noisde.g., Hendersonet al, 1982;
1991, and broad-band continuous noige.g., Saltet al, from the OC apex. See Bohr¢976, Clark et al. (1987,
1981; as well as impact noiseMany previous studies were and Bohneet al. (1985; 1987; 1990for details of noise ex-
based upon a relatively small sample that included a largposures, histological processing, and quantification of hair-
variance associated with the animals’ susceptibility to noiseell loss. The studies described here were conducted in ac-
damage. The possibility that noise affects the apical andordance with theASA: Guiding principles for research
basal halves of the organ of CoftDC) differently was not involving humans or animal subjecénd were reviewed and
considered. Previous studies did not distinguish between prapproved by Washington University’s Animal Studies Com-
mary hair-cell loss that occurred during the exposure andnittee (Protocols #97100 and #20000131; B. A. Bohne, PI
secondary losge.g., Bohne and Harding, 200that contin- The information in the data set included: ear number;
ued for days post-exposure. Finally, age-related loss of hamge(yr); OC length(mm); sound pressure level of the expo-
cells was not taken into accounted. sure(dB SPL); duration of exposurétotal h); rest time dur-

The present study was conducted retrospectively using eag the exposure(total h; if any); recovery time post-
large data set from the ears of chinchillas exposed to a 4 or exposure(d); percent IHC and OHC loss in the apical and
0.5 kHz OBN with a wide range of levels and durations. Thebasal halves of the OC; and an encoding of OC wipeouts,
relation between exposure energy and noise-induced hair-cdlycal lesions, and nerve fiber loss in the apical and basal
loss was examined. The data set was large enough to detdralves. OC wipeouts are regions of complete sensory and
mine the relevance of many of the above-noted issues and gupporting cell los$Bohne and Clark, 1982and are always
determine the specific rates at which hair-cell loss occurreéccompanied by nerve fiber loss that appears to be secondary
relative to total noise-exposure energy, rest during the expde the loss of IHCs. Focal lesions are regions with at least
sure, and post-exposure recovery time. 50% loss of OHCs, IHCs or both cell types over a distance of
at least 0.03 mngBohneet al., 1987. With substantial focal
IHC loss, there is also nerve fiber lo&sg., Bohne and Har-
ding, 2000.

missing hair cells were counted from apex to base and other
pathology was quantified. These data were analyzed and cy-
tocochleograms prepared relative to the percent location

Il. DATA COLLECTION METHODS

From our collection of plastic-embedded chinchilla co-
chleae, the data from all non-noise-exposed control ears fqr|. ANALYTICAL METHODS AND RESULTS
animals aged from 0.2 to 19.2 yr and the data from 1 to 3 . :
. . . .. A. Hair-cell loss due to aging
yr-old animals bilaterally exposed to noise were entered intd
a data set. The noise-exposed animals were subjected to an Data from 138 non-noise-exposed ears from 117 ani-
OBN with a center frequency of either 4 or 0.5 kHz in a mals, ranging in age from 0.2 to 19.2 yr, were used to deter-
reverberant booth on a continuous or interrupted schedulenine the rate of hair-cell loss with age. Chinchillas have a
Either immediately after the exposure or after a postdife span of more than 15 yr. Figure 1 shows this relation for
exposure recovery time, the cochleae were fixed with a buffOHC (top) and IHC (bottorm) loss in the apicaf(a) and(c)]
ered solution of osmium tetroxide, dehydrated, and embedand basal(b) and(d)] halves of the OC. Linear regressions
ded in plastic. After polymerization of the plastic, the by age were performed to determine the rates at which hair-
cochleae were dissected into flat preparations from whicleell loss(HCL) occurred:
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%HCLage h=0nX age, (1)  represented the primary effects of the noise, minus the ef-
fects of rest, plus the secondary effects of recovery times

where HCL=0OHC or IHC; h=0C region(basal or apical greater than 0 d.

half); g=aging rate; age in years.
These rates per year were 1.010% for OHC loss and .
0.346 for IHC loss in the apical half and 0.918 for OHC lossC: NOise exposures
and 0.324 for IHC loss in the basal half of the @®@earson The ears in each subset were exposed as shown in Tables
r=0.862, 0.694, 0.844, and 0.636, respectiyelhe apical |(a) and(b). Different symbols were assigned to each expo-
and basal OHC losses were significantly different at phe sure level(or level rangg Also listed are the exposure du-
<0.0005 level while the apical and basal IHC losses wergation and post-exposure recovery time ranges and the num-
not significantly different. The resulting relations were thenper of ears and animals for each subset and level. The
subtracted, by OC region and hair-cell type, for the HCL dataexposure levels for the 4 kHz OBN were generally lower
from the noise-exposed animals using Ek).to remove age- than for the 0.5 kHz OBN because the chinchilla ear canal
related loss of hair cells. Negative values produced by thisesonates at about 4 kHz, adding approximately 15 dB SPL
adjustment were retained to preserve the intrinsic varianceyt the eardrum and across the entire 4 kHz O@Bbn Bis-
The data were plotted along with a Gaussian bivariate ellipsenarck, 1967. For each OBN, the distribution of animals
(derived from the eigen values of the co-variance matiba  exposed at the different level and duration combinations was
probability level of 0.95. Note that the major axes of thesesimilar for the Acute and Chronic subsets.
ellipses do not correspond precisely with the regression lines.  For each ear, the total energl) to which it was ex-
If not specified hereafter, base or basal and apex or apicplosed was calculated as follows: the exposure level was con-
refer to the basal half and the apical half, respectively. Allverted to pressure in pascdRa); the pressure was squared
analytical procedures were performed usi®gsTAT (ver.  and multiplied by the exposure duratidexcluding restin
5.03, SYSTAT, INC, Evanston, )L The level of statistical seconds resulting in the unit pascal squared sectPds).
significance used was=0.05. This unit is a common way to express exposure enézgy.,
Annex F in ANSI Standard S3.44, 1996-or example, the
total energy in a 90 dB SPI8 h exposure is 11520 Pa
B. Subsets of noise-exposed ears The log to the base 2 of the energy value was used as the
) ) independent variablg¢e.g., 13.5 for the above 11 52@r
The data from the noise-exposed animals were separateéds.f) P&s examplg The data were plotted on a lineXr
into subsets based upon the frequency band of the free-fieldhis a5 powers of 2 to represent progressive doubling of total
exposure, the duration of exposure, the total amount of reglxposure energy. An example is shown in Figg)Zor the
during an interrupted exposure, and the length of postpgise-induced OHC loss in the basal half of the OC in the 4
exposure recovery time. Nong of these anlmgls were exposeqy; OBN Acute subset. For the 4 kHz OBN, exposure level
at high levels for long durations. Rather, higher exposur§yas not corrected for ear-canal resonance so that the data
levels were presented for shorter durations and lower levelgy|q pe plotted relative to total energy in the free field. A 15
for longer durations. For each OBN, the ears were divideqyg sp|_ correction for resonance would require a multiplica-
into three subset®Acute, Chronic, and Interrupted tive factor of 2 P&, which would increase the value of
The Acute subset included ears exposed continuously f%gz(E) by five units.
durations less than or equal ® d having a recovery time of The data in Fig. @) suggest that the results could be
0 d. This subset represented the primary effects of the noisgiteq with a logistic model. However, such a model would
exposure(i.e., those which occurred during the exposure assyme that hair-cell loss has a single mechanism regardless
minimizing overlap with secondary effects which developedt (o] energy. Because there is evidence that hair-cell loss
with longer exposures and/or recovery times greater than O §eom noise arises from more than one mechani@y.,

Possible secondary effects that would lead to continued dgggnhne and Harding, 2000a different approach was used.
generation in the OC include intermixing of cochlear fluids

through a damaged reticular lamir@.g., Ahmadet al, D. Clust vsi
2003. With lower level, longer duration exposures, substan-—" uster analysis
tial secondary effects generally appear fromo79td after Inspection of a raw scatter pléhot shown of the data
exposure onset. for basal OHC loss from the 4 kHz OBN Acute subset
The Chronic subset included ears exposed continuouslglearly showed that there were three distinct groups. How-
for longer than 9 dwith any recovery timgand those ears ever, with the 108 dB SPL exposures, ears fell within each of
with recovery times longer than O d. This subset representethese groups. Therefore, rather than assigning ears to a par-
the primary effects of the noise plus the secondary effectticular group based on exposure level, a cluster analysis was
that either overlapped with the latter part of the exposure operformed upon each subset using the K-means method
occurred post-exposure. (Hartigan, 1979to separate the responses to noise, rest, and
The Interrupted subset included discontinuous exposuragcovery into three clusters. With this method, the number of
(6 h perd, 6 hper2d, or 6 h per wegeknd all recovery clusters must be specified beforehand. For animals having
times. All ears in the Interrupted subset were exposed for @ata from both ears where the two ears were initially as-
or more d. The primary and secondary effects of the exposigned to different clusters, the ear with the lower cluster
sure, rest, and recovery were expected to overlap. This subsassignment was reassigned to the higher cluster. This was
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TABLE I. Subsets by exposure band and exposure-level raitged,kHz OBN, (b) 0.5 kHz OBN?

Acute subset Chronic subset Interrupted subset
Exposure levels Exposure  N: Ears Exposure  N: Ears Exposure N: Ears
symbol recovery  (animalg recovery (animal3 recovery(d) (animalg
(@ 47-72 dB SPL 2-9d 15 2-9d 7
Pentagon od (8 30d (5
80 dB SPL 2-9d 10 1-9d 12 36-252 24
Diamond 0d (5 6-30d (10 0 or 30 (12
85-86 dB SPL 1-9d 20 1-36d 29 9-72 20
Square od (13 4-30d (22 0-365 (16)
108 dB SPL 0.5-24 h 45 1-24 h 137 oP 2
Circle od (33 1-365d 91 365 (2
Total: Ears 90 185 46
(animals (59 (128 (30
(b) 65-85 dB SPL 2-9d 18 2-9d 11
Pentagon od 9 30d (8)
and diamond
95 dB SPL 2-9d 27 2-433d 103 36-252 79
Square 0d (22 7-913 d (79) 0-105 (55)
108 dB SPL 2-9d 4 9d 2 9 or 3¢ 8
Circle od (2 30d (D) 0 or 30 4
120-128 dB SPL 3.5-14 h 7 3.5-13 h 27
Triangle od (4) 30-730d (20
Total: Ears 56 143 87
(animalg (37 (103 (59

#Grand total of 607 noise-exposed ears from 416 animals.
PAt 92 dB SPL.
°At 101 dB SPL.

done so that susceptibility to noise was relative to individualincluded a few noise-resistant animals exposed at 108 dB
animals rather than ears. After reassignment, drs15 out  SPL. The occurrence of 108 dB SPL ears in cluster 1 re-
of 622 that were more than four standard deviations awayquired broadening the definition of critical level to include an
from the center of the cluster were treated as outliers anddditional mechanism for hair-cell loss; one which did not
discarded. These latter instances showed clear evidence thavolve mechanical damage.

the animal's two ears did not get the same exposure. It is

likely that this problem arose when there was an undetected

temporary or permanent conductive hearing loss in one eds- Model of noise-induced hair-cell loss

but not the other. In cluster 1, the primary effect of the noise exposure on
The clusters were plotted with a Gaussian bivariate elnair-cell loss was considered to be related to the total energy
lipse at a 0.95 probability level to enclose the majority of 5 the exposure. For 4 kHz OBN exposures, the most af-
points within the cluster and indicate the degree of clustefected hair cells were the OHCs in the basal half of the OC.
overlap. Animals with two ears in the subset contributedgqgr 0.5 kHz OBN exposures, the most affected were the
more weight than animals with just one. However, it hasgHcs in the apical halfe.g., Bohne and Harding, 2000
been shown that there is a high correlation of hair-cell lossrpe slope of the relation between hair-cell loss and total
between bilaterally exposed chinchilla edBohne et al, energy should be decreased by the amount of(Rstiuring
1986. the exposure and increased by the amount of loss which oc-
Figure 2a) shows that there is no relation between OHC ¢ ;rred during post-exposure recovery tirfld). However,
loss and total exposure energy for the 108 dB SPL exposufere was a critical exposure level above which the relation

effect. Cluster 3 appears to be correlated with total energy,

but a regression on these data implies tha P&s exposure %HCL,=[ap logy(E) +kn]+bplogy(P) +cp logy(R),
would produce an unrealistic 70% OHC loss. Therefore, 108 @

dB SPL was considered to be above critical level. With ex-where HCL=IHC or OHC loss in the OC depending upon
posures below 108 dB SPL, there was a clear relation behe OBN of the exposure, with the values afk, b, andc
tween OHC loss and total energy in clustefgteen, which  being determined by log-linear regression of HCL with the

2210 J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004 G. W. Harding and B. A. Bohne: Hair-cell loss and total exposure energy
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relation (regression A with total energy[E]. The exposures for clusters 2
(blue) and 3(red) were above critical level and show no relationEo(b)
Chronic subset{c) Subtraction of regression A from B for cluster 1 shows
effect of post-exposure recovery tinie]. Symbol legend inc) specifies
exposure levelgsee Table (g)] and applies tda)—(c). Gaussian bivariate

Basal Half

|||||||.|A||||A||||!_|_‘l

1004
90-]
80
70
60
50
404
30
20-]
104

-

A Acute

0

4 8 12 16 20 2

aa ol o 0 o b o o o8 o0 a0 o0 3l o 44

H

100
90-]
80
70
60
50
40-
30
20-]
10

-

B Chronic

0

L] L] v l v L} v l L] v L] l L} v v I L) L) L) l L] v v
4 8 12 16 20 24
Log, [E]

Chronic - Acute

> 108 dB
o 86
o 80
o <73

l

4 8 12 16 20 24
Logz[P]

ellipses at 0.95 probability level.

J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004

log, of the independent variable from the data in cluster 1;
h=0OC region(basal or apical half

The values of coefficiend and constank were deter-
mined by regressiofe.g., Fig. 2a)] on the data for each of
the 4 and 0.5 kHz OBN Acute subsets becaiseas known
and bothR andP were zero. Having determinedandk, the
value for coefficientb was determined by regressifa.g.,

Fig. 2(c)] on the data for the Chronic subsétsig. 2(b)],
cluster 1, after subtracting the Acute eff¢Eig. 2(a)] using

Eq. (2), with coefficientsb and ¢ equal to zero. Having de-
termined the values faa, k, andb, the value of coefficient

was determined by regressignot shown on the data in
cluster 1 for the Interrupted subsets after subtracting the
Acute and Chronic effects with E@2). In the subtractions,
any resulting negative values were retained to preserve the
variance.

The data in Figs. 3—8 were plotted using the coefficients
and independent variables on the right-hand side of(Bq.
(without constank) to determine the value of the indepen-
dent (X axis) value. This maneuver was done to accommo-
date all three ongoing processes on the same scale simulta-
neously. For the Acute subsets, the value of coefficienas
as determined and coefficienlbtsand ¢ were zero. For the
Chronic subsets, the values of coefficieatandb were as
determined and coefficiemtwas zero. Theé® term added to
the E term pushed the HCL data to the right relativeBdy
incorporating the duration of recovery time; moving the data
slightly for shorter recovery times, more for longer recovery
times. This procedure adjusted for the secondary HCL which
occurred post-exposure. The relative contributions ofEhe
andP terms can be appreciated by comparing Figp) vith
Fig. 2(c). For the Interrupted subsets, the values of coeffi-
cientsa, b, andc were as determined. In addition to the
term as above, the added teRmpushed the HCL data to the
left (because coefficiert should be negativyerelative toE
andP by incorporating the duration of rest during the expo-
sure. The displacement was slight for less rest and more so
for more rest. Note that plotted this way, the slopes of the
major axes of the ellipses in Figs. 3—8 were changed.

F. The 4 kHz OBN

The results for the 4 kHz OBN Acute, Chronic, and
Interrupted subsets are shown in Figs. 3, 4, and 5, respec-
tively, and in Table Il. The symbols in the figures represent
exposure level as listed in Tablé). Table Il lists the num-
ber of ears and animals for each cluster of each subset along
with the means and standard deviations for the independent
variable[from the right-hand side of E¢2)], and the percent
HCL for the basal OHC and IHC and apical OHC and IHC.
Independent-, dependent-variable pairs of means are the lo-
cations of the centers for the ellipses enclosing each cluster.

Figure 3a) shows the OHC loss in the Acute subset on
an Eq.(2) scale for the basal half of the OC after cluster
reassignment and outlier deletion. There were three distinct
clusters as in Fig.(2). Cluster 1 showed a clear relation with
total exposure energy. Coefficiemin Eq. (2) was 0.345 and
constank was —3.046(Pearsom =0.366). The effect of the
scaling produced by coefficieatcan be appreciated by com-

G. W. Harding and B. A. Bohne: Hair-cell loss and total exposure energy 2211
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level and shows no relatioih) OHC—apex: Little OHC loss except that which spread up from base at 108 dB(§HHC—base: Little IHC loss except

at 108 dB SPL(d) IHC—apex: Little IHC loss. Abscissa valliéa)—(d), here and in Figs. 4 and from Eq. (2), basal OHC in(a). Without +15 dB SPL for
ear-canal resonance. Symbol legenddnspecifies exposure levelsee Table(a)] and applies tga)—(d) here and in Figs. 4 and 5. Gaussian bivariate ellipses
at 0.95 probability level. Data from 59 chinchillas.

paring Fig. 3a) with Fig. 2(@). The slope of the relatiofr) rangement as in Fig. 3. Clearly, OHC loss in the basal OC
was much less than would be predicted by the equal-energyubstantially increased post-exposiFay. 4a)], as indicated

hypothesis and the negative intercégtindicated that hair- by the changes in the proportion of the sample in the three
cell loss did not begin until total energy had reached a certaig|ysters. Cluster 3 contained 51% of the sample in the

magnitude. At the 108 dB SPL levétircles, clusters 2 and ~ cponic subset whereas it only contained 10% in the Acute

3 did not show a relation with togal energy. Clusters 2 and 3 et The slope of the relation for cluster 1 between OHC
had a total energy greater thaf®P& s. Figures &), (c),

and(d) show the OHC loss in the apical OC and the IHC IosslosS and post-exposure recovery tifgefficientb in Eq-.

in the basal and apical halves, respectively. OHC loss in tth)] was O.976(Pe§1r§orr:O.532). The effect C_)f the scaling
basal OC spread somewhat into the apical half at the 108 ¢Broduced by coefficient andb can be appreciated by com-
SPL level[Fig. 3(b)]. However, there was little OHC loss at Paring Fig. 4a) with Fig. 2(b). For cluster 1, OHC loss in the
lower exposure level§Fig. 3b)] and even less IHC loss apical half[Fig. 4(b)] and IHC loss in both apical and basal
throughout the OC except for some at the highest exposurealves[Figs. 4c) and(d)] showed little or no increase. IHC
level in the basal halfFigs. 3c) and(d)]. loss at the highest exposure level in the basal half for clusters

For the 4 kHz OBN exposures, clusters for IHC loss in2 and 3 increased dramaticallifig. 4(c)], as did the OHC

the basal halfFig. 3(c)] and OHC loss and IHC loss in the and IHC loss at the highest exposure level in the apical half
apical half[Figs. 3b) and (d)] depended upon the cluster [Figs. 4b) and (d)]. Thus, the majority of the hair-cell loss

dependency was based upon the observation that 4 kHz OBN Figure 5 shows the data for the OHC loss in the basal

exposures primarily produce OHC logsften foca) in the | 541 and apical[Fig. 5(b)] halves of the OC for the

basal half. Thus, the posm_on of the other pomts_ and elllpse%nterrupted subset. Because no ears were exposed to inter-

was relative to OHC loss in the basal half. An independen . . .
rupted noise at a high SPL, the data were treated as a single

cluster analysis for the latter hair cell types and regions

would have made their clusters smaller and tighter. Howevef!USter- Thus, there was no information about the effect of

the relative connections of the individual ears to the domi-€St on clusters 2 and 3. In the Interrupted subset, IHC loss

nant region of OHC loss and the variance therein would havéFigs. S¢) and (d)] was minimal throughout the OC. The
been lost. coefficient for rest(c) in Eq. (2) was —0.923 (Pearsonr

Figure 4 shows the data for the Chronic subgetor- =0.772). The negative slope indicated that rest during the
porating post-exposure recovery timwith the same ar- exposure was beneficial.
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at 0.95 probability level; ellipses for cluster(Blue) could not be drawn because the co-variance matrix was singular. Data from 37 chinchillas.

G. The 0.5 kHz OBN apical half[Fig. 6(c)] and OHC and IHC loss in the basal

The results for the 0.5 kHz OBN Acute, Chronic, and half [Figs. §b) and _dd)] depgnded upon the clu_ster assign-
Interrupted subsets are shown in Figs. 6, 7, and 8, respe@jent for OHC loss in the apical ha[IF|g: 6a)]. This depen-
tively, and in Table IIl. The symbols are as listed in Table9€NCy was based upon the observation that 0.5 kHz OBN
I(b). Table Il lists the number of ears and animals for each®XPosures primarily produce OHC logssually scatteredn

cluster of each subset, along with the means and standatjé @pical half. Thus, the position of the other points and
deviations for the right-hand side of E@), and percent ellipses was relative to OHC loss in the apical half.

HCL for the apical OHC, IHC and basal OHC, IHC. The In the Chronic subset illustrated in Fig. 7, the coefficient
data are arranged as in Table II. for recovery time in Eq(2), cluster 1, was low §=0.181,

The OHC loss in the Acute subset for the apical half ofP€arsorr =0.173). Thus, the vast majority of OHC loss in
the OC[Fig. 6(a)] showed a somewnhat different pattern from cluster 1 occurred during the exposure. OHC loss in cluster 3
that for OHC loss in the base with the 4 kHz OBN exposureincreased post-exposure and cluster 2 appegid 7(a)].
[Fig. 3(@)]. There was a relation between OHC loss and totallhis secondary loss of hair cells included exposures at 95 dB
energy for cluster 1 but not clusters 2 and 3. Therefore, 12&PL and higher. The relative contributions of tBeand P
dB SPL(triangle$ was considered to be above critical level terms was dominated by tieterm and the adjustment from
for this exposure. In cluster @green, the slope of the rela- the P term was small. OHC loss in the basal half of the OC
tion for total energy in Eq(2) was substantially largera( [Fig. 7(b)] showed a similar pattern to that from the 4 kHz
=0.806,k= —8.302, Pearson=0.638) than that for the 4 OBN [Fig. 4@]. Much IHC loss appeared in both the apical
kHz OBN. In addition, cluster Zolue circles was essentially [Fig. 7(c)] and basalFig. 7(d)] halves of the OC for clusters
missing and cluster 8red appeared about where cluster 2 2 and 3. However, there was little additional IHC loss in
was with the 4 kHz OBN. Clusters 2 and 3 had a total energyluster 1.
greater than ZP& s. IHC loss was minimal throughout the The hair-cell loss for the Interrupted subset is shown in
OC/[Figs. €c) and(d)]. The pattern of OHC loss in the basal Fig. 8. Exposure levels greater than 101 dB SPL were not
half of the OC[Fig. 6(b)] was virtually indistinguishable used, so the data were treated as two rather than three clus-
from that seen with the 4 kHz OBN exposur€ig. 3(a)], ters. The coefficient for rest in Eq2) for cluster 1 was
except that cluster 2 was minimally represented and moreegative €= —0.435, Pearson=0.710), again showing the
energy was required. benefit of rest during the exposure, albeit at about half the

For 0.5 kHz OBN exposures, clusters for IHC loss in therate for the 4 kHz OBN exposures. However, cluster 2 was
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IHC loss in apex. Data from 103 chinchillas.
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TABLE Il. 4 kHz OBN, number of ears, percentages, and mean and standard deviatfon cluster centers.

No. Ears(%) Energytrecoveryt+
[animalg rest Basal OHC Basal IHC Apical OHC Apical IHC
Acute subset
Cluster 1 60(67) 5.56(1.42 1.62(3.29 0.67(1.46 —0.04(0.92 0.02(0.59
[37]
Cluster 2 21(23) 6.98(0.26 27.04(12.88 2.15(1.90 1.60(2.52 —0.04(0.395
[15]
Cluster 3 9(10) 7.90(0.69 91.92(4.93 8.49(8.23 18.55(14.15 0.54(1.03
(7]
Total: 90(100
[59]
Chronic subset
Cluster 1 78(42) 8.73(1.995 6.25(6.88 2.97(5.20 1.48(3.88 0.05(0.61)
(58]
Cluster 2 13(7) 10.52(0.82 51.97(16.39 12.60(6.47) 8.79(9.67) 0.78(2.78
(9]
Cluster 3 94(51) 12.31(1.67) 94.50(5.11) 48.69(24.49 33.12(16.57 8.00(11.65
[61]
Total: 185(100
[128]
Interrupted subset
Cluster 1 46(100) 14.55(2.79 0.92(2.45 0.64(1.71) —0.36(1.91) —-0.30(0.69
[30]
Total: 46 (100
[30]

evident here, whereas it was not with the 4 kHz OBN. ThisH. Specific doubling rates

suggests that critical level for the 0.5 kHz OBN exposure . .- . .
was about 95 dB SPL in chinchillas. In all of the Acute, Table 1V lists the coefficientdoubling ratej deter

Chronic, and Interrupted subsets, equivalent hair-cell |OS£n|ned from the modelEq. (2)] for hair-cell loss versus total

from the 0.5 kHz OBN required more total energy than that"€rgy, recovery time, and rest for cluster 1. This hair-cell
for the 4 kHz OBN. loss was primarily produced by noise exposures that were

TABLE Ill. 0.5 kHz OBN, number of ears, percentages, and mean and standard deyiatfon cluster centers.

No. Ears(%)

[animalg Energy+recoverytrest Apical OHC Apical IHC Basal OHC Basal IHC
Acute subset
Cluster 1 47(84) 12.42(2.95 4.12(4.63 0.04(0.46 0.75(2.66 0.58(1.23
[32]
Cluster 3 9(16) 18.93(0.69 37.36(9.33 2.24(1.30 76.87(38.22 3.14(3.39
(5]
Total: 56 (100
[37]
Chronic subset
Cluster 1 94(65) 17.47(3.03 9.51(6.42 0.86(2.53 6.70(7.48 3.10(3.56
(68]
Cluster 2 31(22) 19.45(1.14 35.11(8.04 4.76(4.93 31.36(27.19 15.13(17.72
[22]
Cluster 3 18(13) 20.76(0.72) 72.71(9.76 42.91(20.09 93.99(14.59 69.50(31.69
[13]
Total: 143(100
[103]
Interrupted subset
Cluster 1 78(90) 13.56(1.42 5.13(3.29 0.10(0.65 2.07(5.61) 1.03(2.02
[53]
Cluster 2 9(10) 13.54(1.03 20.18(7.67) 0.39(0.71 6.51(10.9) 3.91(7.89
(6]
Total 87(100
[59]
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TABLE IV. Model coefficients and Pearsanvalues( ) for 4 and 0.5 kHz OBN, cluster 1.

4 kHz OBN N Coeff Basal OHC Basal IHC Apical OHC Apical IHC
Acute 60 a= 0.345(0.366 0.066(0.159 0.025(0.093 —0.018(0.116
k= —3.046 —0.218 —0.375 0.266
Chronic 76 b= 0.976(0.532 0.443(0.329 0.284(0.282 0.003(0.023
Interrupted 46 c= —0.923(0.772 —0.276(0.533  —0.219(0.427  —0.041(0.313
0.5 kHz OBN N Coeff Apical OHC Apical IHC Basal OHC Basal IHC
Acute 47 a= 0.806(0.638 0.007(0.053 0.381(0.526 —0.007(0.020
k= —8.302 —0.062 —5.124 0.678
Chronic 78 b= 0.181(0.173 0.154(0.299 0.528(0.4249 0.579(0.692)
Interrupted 78 c= —0.435(0.710  —0.040(0.347  —0.127(0.176  0.139(0.485

@Some ears not included due to nonexistentOpg

below critical level. The left column of regression coeffi- and uncommon in the Interrupted subsets. Focal lesions were
cients was based upon the above-described analysis methodsmmon in the high-level Acute subsets, much more com-
The coefficients in the other columns to the right were determon in the Chronic subsets, and uncommon in the Inter-
mined in the same way, but the cluster assignments weraipted subsets. Nerve fiber loss was associated with substan-
based upon those for the left column. Thus, the latter werdial IHC loss.
dependent rather than independent coefficients.
For the 4 kHz OBN below critical level, the rates of
basal IHC loss and protective effects of rest were usuallyV. DISCUSSION
much smaller than for OHC loss. In general, the rates ofy Hajr-cell loss due to aging
OHC and IHC loss were greater during the post-exposure ) .
recovery period than during the exposure, particularly in the ~ The hair-cell loss from aging was very close to that
basal half. The rates for prevention of both OHC and iHcfound in an earlier examination which included some qf the
loss with rest were negative as expected and surprisingl§@me cochleagBohneet al, 1990, although the regression
large for OHCs in the base. The rates of primary and second@nalysis used here was slightly different. For O_HC I_oss in the_
ary OHC and IHC loss in the apical OC were negligible.basal half of_the OC, there appeared to be a slight increase in
However, the rates of protection from loss with rest wereSlope for animals greater than 10 yr of age. However, there
substantial, although not as great as in the basal OC. were too few older ears to address this issue with any degree
For the 0.5 kHz OBN below critical level, the rate of of confidence. The present data revealed a slight, but signifi-
OHC loss in the apical half was the greatest during the ex¢antly greater loss of OHCs in the apical half compared to
posure and negligible post-exposure. The rate of protectioH"e basql half of the chlnchnla OC. The reason fo.r th|'s dif-
from loss due to rest was much less than for the 4 kHz OBNference is unknown. Higher OHC loss due to aging in the
The rates of IHC loss in the apical half and protection from@P€x of the guinea pig OC has been repofted., Coleman,
loss with rest were negligible. In the basal half, the rates oft976; Inghametal, 1999. There is some evidence that
OHC and IHC loss were similar to that for the basal lossthese observations might apply to humaffeelder and
from the 4 kHz OBN. The rates of protection from loss with Schrott-Fischer, 1995Because the chinchilla has a low rate
rest, however, were not nearly as great and the coefficierffl hair-cell loss with age, it can be used for long-term noise-
was positive for IHCs in the base. The latter indicates that€xPosure studies without having an interaction between
for basal IHCs, the rest schedules used were not protectivé‘.o'se"”duced hair-cell loss and age-related hair-cell loss.
Assuming a linear relation between doubling of total
energy and the primary OHC loss shown here, the equal- o )
energy hypothesis would predict that the values of coefficien?' Model of noise-induced hair-cell loss
a from the 4 and 0.5 kHz OBNs would be 10.8 and 2.2, The model for noise-induced hair-cell loss from below-
respectively. This is clearly not the case for primary basatritical-level exposurefEg. (2)] was constructed as a conve-
OHC loss with the 4 kHz OBN and apical OHC loss with the nient way to account for related issues and to analyze the
0.5 kHz OBN. For both OBNs, OHC loss in the other half of cell-loss data. The coefficients are relative to the scaling of
the OC and IHC loss in general, the values of coefficeent the independent variables. Thus, the specific values can only
were well below 1.0. be interpreted with respect to that scaling. A change of scale
would require adjusting their magnitudes accordingly. Be-
cause the scales for total energy, recovery time, and rest dif-
fer, the magnitudes of the coefficients cannot be interpreted
Although not reported in detail here, the data were alsaelative to each other. In addition, the clustering was depen-
encoded for OC wipeouts, focal lesions, and nerve fiber losgdent upon OHC loss in the base for cochleae exposed to the
All three of these were more common in the 4 kHz OBN 4 kHz OBN and in the apex for cochleae exposed to the 0.5
subsets than in the 0.5 kHz OBN subsets. OC wipeouts wereHz OBN. The coefficients for OHC loss in the other half of
rare in the Acute subsets, common in the Chronic subsetshe OC and IHC loss in both halves reflect this dependency.

I. Other noise-induced pathology
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The values of the coefficients would be different with an(1991) suggested that in chinchillas, critical level for con-
independent cluster analysis by cell type and OC region. tinuous OBN exposures is about 115 dB SPL. The data re-
ported here indicate that in chinchillas, 115 dB SPL for a
continuous OBN is much too high for our broadened defini-
tion of critical level.

The data from moderate-level exposufegarly all of Bohne (1976 showed that a continuous, 4 kHz OBN
cluster 2 suggests that all chinchillas were susceptible toexposure of 80 or 86 dB SPL or a 0.5 kHz OBN exposure of
noise-induced hair-cell loss during the exposure, but at a lowss 4B SPL or greater fo9 d produced substantial hair-cell
rate. However, above-critical-level exposures produced gss in focal regions in the basal half of the chinchilla OC.
much wider range of hair-cell loss. Most animals were alsorhese observations are consistent with the results shown
susceptible to these exposureduster 2, but some were pere in that clusters 2 and 3 did not appear, regardless of
hypersensitivécluster 3, while others were resistaftluster  exposure level, until total energy had reached a certain mag-
D). nitude. Thus, critical level is dependent upon both exposure

The values for constark from the regressions in the |eye| and duration. However, for clusters 2 and 3, the
Acute groups, cluster 1 for both OBNs, agree with findingsy7 p2 s difference in onset of hair-cell loss between the 4
in the literature from Mills(1973 involving a 4 kHz OBN 314 0.5 kHz OBNSs is not accounted for by aR& correc-
and Carder and Mille(1972 involving a 0.5 kHz OBN.  tjon for 15 dB SPL of ear-canal resonance. Therefore, as
Mills determined by extrapolation that the SPL@4 kHz  ypserved by Bohne and Clatk982), the base appears to be
OBN had to be greater than 47 dB before a TTS appearegnore sensitive to above-critical-level exposures than the
Also by extrapolation, Carder and Miller indicated that with 5pex.

a 0.5 kHz OBN, the SPL would have to 65 dB before there A number of studies have been conducted in chinchillas

was a detectable TTS. It is interesting that the differencgy examine the equal-energy hypothesis with respect to
between the latter two levels is within 3 dB of the addedygad-band impact noide.g., Hendersoet al, 1982; 1991;
pressure at the eardrum due to ear-canal resonance aroun@fperto et al, 1985; Levineet al, 1998. Roberto et al.
kHz. Bohne(1976 determined that continuous 4 kHz OBN {oyng exposures at and below a peak level of 119 dB SPL
exposures at and below 72 dB SPL for 2®d produced  produced hearing loss and hair-cell loss that were consistent
minimal sensory cell loss. For a 0.5 kHz OBN at 75 dB SPL,ith the equal-energy hypothesis. However, above 119 dB
there was no significant sensory cell loss at 2 d, but abou§p|  hair-cell loss increased significantly. Levire al.

C. Susceptibility to noise-induced hair-cell loss

10% OHC loss in the apex at 9 d. found that a peak level of 125 dB SPL was just below critical
level for hearing loss. Hendersaat al. (1982 found that

D. Patterns of hair-cell loss during 4 kHz OBN vs 0.5 with several exposures having equal energy, their animals

kHz OBN and critical level did not develop the same amount of threshold shift as would

From the data presented here, it is difficult to determin%be predicted by the equal-energy hypothesis. Rather, hearing

the exact magnitude of critical level. With the exception of f;’? (IjnBchelgsLE(li_'Wth peak Ielvell.gl.sl)sn}g pe;khlevek:s .from l|07 0
two animals exposed at 92 dB SPL in the 4 kHz OBN Inter- , Hendersoet al. (199 found that their results

upted subset, animals were not exposed at levels between ﬁéd r!ot conform to t_he equal-e_nergy hypothesis in that both
and 108 dB SPL. Thus, critical level for the 4 kHz OBN N€&rng loss and hair-cell loss increased more than would be

exposure can only be estimated from the present data. HovP—redéitedq Whﬁ n pe;lk levels dwe;e dapovc;_llﬁ_ltljB ?PL.
ever, the critical level must account for higher energy deliv- udies have been conducted in chinchiiias to compare

ered to the cochlea due to ear canal resonance. Therefore,tie consequences of OBN and broad-band impact rteige

is likely that the critical level for the 4 kHz OBN in the Afroon et al, 1993; Hamerniket aI.,. 2003. Ahroon et al.

chinchilla is not far above 86 dB SPL, perhaps about 90 d ound that exposures that resulted in less than 10 dB PTS or

SPL ' ess than 5% total hair-cell loss tended to produce effects that
For the 0.5 kHz OBN, only four animals in the Inter- were consistent with the equal-energy hypothesis. On the

rupted subset were exposed at a level between 95 and 108 er hand, the data from higher peak-level exposures were

SPL. All of these eight ears exposed at 101 dB SPL were it consistent with the equgl_—en(_ergy _hypothesis. Th_ere ap-
cluster 1. The 120 dB SPL level is clearly above critical |eve|peared to be an abrupt transition in hair-cell and hearing loss

and one of two animals exposed at 108 dB SPL clustere§"C€ @ certe}ln exposure Iev_el was excegded. Hameirak
with those at 120 dB SPL, indicating that 108 dB SPL isexposed chinchillas to continuous and interrupted OBN ex-

probably above critical level as well. The appearance of clugPosures at 85-99 dB SPL, impact noise at peak levels of

ter 2 in the 95 dB SPL interrupted exposures suggests th(_}tl5—129 dB SI.D.L’ and combinations of the two. They did. not
the critical level for the 0.5 kHz OBN is below 95 dB SPL in address the critical-level issue, but they stated that their re-

chinchillas. Wardkt al. (1981 exposed chinchillas for differ- sults were not consistent with the equal-energy hypothesis.

ent durations to a 1.4 kHz OBN at different SPLs. These ) )

exposures should have put most of the damage in the middfe: Primary versus secondary hair-cell loss and

of the chinchilla OC, overlapping both the apical and basaf:rltlcal level

halves. Wardet al. found a substantial increase in the total Bohne and Harding2000 found that most of the OHC
percentage of OHC loss between exposures at 111 and 12@ss in the base occurs post-exposuranfra 4 kHz OBN

dB SPL after 30 d of recovery. Based on these results, Clargresented above critical level. One cause of hair-cell loss in
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the noise-damaged OC is intermixing of cochlear fluidspig compared to the chinchillée.g., Eldredge and Covell,
through the damaged reticular lamif¥ahmadet al,, 2003. 1958. Borg and Engstnm (1989 looked at the equal-energy
Until the results of the present study, it was not clear thahypothesis in rabbits usjna 4 kHz OBN at either 85 or 115
secondary hair-cell loss dominates the loss from 4 kHz OBNIB SPL. They found results similar to those reported for
exposures below critical level. It was somewhat unexpectedhinchillas. Bies and Hanse€i990 conducted a retrospec-
that most of the OHC loss from a 0.5 kHz OBN below criti- tive study of a large human population. They found that the
cal level occurred during the exposure. However, it has beeaqual-energy hypothesis was not adequately supported. They
clearly shown that the patterns of hair-cell loss in the apexsuggested that NIHL scales better on the integral of pressure
and base are differerfe.g., Bohne and Harding, 2000 rather than pressure squared. However, this conclusion may
Some researchers speculated that critical level represeritave been the result of fitting data from a mixture of both
a transition from noise-induced hair-cell loss to mechanicabbove- and below-critical-level exposures.
damage or acoustic traunte.g., Ward, 1981; Levinet al,
1998. The classic definition of “critical level” is the inten-
sity that produces irreversible damage in the OC no mattel. Critical level in humans

how brief the exposure. This level is generally thought 0 cpinchilias are about 10 dB SPL more sensitive to noise

represent the “elastic limit” that, when exceeded, results inthan humangEldredgeet al, 1973. Thus, critical level in

immediate rupture of the OC. However, the primary loss inhumans is expected to be about 10 dB SPL higher than pre-
clusters 2 and 3 appeared at exposure levels well below tho?ﬁcted for chinchillas. Also, humans tend to be exposed to

nition of critical level should not be limited to the threshold differently with low-frequency noise causing hair-

cell loss in

for mechanical damage. The definition of critical level hoth the apex and bage.g., Bohne and Harding, 2000he

should be expanded to include the level at which substanti
secondary hair-cell loss occurs post-exposure.

adbservations reported here along with those in the literature
indicate that critical level is different depending upon the

characteristics of the noise exposure and the location in the

F. Rest during the exposure and critical level

In the present study, rest during moderate-level expo
sures was protective for hair-cell loss; more for the 4 kHz
OBN than the 0.5 kHz OBN. Bohnet al. (1985; 1987 and
Clark et al. (1987 examined the effect of rest during the
exposure on hearing loss and hair-cell loss. They found th

OC that the noise has its greatest effect. In addition, critical
level differs with continuous and interrupted exposures.
Also, critical level appears to be species specific.

a\(. CONCLUDING REMARKS

interrupted exposures produced less TTS and PTS and less The principa' results from this Study are as follows.

hair-cell loss than continuous exposures with equal energy.
Ward (1991 examined interrupted exposures with equal en-2
ergy. He found that rest during the exposure reduced OHC
loss more than would be predicted by the equal-energy hy-
pothesis. In a large study using narrow-band impact noise,
Hamernik and Ahroor{1998 compared continuous and in-
terrupted exposures with equal energy. They found that rest
produced a slightly lower PTS but no difference in sensory-
cell loss. Dolanet al. (1976 reported that with very high
level exposures, rest was not protective. The equal-energy
hypothesis predicts that continuous and interrupted expo-
sures with equal total energy would produce the same
amount of hair-cell loss. Thus, the results reported here do
not support the equal-energy hypothesis. c

G. Other species (d)

Examinations of the equal-energy hypothesis have also
been conducted in species other than chinchillas. Eldredge
and Covell(1958, Saltet al. (1981), Goulios and Robertson
(1983, and Fredeliuset al. (1987 looked at this issue in
guinea pigs. Eldredge and Covell introduced the equal-
energy hypothesis from their results. However, none of th€e)
latter three studies produced results that were consistent with
the assumptions of the equal-energy hypothesis. The critical
level appeared to be about 20 dB SPL higher in the guinea

J. Acoust. Soc. Am., Vol. 115, No. 5, Pt. 1, May 2004

Primary hair-cell loss is related to total energy of the
exposure, provided that the intensity of the exposure is
below critical level. However, the specific doubling
rates are not consistent with the equal-energy hypoth-
esis. In addition, the magnitude of the relation is noise
frequency-spectrum dependent.

The definition of critical level should include the noise
intensity at which a substantial amount of secondary
hair-cell loss occurs post-exposure. Critical level is
species specific and depends upon the frequency spec-
trum of the noise and the ear-canal resonance of the
animal and its susceptibility to noise.

With exposures below critical level, periods of rest dur-
ing the exposure substantially reduce OHC and IHC
loss for the 4 kHz OBN, less so for the 0.5 kHz OBN.
With a 4 kHz OBN, much OHC loss occurs post-
exposure. With a 0.5 kHz OBN below critical level,
much OHC loss occurs during the exposure while
much of the loss from above-critical-level exposures
occurs post-exposure. For both OBNs, most IHC loss
occurs post-exposure.

Hair-cell loss in the base resulting from a 0.5 kHz OBN
is strikingly similar to that duea a 4 kHz OBN, but
requires more energy, in part due to the lack of ear-
canal resonance at 0.5 kHz.
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Nordmannet al. (2000 found that cochleae with TTS Clark, W. W., Bohne, B. A., and Boettcher, F. AL987). “Effect of periodic
have a completely different histopathological appearance reston hearing loss and cochlear damage following exposure to noise,” J.

than those with PTS and concluded that TTS is partiaIIyC

Acoust. Soc. Am82, 1253-1264.
oleman, J. W(1976. “Hair cell loss as a function of age in the normal

protectivg against PTS. With a damaging noise EXPOSUrE, cochlea of the guinea pig,” Acta Oto-Laryngd2, 33-40.
much hair-cell loss occurs post-exposure. Thus, there is Bolan, T. R., Murphy, R. J., and Ades, H. \L976. “A comparison of the
window of Opportunity to administer treatment to prevent or Ppermanent deleterious effects of intense noise on the chinchilla resulting

minimize noise-induced secondary hair-cell loss, and there-

from either continuous or intermittent noise,” Effects of Noise on Hear-
ing, edited by D. Henderson, R. P. Hamernik, D. S. Dosanjh, and J. H.

fore, NIHL. However, such treatment should be directed at wjis (Raven, New York pp. 327—340.

preventing hair-cell loss and PTS, not TTS.
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