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PREFACE 

In September 1985, NATO sponsored an Advanced Study WOl'kshop entitled, 
"Noise-Induced Hearing Loss: Basic and Applied Aspects." Tne meeting was 
held in a mountain retreat near Lucca, Italy and was attended by scientists, 
clinicians, and public officials from 12 countries. This was the third in a 
series of such conferences organized by the authors. The first two were 
supported by the United States National Institute of Occupational Safety and 
Health; their proceedings were published as "The Effects of Noise on 
Hearing" in 1976 and "New Perspectives on Noise-Induced Hearing Loss" in 
1982. 

The Organizing Committee approached NATO because it was felt that the 
problem of noise was common to all industrialized countries and was an 
especially serious problem for the military. Thus, the NATO sponsorship and 
the Italian site of the meeting were part of the Organizing Committee's plan 
to obtain an international and thorough repr'esentation on the problem of 
noise-induced hearing loss. 

The NATO meeting and proceedings followed the format of the previous 
two symposia with an initial focus on the anatomical and physiological 
disturbances resulting from noise-induced hearing loss. This was followed 
by sections devoted to studies of a more applied nature involving general 
auditory performance in noise, issues associated with the establishment of 
noise-exposure criteria, nonauditory effects of noise, and the interaction 
of noise with other agents. 

The proceedings of this symposium will serve as an easily accessible 
and concise survey of recent advances in the field of noise research from 
which one can review and reflect upon the gradient of progress made over the 
past 5 years. The proceedings should help to point out gaps in our 
knowledge should serve as a useful guide for further research efforts. In 
reviewing the progress over' the last 10 year's, it is clear that we have made 
large strides in understanding the basic "mechanisms" of noise-induced 
hearing loss. Anatomical stUdies have advanced from a gross evaluation of 
sensory structures to assessing the very detailed molecular organization of 
the hair cell cilia. PhYSiologists have advanced from recording gross 
potentials to detecting the physiological changes that occur in individual 
VIII nerve fibers and hair cells in the cochlea. Substantial pr'ogress has 
also been made in deter'mining how acoustic trauma alters the biomechanical 
vibration pattern of the cochlea. From the perspectives of the clinicians 
and psychoacousticians, we have developed more sophisticated means of 
evaluating complex auditory discrimination abilities, such as frequency 
selectivity, temporal resolution and speech discrimination. The development 
of solid state electronic devices and computers has provided powerful new 
measurement techniques, i.e., monitoring long-term noise exposures or 
performing rapid spectrum analysis of noise. 
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In spite of the wealth of information that has been gathered, there are 
still many unsolved issues and, in fact, significant, new questions have 
emerged from recent research. The latest symposium helped frame some of 
these questions and hopefully will provide direction for future research. 
Some of the issues raised by Dr. von Gierke and others during the 
discussions were: 

The Role of Animal Models: There are a number of interesting findings 
from experiments using animal models. To capitalize on these results, it is 
necessary to first explore the generalities of the findings to other species 
and, second, to develop algorithms for extrapolating the results from animal 
to man. 

Measures of Hearing Loss and the Relationship Between TTS and PTS: In 
addition to-simplethreshoMtesting, psychoacousticians have developed more 
sophisticated indices of noise-induced hearing loss. These procedures have 
been applied to human and animal subjects in TTS and PTS experiments. The 
eventual aim of this work is to develop more sensitive or accurate indices 
of the degree of hearing impairment and a better understanding of the 
relationship between TTS and PTS. 

Interaction of Ototraumatic Agents: There is a growing awareness that 
the effects of noise-Qan be~xacerbated by ototoxic drugs, vibration, heat, 
and other noises. The interaction of these agents may be an important, un
controlled variable in demographic studies. It is clear that ototraumatic 
interactions will receive further study, especially with the recent 
formation of the International Society of Complex Environmental Studies 
(ISCES). A review of progress in this area may be gauged by the upcoming 
meeting c~ th ISCES in Kanazawa, Japan in September 1986. 

Demographic Studies: The quality and quantity of demographic data is 
still insufficient to answer many of the questions posed. There is a 
paucity of information related to levels of noise encountered outside the 
workplace and what effect "recreational" noise exposures have on hearing 
over an individual's life span. Another important issue is the validity of 
the Equal Energy Hypothesis (EEH) as a conceptual framework for developing 
noise standards. While laboratory support for the EEH is equivocal, the EEH 
remains a popular conceptual model because of its simplicity. In the 
future, it would be important to develop models that more accurately 
represent laboratory and demographic data. 

Impulse Noise: This symposium devoted a section to the auditory 
effects oflblast waves and impulse noise. Both the animal data and human 
demographic data point to different and perhaps more severe effects from 
impulse noise than from continuous noise. The implications of this research 
have not yet made an impact on the noise standards. Furthermore, there is a 
need to develop more realistic damage risk criteria for impulse noise. 

Central Effects: Much of auditory theory, and certainly our concern 
for the effects of-noise, has focused on cochlear processes. Several trends 
of research are showing that damage to the periphery alters the fundamental 
organization of the central auditory system. A particularly fertile area 
for exploration is the relationship between (1) peripheral hearing loss and 
changes in central processes; and (2) how these central changes are mani
fested in auditory perception. 

After organizing three symposia on the deleterious effects of noise and 
reading other authors' warnings about the levels of noise in the envi
ronment, industry and the military, noise continues to be a serious problem 
for SOCiety. Somehow, our warnings about the dangers of noise have yet to 
reach SOCiety's policy makers. While most segments of the health care 
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system are sensitive to the hazards of noise, there is an even larger 
constituency that needs to be reached. Our information should be put into a 
format that can be easily understood and disseminated by a broad audience 
such as architects, engineers, industrial managers and politicians, who, in 
large measure, control or influence a large segment of our social and work 
environments. 

Richard J. Salvi 
D. Henderson 
R. P. Hamernik 
and 
V. Colletti 
Editors 
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MORPHOLOGY OF STEREOCILIA ON COCHLEAR HAIR CELLS 

AFTER NOISE EXPOSURE 

B. Engstrom, 1 E. Borg 2 and B. Canlon 2 

1 

INTRODUCTION 

Dept. of Oto-Rhino-Laryngology 
University Hospital 
75185 UPPSALA, Sweden 

2Dept • of Physiology II 
Karolinska Institute 
10401 STOCKHOLM, Sweden 

The stereocilia of the cochlear hair cells are a fragile link in the 
chain of structures and processes involved in the transduction of acoustic 
energy into electrical signals. The cilia are the focus of many studies on 
the normal structure and physiology of the ear. They are also extensivelY 
studied in ears with many types of hearing impairment and in the analysis 
of the effects of noise and toxic agents on the ear. In this paper, a 
review of different types and patterns of stereocilia damage will be pre
sented with a description of different noise-induced structural alterations 
such as formation, of blebs, floppy, fused, fractured and giant cilia. 
Some aspects on species differences, exposure sound intensity and exposure 
duration are included as well as some functional correlates to cilia 
alterations. 

"Blebbing" on stereocilia is a widening of the stereocilia which can 
be observed in transmission (TEM) as well as in scanning electron (SEM) 
microscopy (Fig. 1) [1]. Blebs can occur normally but an increased number 
of blebs has been found after overstimulation by noise. A somewhat dif
ferent form has been observed on OHCs after laser irradiation of guinea pig 
cochleas [2]. Similar modifications have also been seen on stereocilia in 
the apical and middle turns of cochleas of rats of the AGS strain [3] and 
on IHCs in the apical part of spontaneously hypertensive rats [4]. The 
former type of blebbing, after nOise, appears to be due to a detachment of 
the surface membrane of the individual cilia which might occur if the bind
ing between the actin filaments and the surface membrane were broken. The 
later type of blebbing is'situated at the tip of the stereocilia or some
where along its shaft giving them a drumstick shape (Fig. 1F). This altera
tion could arise if cross-links between neighboring actin filaments within 
the stereocilia have been disturbed [5]. An important consideration is to 
which extent the noise-induced blebbing of the cilia is due to preparation 
artifacts and/or if it is a consequence of the noise on the hair cell 
structure and/or function. It has been shown that spontaneously hyper
tensive rats are more susceptible to noise than rats of the Wistar strain, 
but it is not known if the increased sensitivity is due to abnormal stereo
cilia [6]. 

"Floppy hairs" appear as boiled spaghetti on top of the IHCs in ears 
during temporary threshold shift (TTS). The floppy hairs have been inter-
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F1.g. 1 Illustrations of diffp.r'mt tyPp.s of stp.reocH 1.a patho
logtp.s. A: Giant cil:!a found on IHCs aftp.r two months 
of recovp.ry from no1.sp. p.xposurp. (SEM). B: Inclined OHC 
stP.t'p.octHa aftp.r nois8 Axposure (TEM). C: BlAbbi.ng 
seAn on OHC stp.rp.oc"! 1 ta aftp.r no-tsp. p.xposurp. (TEM). D: 
Fractured IHC stp.rp.octlia aftp.r n01s8 8XpOsUrp. (TEM). 
E: Missing OHC sterp.octlfa aftp.r noise p.xposure (TEM). 
F: Blp.bbing seen on IHC sterp.octlia of spontaneous 
hypertenstve rats. G: Fusion of IHC stp.rp.ocHia after 
noise p.xposure (SEM). H: Fusion of two c1.l1.a on an OHC 
aftp.r noise P.xposure (TEM). 



preted to be a reversible alteration and has not been associated with 
other cellular changes [7,8]. Floppy hairs have also been described by 
Tilney et al. [9] who found a loss of the cross linkages between the actin 
filament in the stereocilia of lizards during TTS. Futhermore, the mild 
disorder of the cilia described by Liberman et al. [10,11] with light 
microscopic methods on plastic embedded cat cochleas with noise-induced 
hearing loss may well correspond to the floppy hairs observed in SEM. We 
have also frequently observed that the stereocilia sometimes can bend and 
resemble floppy cilia when struck by the electron beam in the SEM. The 
observation of floppy cilia is controversial and has been difficult to 
reproduce systematically. The inconsistent nature of the phenomenon may be 
due to minor differences during some fixation procedures and not in others. 
An example of how different technical handling preserve a structure differ
ently was made evident when it was shown that the thin connections between 
the tips of the stereocilia are seen in SEM only if the specimens are fixed 
in a particular way [12,13]. Further experiments have, however, to be 
performed to settle the nature of the "floppy cilia." 

Fusion of cilia means that the plasma membrane along the individual 
cilia have fused with that of its neighbors. Two, a few, or all stereo
cilia of a cell may be involved in the fusion (Fig. 1G). Fusion has been 
described in a number of animal species, and in man, after several dif
ferent types of noise exposures [4,14-18]. Stereocilia fusion also occurs 
in animals exposed to ototoxic drugs [19]. Fusion of cell membranes is 
however, not specific for the cilia of the inner ear but it is a common 
feature in many normal as well as pathological cell functions. If the same 
mechanism is involved in stereocilia fusion as in other cell fusion 
processes remains unknown, however it could be speculated that these 
processes are somewhat different as one never finds fusion between cilia of 
neighboring hair cells. What is found instead is that two, a few, or all 
stereocilia on one individual hair cell are involved in the fusion. 

In most cases, when cilia on an IHC in the rabbit fuse, they are also 
inclined, usually towards the OHCs. In other species, such as the guinea 
pig, the stereocilia of the IHCs are more frequently seen fused without 
inclination. When two or a few cilia are involved, it is almost always 
possible to recognize the contour of the original individual cilia within 
the newly formed one (Fig. 1G and H). When the damage is more pronounced, 
and most stereocilia are involved in the fusion, the orderly arrangement of 
the stereocilia on the cell is lost [25] and instead one finds a disorder 
of the former cilia below the cell surface. This seems to be the case for 
the IHCs in general, and on the OHCs in the apical turn. The OHCs in the 
more basal region of noise-exposed cochleas appear to have either only 
minor cilia damage or the whole cell disappears. 

Inclination and Fracture of individual stereocilia is often found in 
ears with noise damage. A cilium involved in a fusion may be either in
clined and still inserted into the cuticular plate (Fig. 1B) or inclined 
and fractured just above the root (Fig. 1D). A fracture is often difficult 
to verify in SEM unless the cilia also have been discarded, since the in
terior of the cilia can not be seen in SEM. In TEM on the other hand, the 
fracture point of the cilia can be distinctly seen (Fig. 1D). The fracture 
seems to result from a mechanical stress. The resistance to deformation 
has been described in terms of a "critical angle" described as the maximum 
degree of deflection possible for the actin filaments within a stereocilium 
to undergo before damage occurs in the crystal lattice [20]. 

StereociUa of OHCs are often found to be discarded, while the stereo
cilia on the IHCs remain on the cells fused together with its neighbors 
[21]. These findings may coincide with the stereocilia of IHCs and OHCs 
differing considerably in thickness and in the number of actin filaments 
1ns~rtRd 1n th~ cuticular platR. 
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Fig. 2. Illustrations of the morphological differences of ha:!.r 
cell damage and the importance of no:!.se i.ntensity and 
duration. A: "Rabbit-like" damage of the IHC stereo
cilia found in the guinea pig 3 weeks after a 146 dB 
broad-band stimulus for 15 min. B: OHC stereoc:i.lia 
loss seen 3 weeks after a 115 dB exposure to the broad
band noise for 120 min. in the guinea ptg. 

Giant c:l.l ia are predominant ly found in ears with severe noise damage. 
The outgrowth is, at least in the rabbit, not found untH two months or 
more after a noise exposure [22]. The gtant cUia are predominantly found 
in rabbits on OHCs in the apt cal turn [23,24] and on IHCs in the mi.ddle and 
basal turns of the cochlea [4]. It is not yet known i.f the actin forming 
the giant cilia consists of newly formed acti.n or i.f tt 1S a reorgani.zati.on 
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of the actin of the former cilia. A morphometric analysis of the giant 
cilia 1S in progress; the primary results available at present indicate 
that the actin content in a large giant cUium is larger than in the whole 
array of cilia in a normal IHC from the same region of the cochlea (Viberg 
and Engstrom, in preparation). 

Species differences and importance of noise intensity. The different 
types of stereocilia alterations described above may be found :l.n several 
dtfferent species and after several different types of noise exposure. The 
extent and the number of cells with altered cilia may vary much between 
species and between individuals of the same stock exposed to the same sound 
(Fig. 2). 

The first structures of the rabbit cochlea to show alterations after a 
broad band notse exposure (115 dB SPL for 15 01" 30 m:l.n.) are the IHCs :l.n 
the middle and basal part of the cochlea [23]. In a few of our rabbit ears 
the only alterations found were fused and incl:l.ned stereocilia on the IHCs; 
all OHCs had a normal appearance. In many ears there was also an area w:l.th 
OHC loss and damage but extending basally of this there was a long distance 
with only IHC damage [25]. A different pattern of damage may, however, be 
found if the rabbits are bilaterally exposed to the same total energy of 
noise (115 dB for 30 min.) but at a sound l'wel of 85 dB SPL for 512 h. 
These animals exhibited only OHC damage (Engstrom and Borg, in prepara
tion). In contrast to the rabbit, the cat always has OHC damage as well as 
IHC alterations. In these cochleas of cats the IHC alterations may extend 
beyond the region of OHC damage [10,26]. On the other hand, it is gener
ally found that the guinea pig stereocilia pathology, induced by no:tse 
exposure, can first be observed on the first row of OHCs, then on IHCs and 
thereafter on the second and third row of OHCs (c.f. Robertson and 
Johnstone 1979). There was no damage found tn the ears of guinea pigs when 
expOSl'!d at 115 dB SPL for 15 min. which would produce IHe fus:!.on and in
clinatton in the rabbtt. When prolonging the 115 dB exposurl'! to 60-120 
min. to produce a pl'!rmanent threshold shift (PTS = 30-40 dB), thl'!n the 
classtc p:l.cture of predominantly OHC loss and damage was found in SEM (Fig. 
2B). Some guinea pigs were exposed to the same no:!.se but at a sound level 
of 146 dB SPL which produced a permanent threshold shift of 30-40 dB with a 
15 min. I'!xposure. These guinea ptgs showed a different pattl'!rn of hair 
cell damage than those exposed at 115 dB for 60-120 min. The distribution 
of IHC and OHC stereoctlia pathology differed in different parts of the 
noise les:l.on. Fig. 3A shows the normally appearing organ of Corti from the 
basal turn of one of these short duration, high sound level animals. F:l.g. 
3B and C show the alterations seen tn the center of the lesion and Fig. 2A 
shows thl'! "rabbi.t like" alterations of the IHCs seen for 1/4 - 1/2 of a 
turn api cally of the damage se.m :fn 3B and C (Engstrom et al., i.n 
progress). 

Functional Correlates 

It is not unti.l recently that stereocilia alterations have been studied 
systematically. It has been shown that even minor cilia damage can be cor
related to alterations of ear sensitivity. Inner hail" cell stereocilia 
alterations in the cat have, for i.nstance, been correlated to a shift of 
the whole tun:!.ng curve of single nerve f.l.bers [26]. In the rabbtt, alter
ations of IHC stereoci.lia have been correlated to a shift of the threshold 
of the middle ear muscle reflexes :In the corresponding frequency range [25]. 
Alterations of cilia only on OHCs have bflen shown to correlate to a r:!.se of 
the threshold of the tip and a hypersensitivity of the "tail" of the tuning 
curve from single nerve fibers [27]. Furthermore, for example, Slepecky et 
ale [18] have found that OHC cilia alterations may correlate to a 40 dB 
heari.ng loss establtshed with an evoked electrical response measurement. 

5 



Fig. 3. Normal appearing stereoc:U ia from thp. basal turn of 
thp. no:l.se p.xposp.d guinp.a pig also illustrated in B 
and C. (SEM). B: Altp.rations found in thp. center of 
the lesion showing IHC stp.reociEa loss (B) and IHC 
and OHC-l loss (C). 

The mechantsms of stereoci.lta fusion and outgrowth are not understood 
but some relevant information is available. Duvall et al. [28J, for ex
ample, found fusion of stereocilta a few days and some weeks after mixing 
cochlear fluids by making a rift tn the membrane of Reissner. The fusion 
was interpreted to be the result of the upper surface of the hair cell 
being sensitive to the influp.nce of sodium ions from the perilymph. In an 
attempt to test thp. role of sodium, we have tnjectp.d artificial perilymph 
into the p.ndolymph of guinp.a pi.gs. The preliminary rp.sults show no stereo
cUia fusion but p.xtens"lve OHC loss (Engstrom et al., in progress). An
other ion to test for involvement in stereociEa fus:!.on "Is calcium, since 
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calcium is known to playa role in fusion in other cell systems [29]. It 
has also been shown that if the calcium concentration is altered in either 
the perilymph or the endolymph, the cochlear microphonics i_s affected 
[30,31]. In an attempt to find out if the fusi_on needs a normal function
ing inner ear, we have exposed rabbits to noise after death. The morpho
logical alterations seen with SEM in these ears do. not deviate from what 
can be seen in an animal terminated the fi_rst hours after a noise exposure. 

CONCLUSION 

All types of stereoci_l ia damage described can be seen in all species 
commonly used in auditory research. However, the different types of stereo
cilia alterations are found in different proportions in different spec:!es. 
New results have shown that the proportions of OHC and IHC stereocilia al
terations may depend on the exposure level and duration. The different 
types of stereocilia lesions described cannot at present be tied to speci
fic functional alterations. The most important feature is if the damage 
occurs on the IHC or the OHC. The degree of cilia damage can roughly be 
related to the amollnt of noi_se delivered and the shift of tuning curve, 
auditory threshold and threshold of the middle ear muscle reflex. 
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DISCUSSION 

Pfander: Did the location of the cochlear lesion correspond to the 
frequency of the hearing loss? We have done experiments with animals :tn 
which the destruct:ton was near the helicotrema; however, the TTS was at the 
higher frequency so that the location of the damage d:td not correspond with 
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thA hAaring loss. SAcondly, what was thA pArcentagA of damagA of innAr 
hair cells and outAr hair cells? It appAars that most of your damagA is to 
the inner hair cells. Thirdly, could you descrtbA your exposurA? 

Engstrom: The Axposure was a broad band noi.se of 115 dB. In the 
rabbit, location of innAr hai.r cAll damagA correspondAd well with the 
frequAncy and range of thrAshold shift of thA stapedius muscle reflAX, but 
not with thA thrAshold shift of thA ABR. WhAn thAre was a shift in the 
ABR, it corresponded most closely with the combination of lnner and outer 
hair cell loss, but not perfectly. We had mixed damage in the guinea pigs. 
The damage occurred near the frequ,lUCY of thA Axposure, Le., mainly in the 
middle part of the cochlea. The area near the helicotrema and near the 
hook appeared normal. 
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MECHANICAL CHANGES IN STEREOCILIA FOLLOWING OVERSTIMULATION: 

OBSERVATIONS AND POSSIBLE MECHANISMS 

I~TROOUCTION 

v 
James C. Saunders, Barbara Can Ion and Ake Flock 

Department of Otorhinolaryngology and Human Communication 
University of Pennsylvania, Philadelphia, PA 19104, and 
Department of Physiology II, Karolinska Institute 
Stockholm, Sweden 

Many experimental observations over the past decade have indicated 
that the role of stereocilia structure and function in cochlear hair-cell 
transduction is more complicated than previously thought. Among these 
recent observations are those that elucidated the cytoskeletal organiza
tion of the stereocilia and cuticular plate [21,81], and the extracellular 
structures that bind individual stereocilia together [6,50,51]. In addi
tion, the kinetics of hair-cell physiology have been well described [7,9, 
55] and the directional sensitivity of stereocilia movement on individual 
hair cells is now known [22,28,75]. Descriptions of static and dynamic 
stereocilia movement in the mammalian cochlea have recently been presented 
[23,38,75]; these data are critically important to our understanding of 
hair-cell function and dysfunction. 

Numerous investigations have tried to characterize the effects of 
intense sound on stereocilia by correlating physiologic responses in the 
auditory system with structural damage to the sensory hair [41,42]. These 
reports have provided valuable information about the configurations of 
stereocilia injury and their possible contribution to auditory function. 
Unfortunately, the loss of auditory function following exposure to intense 
sound may arise from the complex interaction of receptor cell and whole 
organ injuries, and need not be the exclusive result of stereocilia 
pathology. In order to understand the contribution of stereocilia damage, 
it is important to isolate the functional injury to the sensory-hair bundle 
and examine it independent of other cell or organ lnJuries. The experi
mental methods to accomplish this have only recently been developed [38, 
60-62]. 

In this report we will briefly summarize what is known about acoustic 
injuries to stereocilia and the structural damage that might account for 
these injuries. Finally, we will present data from recent experiments with 
the isolated guinea pig cochlear coil, which describe micromechanical 
changes in stereocilia following overstimulation. 
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ACOUSTIC INJURY TO STEREOCILIA 

Stereocilia Pathology Revealed by Scanning Electron Microscopy 

Evaluation of the stereocilia by scanning electron microscopy has 
uncovered numerous pathologies following intense sound exposure. Perhaps 
the most universal observation following exposure is the presence of hair 
cells on which part or all of the stereocilili bundle is "missing" [1,17, 
33,43,48,53,80]. 

Another category of acoustic injuries is the so called "floppy," 
"disarrayed," or "collapsed" sensory hairs. Floppy stereocilia are 
characterized by curves in the shaft which make it look as though it were 
built of a compliant (rather than a rigid) material [12,30,31,44,45,73]. 

"Disarrayed" stereocilia appear straight and rigid [34,40,43], but 
they are bent at their bases, so that individual members of the bundle 
appear separated or "splayed-out" [14,15,47,62,68,78,85]. The most severe 
pathology of this category occurs when the sensory hairs "collapse" onto 
the cuticular surface of the hair cell [18,32,52,76,80]. When IHCs are 
affected, the collapse always involves the tallest members of the bundle 
and is directed away from the modiolus [80]. 

Another form of stereocilia pathology is "fusion." This injury is 
characterized by several or all of the hairs on the bundle sharing a common 
plasma membrane [13,18,54,67,71,79]. Fused sensory hairs have been re
ported in mammalian [14,16] and non-mammalian ears [62] following noise 
exposure. Collapsed stereocilia may also fuse with the apical membrane of 
the hair cell [14,77]. 

"Giant" stereocilia are hairs that appear abnormally long and thick 
and are frequently seen collapsed onto the apical surface of the cell [18]. 
A variation of the giant sensory hairs are the "elongated" stereocilia, 
which appear longer and thinner than normal [29,57,86]. In the mammalian 
cochlea, fused, giant, or elongated stereocilia were reported more fre
quently on IHCs than OHCs [18,48,80]. 

The stereocilia normally have a conical taper (over the last tenth to 
quarter of a micron of their length) at their insertion into the top of the 
hair cell. This tapered base in the "ankle" region of the hair gives the 
impression that the stereocilia rotate about this point [20,24]. Recent 
examinations of noise-exposed alligator lizard and chick ears revealed many 
stereocilia with an "ankle" that appeared "stumpy" rather than conical 
[8,82,83,84]. 

More than a decade ago, Spoendlin [70,71] suggested that hair cells 
expel a damaged cuticular plate into the SUb-tectorial space, and this 
event precipitates hair-cell degeneration. Research since then has iden
tified noise-exposed hair cells on which the cuticular plate appears to 
"bulge" outward, and still others where the plate is actually being 
expelled from the cell [2,32,34,80]. 

The literature suggests that "missing," "disarrayed" and "collapsed" 
stereocilia are the most frequent forms of sensory hair damage observed 
after noise exposure. The other forms occur irregularly, though the giant 
or elongated hairs are frequently seen in the cochlea of noise-exposed 
rabbits [15]. The floppy condition has been less thoroughly investigated 
because of its relative rarity. In subsequent sections we will consider 
the cytoskeletal and extracellular damage in the stereocilia, rootlet 
region, and cuticular plate that contributes to the abnormalities described 
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above. The reader should realize, however, that the "static" picture 
developed above has not dealt with the onset and development of these 
pathologies, their potential for recovery, their correlation with specific 
sound exposure conditions, their variability from cell to cell, or their 
contribution to hair-cell function. These issues are significant and at 
present are basically unresolved. 

Steroecilia Damage and Sensorineural Hearing Loss 

The relation between stereocilia pathology and the loss of auditory 
function is only beginning to emerge. Stereocilia damage has been corre
lated with auditory nerve fiber responses [40,41,42,43,48,52], N1 action 
potential thresholds [53,54,84], auditory brain stem responses [16], 
middle-ear muscle reflexes [3], and behaviorally-measured thresholds [4,15, 
66,67]. Procedural differences, unfortunately, make it difficult to draw 
any generalizations from this data. Nevertheless, it is clear that stereo
cilia pathology is associated with functional alterations in the auditory 
system. These relations, however, need to be strengthened by describing 
the functional changes in the stereocilia themselves following exposure to 
intense sound. 

MECHANISMS OF STEREOCILIA, ROOTLET, AND CUTICULAR PLATE DAMAGE 

In this section, we plan to briefly describe the cytoskeletal organ
ization of the stereocilia and cuticular plate, and then consider how 
injuries to this organization might produce the pathological conditions 
described above. A summary of the sites of damage in stereoc.ilia is pre
sented in Fig. 1; many of the points raised below can be referred to this 
figure. 

The Cytoskletal Framework and Extracellular Morphology of Stereocilia 

Flock and his colleagues, in 1977, reported that the microfilaments 
within stereocilia were composed of the protein actin [20,21]; and subse
quent research has identified actin filaments in mammalian, avian, and 
reptilian species [26,35,58,63,64,65]. The stereocilia actin exhibits 
three distinct organizational features; a) the actin filaments are oriented 
vertically, extending along the entire length of the hair shaft; b) the 
actin filaments are hexagonally packed in the stereocilium; and c) there 
are protein cross bridges oriented perpendicularly to the filaments which 
serve, among other functions, as "spacers" to keep the filaments sepa
rated. The details of this "crystalline" organization have been presented 
elsewhere, but one functional role is clear: the actin array imparts enor
mous rigidity to the stereocilium, allowing each hair to act as a rigid rod 
pivoting about its base [10,11,64,81,83]. In addition, deflections of a 
stereocilium cause the filaments to slide past one another, and this shear 
produces changes in the cross-sectional geometry of the crystal matrix [64, 
83]. These changes provide clues to the cytoskeletal structure that might 
be at risk during overstimulation [57,62]. 

The extracellular morphology of the stereocilia bundle has become an 
important region for anatomic evaluation. Two aspects are presently 
emerging. Iurato [37] first provided some quantitative information from 
the guinea pig cochlea that stereocilia height varied from the base to the 
apex. In the high frequency region (the basel, the stereocilia were sub
stantially shorter than in the low frequency region (the apex). This 
observation is the same across all hair-cell rows in the mammalian cochlea 
[44,87]. In addition, the numbers of stereocilia per hair cell, and their 
diameter also change with cochlear location [25,82]. 
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Fig. 1. In the central part of this figure, the normal 
organization of the stereocilia is presented. The actin 
filaments, crossbridges, rootlet, cuticular plate and 
extracellular connections are all represented. Some 
artistic license has been taken in the representation of 
these structures for the sake of clarity. The inserts 
indicate possible damage to the various structures 
following overstimulation: A) The link between the tip 
and shaft of adjacent stereocilia has been broken. B) The 
interconnecting filaments between stereocilia have been 
broken. This damage may occur to the connections between 
stereocilia in the same row (as illustrated) and between 
stereocilia in adjacent rows (not illustrated). C) The 
connection between the tallest hairs in the bundle and the 
tectorial membrane has been broken. D) This panel shows 
disassembly of the actin matrix along the shaft of the 
stereocilium. Similarly, the filament links between the 
actin core and the plasma membrane have been broken. Here 
we see disassembly of the actin matrix at the base of the 
stereocilium. Also, the filament links between the 
rootlet structure and the plasma membrane in the tapered 
base have been broken. F) The fine filaments in the 
cuticular plate, which interconnect the rootlet with the 
actin filaments of the plate, have been broken. G) 
Finally, the rootlet has been severed at the junction 
point between the stereocilium and the cuticular plate. 



The extracellular connections between individual hairs in the stereo
cilia bundle is another feature that is being studied. These connections 
were first observed in transmission electron micrographs [20,60J and have 
now been described for a variety of vertebrate species [26,49,51J. At 
first it was thought that these links maintained the bundle in an intact 
condition. This is true, but the recent observations of Pickles and his 
associates [6,50,51J have raised the importance of these structures. These 
authors identified cross links in guinea pig cochlear hair cells that 
extended from the tips of the shortest row of stereocilia to the shaft of 
the middle row of stereocilia. Similarly, the middle row of hairs have a 
link that extends from their tips to the shafts of the tallest row of 
stereocilia. The morphology of these cross links have subsequently been 
described in detail [6,50J, and there has been speculation concerning their 
possible role in the micromechanics of hair-cell transduction [27,51J. 

The Structural Organization of the Rootlet and Cuticular Plate 

The cytoskeletal organization of these two regions of the hair cell 
have recently been summarized [64J. In the core of the hair at the tapered 
base, an electron-dense material is found which projects down into the 
cuticular plate and back up into the stereocilium. This rootlet communi
cates with the fibrous meshwork of the cuticular plate through a population 
of very fine rootlet fibers about 30 Angstroms in diameter (see Fig. 1). 
It is not clear how the rootlet communicates with the actin filament within 
the stereocilium. The rootlet apparently serves to anchor the actin core 
of the stereocilium to the cuticular plate. Moreover, the rootlet appears 
to have elastic properties [64J. 

The cuticular plate contains two populations of microfilaments; the 60 
Angstrom actin filaments and a set of smaller 30 Angstrom filaments (for a 
review see [64J). The organization of these filaments is complex, but they 
do seem to interact with each other and with the rootlet. It would seem 
that the principle role of the cuticular plate is to provide a stable 
platform on which the stereocilia can pivot. 

Possible Mechanisms of Cytoskeletal and Extracellular Injury to Stereocilia 

Changes in sensory-hair rigidity. Hair cells in the cochlea of noise
exposed alligator lizards have stereocilia so badly damaged that the crys
talline array of actin filament crossbridges could not be identified [85J. 
Tilney and his colleagues [84J argued that these stereocilia would exhibit 
a great reduction in rigidity, and such a loss could account for the floppy 
appearance of stereocilia. We should note, however, that an examination of 
noise-damaged IHC stereocilia in the rabbit failed to replicate these ob
servations [18J. The mechanism that causes the disassembly of the actin 
array throughout the core of the stereocilium is not known. It is thought 
that energy absorption at the crossbridge/actin junction, due to the shear
ing of the actin filaments during deflection, may be one cause [57J. In 
addition, the idea of a "critical angle" has been proposed [64J. As the 
filaments slide past one another during a deflection of the hair, there is 
a reduction in their parallel separation. The amount of shear, however, is 
limited by the physical dimensions of the actin filaments and crossbridges, 
and by electrostatic repulsions. When a deflection occurs that exceeds the 
critical angle, damage to the actin matrix may begin. The shearing action 
of the filaments may also break the fine filaments connecting the actin 
array with the inner surface of the plasma membrane (Fig. 1D). 

Loss of sensory hair stiffness. The sensory hair is designed to pivot 
at its base, and during stimulation, the stress on molecular structures in 
this region will be great. The rootlet is thus the most obvious weak link 
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in the stereocilium, and structural failure here is not surprising. The 
shearing movements of the actin filaments and cross bridges may produce such 
stress that disassembly of the actin crystal in the "ankle" region readily 
occurs. In addition, communication in the tapered base between the plasma 
membrane and the rootlet (through 30 Angstrom filaments) has been reported 
[26,35,36,67J. A deflection of the stereocilium will cause the rootlet to 
bend, producing an alternating compression and stretching of these 30 
Angstrom filament. Furthermore, the rootlet has spring properties that 
resist bending, and during overstimulation, the tolerance limits of this 
spring may be exceeded. The stress on these structures (the crystalline 
array, the fine filaments and the rootlet) when the deflections are great 
and sustained, may lead to structural failure in the form of a rootlet 
fracture or disassembly of the actin array (see Figs. lE and G). 

Recent investigations have shown that the stereocilia rootlet can 
indeed be damaged, and thus far two forms of pathology have been identi
fied. One is seen as a depolymerization of the actin core at the base of 
the hair, while the second is a fracture or break in the rootlet itself 
[18,67,84J. 

Another possibility is related to the fact that the rootlet is secured 
in the cuticular plate by a meshwork of fine filament. Excessive mechani
cal deflections of the stereocilia will apply stress on these 30 Angstrom 
"cementing" connections in the plate, and this may cause them to deterio
rate (Fig. IF). Acoustic injury to these fine cuticular plate filaments, 
however, has yet to be reported. 

Injury to the actin crystal, breaks in the rootlet itself, or a re
duction in rootlet attachments to the cuticular plate would all serve to 
decouple the stereocilia from the cuticular plate. The mechanical con
sequences of this would be a reduction in the stiffness of the sensory 
hair. Disarrayed" or "collapsed" stereocilia would be expected to arise 
from structural failure in the region of the rootlet. Finally, damage to 
the extracellular links between stereocilia (Figs. lA and B), or to the 
connections between the distal tips of the OHCs and the tectorial membrane 
(Fig. lC), may indirectly contribute to rootlet injury by changing the im
pedance properties of the hair-cell bundle as a whole. The occurrence of 
"missing" stereocilia may be the most severe consequence of rootlet damage 
and in this case the hair is simply torn from the cuticular plate. 

In the preceding sections we have made two points. Firstly, the so
called floppy stereocilia are due to changes in sensory-hair rigidity. The 
loss in rigidity is due to partial or complete damage to the actin crystal 
along the length of the stereocilium. Secondly, "disarrayed," "collapsed" 
or "missing" stereocilia are most likely caused by changes in sensory hair 
stiffness. The loss of stiffness arises from structural failure in the 
region of the tapered base (Figs. lE, F and G), and mayor may not be 
accompanied by damage to the extracellular cross links between members of 
the bundle (Figs. lA, B and C). 

Possible Mechanisms of Fused, Giant and Elongated Sensory Hairs 

Changes in the electrical properties of the cell membrane during 
overstimulation may initiate processes that lead to stereocilia fusion. 
There is evidence that membranes can break down in the presence of 
excessive intracellular pressure or transmembrane voltage gradients [88J. 
The voltage gradients and pressures that initiate membrane breakdown and 
cell fusion are quite high in plant cells [89J. Stimulation of stereocilia 
may also produce large electrostatic charges on the membrane or increments 
in intracellular pressure that may contribute to either the dissociation of 
membrane lipids or disassembly of membrane proteins. Similarly, the 
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membrane surface of the stereocilia is negatively charged, and this is 
balanced by a layer of positive counter ions derived from the surrounding 
mp.dium. The repulsive forces of these charges would tend to keep the 
stereocilia apart. Overstimulation may produce mechanical trauma suf
ficiently great to overcome the repulsive force between stereocilia and 
their collapse against each other could result in membrane fusion [24]. 

It is also possible that the filaments that interconnect the crystal
line array with the plasma membrane [26,49,83] denature, and the result 
might be a more fluid plasma membrane (see Fig. lD). By these mechanisms, 
damaged membranes around a sensory hair may fuse with those of a 
neighboring hair to produce a new structure [45,86]. 

We understand even less about the formation of giant or elongated 
stereocilia. In the future, it will be important to learn if the new 
material in these stereocilia has the same actin organization found in 
normal hairs, and whether this is constructed from the remains of the old 
stereocilia or with material transported from the cell cytoplasm or the 
cuticular plate. 

Possible Mechanisms of Cuticular Plate Damage 

Damage to this region has not been adequately described, so the 
underlying mechanisms remain vague. Displacements of the stereocilia will 
exert stress on the filamentous matrix of the cuticular plate through the 
rootlet (Fig. IF); this in turn may cause denaturing of the microfilament 
structure throughout the plate. Denaturing of the microfilament could 
"soften" the cuticular plate. 

Swelling of the hair cell following noise exposure has been reported 
[56,72] and was related to changes in the regulation of ionic concentra
tions or osmolarity [45]. A general edema of the intracellular environment 
could be the source of pressure that causes the "bulge" seen in noise ex
posed cuticular plates [19,29,45-47,77]. When the pressure and bulge 
becomes too great, the softened plate is expelled from the cell [53]. 

CAN DAMAGED STEREOCILIA BE REPAIRED? 

One of the crucial questions is whether or not the injuries described 
above are reversible. Tilney and his associates [84] were left with the 
impreSSion that less cytoskeletal damage was apparent in alligator lizard 
stereocilia following an 11 day recovery period, compared to that seen 
immediately after exposure. Other authors have also suggested that 
"floppy" stereocilia seem to recover with the passage of time. However, 
none of these impressions has been adequately verified [12,30]. Some 
additional support for this possibility is found in the studies by Stopp 
[73,74], but her data are also difficult to interpret. 

Disarrayed, fused and collapsed stereocilia have been reported in 
noise-exposed cats, guinea pigs, and rabbits after recovery times ranging 
from 42 to over 500 days [15,40,43,48,52]. It thus appears that some in
juries to the rootlet region do not recover. Nevertheless, further work on 
this problem is needed. 

THE GROWTH AND RECOVERY OF MICROMECHANICAL THRESHOLD SHIFT IN 
STEREOCILIA FOLLOWING OVERSTIMULATION 

In the preceding sections we noted that it was difficult (with con
ventional acoustic overstimulation studies) to isolate the relation between 
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stereocilia pathology and deficits in auditory function. This is because 
acoustic injury to the stereocilia may be concurrent with other injuries to 
the organ of Corti. Moreover, functional changes in stereocilia them
selves, following overstimulation, were not identified. Recently, direct 
measures of stereocilia micromechanics, following exposure to intense 
stimulation have been used to study the growth and recovery of threshold 
shift [5,59,61,62]. In addition, the contribution of active cell processes 
were identified by studying these fatigue processes in metabolically
blocked hair cells. These findings will be summarized below. 

The Isolated Cochlea Coil and Stereocilia Stimulation 

Following sacrifice, the bulla and temporal bones of pigmented guinea 
pigs were bIlaterally excIsed. The bones were placed in culture medium 
[39,61] which partially simulated perilymph. The apical cap and the bony 
walls of the cochlea (in the apical turns) were dissected away, and the 
stria vascularis in this region was pulled free. The osseus spiral lamina 
was removed, and radial cuts in the organ of Corti were made to delineate a 
region of interest (usually three-quarters of a turn). Beneath these 
radial cuts, the modiolus was broken to reveal the auditory nerve. The 
nerve was sectioned and the isolated turn of the cochlea removed and 
mounted in a miniature vise. Specially designed scoops were used to 
surround the coil with medium, while it and the vise were transferred to a 
chamber (also filled with medium) attached to the stage of a differential 
interference contrast microscope. The preparation was examined with a 40X 
water-immersion objective (N.A. 0.15) and all measures of sensory hair 
motion were made at 800x. Testing took place at room temperature (22 
degrees C). 

The stimulus was an oscillating water jet at 200 Hz, delivered 
through a glass pipette whose tip diameter was between 8-10 microns. The 
stimulus could be varied in 1.5 dB steps. The stimulating pipette was 
attached to a micromanipulator which allowed us to move the tip in the 
subtectorial space and direct the water jet to selected hair-cell 
stereocilia bundles. Details of the stimulus system have been described 
elsewhere [38]. 

Measurement of Stereocilia Motion 

The isolated cochlear coil was placed under the microscope so that the 
tips of the stereocilia could be viewed while looking down on the reticular 
lamina. Stereocilia movements produced by the oscillating water jet were 
made visible by illuminating the coil with stroboscopic light at a fre
quency slightly offset from that used in the water jet. In this way, the 
stereocilia appeared to move slowly back and forth with stimulation. All 
measurements were based on the relative dB value of stimulus needed to pro
duce a visual detection level threshold of stereocilia movement. 

Procedure 

A pre-exposure detection threshold was measured several times. The 
sensory hairs were then overstimulated by exposing them to the water jet 
for various intervals of time at fixed intensity levels above threshold. 
After the exposure, the stimulus was reduced and the detection level 
threshold was again measured. The specific procedures for the growth and 
recovery experiments will be described when the data are presented. The 
data were converted to threshold shifts by subtracting the post-exposure 
from the pre-exposure thresholds. 
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Growth and Recovery of Threshold Shift in Stereocilia Micromechanics 

Stereocilia from all four hair-cell rows were examined at each of 
three exposure levels; 8, 13, and 18 dB above threshold. The hairs were 
exposed for one minute, and then the stimulus was reduced and a threshold 
obtained. The exposure then continued for another minute, followed by 
another threshold estimate. This cycle continued for a total exposure 
duration of ten minutes. The threshold estimates usually took only 20 
seconds. Detailed results have been presented elsewhere [61]; a summary is 
provided in Fig. 2A. In this figure, the data over all hair cell rows have 
been averaged for each exposure level. Each data point represents the 
average threshold shift of 28 hair cells (seven cells from each of the four 
hair-cell rows). As can be seen, there was a systematic growth in thresh
old during the first five to six minutes of exposure. This was followed by 
a plateau in which the amount of threshold shift remained constant. The 
threshold shift at the plateau differed for each of the three exposure 
levels with the more intense exposure producing a higher plateau. The 
relation between threshold shift at the plateau and exposure level is 
presented in Fig. 2B. Threshold shift grew in a very orderly fashion, and 
a regression line fitted to these data exhibited a correlation of 0.9. 
Every dB increase in exposure level (for intensities 5 dB or more above 
threshold) produced a 0.68 increase in maximum threshold shift. 
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Fig. 2. The growth of threshold shift for three different 
levels of overstimulation during a 10 minute exposure 
period is presented in the A panel. Panel B presents 
the average threshold shift measured between 6 and 10 
minutes of exposure at each of the three levels. The 
regression equation on these data allow a prediction of 
maximum threshold shift (Maxts ) for exposure levels 5 
dB or more above threshold. 
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These results have also been described in terms of hair-cell row and 
are presented in the left hand portion of Fig. 3. Threshold shift at the 
plateau was greatest for OHC 1 bundles and this was followed by OHC2 stereo
cilia. The IHC and OHC~ sensory hairs showed about the same level of maxi
mum threshold shift. Tnese data were obtained by summing the results from 
the three exposure conditions for each hair-cell row. 

Stereocilia from hair cells on each row in turns 2-3 and 3-4 (13-14 
and 16-17 rom from the base) were stimulated for 5 minutes at an intensity 
13 dB above the detection threshold. Following the exposure, detection 
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Fig. 3. The left panel indicates the growth of threshold 
shift for each of the four hair cell rows. The IHC 
and OHC reached a plateau earlier than the other 
two OHC3rows. The right panel indicates the recovery 
from threshold shift for each of the four hair cell 
rows. Regression lines fitted to the recovery data 
revealed that the recovery slope was the same for 
each hair cell type. 

thresholds were measured at 0.5, 2.5, 4.5, 6.5, 9.5, 12.5 and 14.5 minutes 
of recovery. The results are presented in the right hand portion of Fig. 
3; each point represents stereocilia behavior on about 20 hair cells. 
Again, the magnitude of threshold shift at 0.5 minutes post-exposure varied 
among hair-cell rows with OHC showing the greatest shift. During recovery 
the IHC, OHC3 and OHC2 stereocilia returned to the pre-exposure thresholds. 
The OHC 1 sensory hair bundles recovered to within 1.5 dB of the pre
exposure level. The slope of the recovery curves during the first 8.5 
minutes was nearly the same for each hair-cell row, and we have interpreted 
this to mean that the underlying process was the same [59]. The 
differences in susceptibility to overstimulation between the four hair-cell 
rows is not completely clear, but may be related to differences in the 
height of the sensory hairs. Threshold is defined by a constant deflection 
(about 0.2 microns) of the stereocilia tips. The angular deflection of 
taller stereocilia would be less than shorter ones to achieve this 0.2 
micron threshold. Since the OHC 1 stereocilia are substantially shorter 
than the other rows, these hairs would receive a stronger stimulus. If 
this assumption is correct, then the susceptibility to overstimulation may 
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be more related to stimulus intensity than to some intrinsic property of 
the stereocilia themselves. 

All the threshold shifts were plotted as negative numbers, which indi
cated that it took less stimulus intensity to achieve a detection threshold 
following overstimulation. This observation implies that the stereocilia 
have become "looser" or mechanically less stiff. We have considered three 
possible explanations for the loss in stiffness. The first of these is 
damage to the core of the stereocilium similar to that assumed to occur 
with "floppy" stereocilia (see Fig. lD). However, the clear impression 
gained from these experiments was that stereocilia always moved as rigid 
rods pivoting about their base. A compliant or "rubbery" stereocilia shaft 
was never observed. The second possibility was that damage occurred to the 
"ankle" region of the stereocilia (see Figs. lE, F and G). A third pos
sibility was that the extracellular connections between stereocilia 
deteriorated and the impedance properties of the bundle as a whole de
creased (see Figs. 1 A, B, and C). This would also cause a loss in stiff
ness. These latter two possibilities seemed most likely, but must await 
verification by microscopic examination of the stimulated cell. 

Threshold Shift in Stereocilia on Metabolically Blocked Hair Cells 

A number of procedures were used to metabolically block hair cell 
activity. These included age, cooling, and poisoning [62J. We will only 
describe the results from poisoning the hair-cell preparation with NaCN. 
The isolated coil was prepared as described and detection thresholds were 
measured in the normal culture medium. Following this, a NaCN solution was 
injected into the microscope chamber to achieve a 2.0 mM concentration. 
The preparation was allowed to equilibrate for 30 minutes. The growth and 
recovery of threshold shift were then studied as described above. Only the 
results from OHC, will be presented, although similar observations were 
made with the other hair-cell rows. Fig. 4 presents the findings for the 
growth (left panel) and recovery (right panel) of threshold shift. The 
variable of interest in these panels is the medium bathing the cochlear 
coil. The growth of threshold shift in control cells shows the patterns 
previously described. However, in the poisoned cells, the growth of 
threshold shift appeared to be delayed by one minute, then increased 
monotonically during the next nine minutes. The last threshold sampled 
showed that the pOisioned stereocilia had a threshold shift that was 39% 
larger than the control cells. The recovery from threshold shift is seen 
in the right hand panel. The initial shifts, following a five minute 
continuous exposure was different for control and NaCN cells. During 
recovery the control cells returned to the pre-exposure level, whereas the 
poisioned cells showed very little recovery. 

We have concluded that these observations indicate an active process 
in the apical region of the cell which is counteracting the loss of stiff
ness caused by overstimulation. During exposure, the growth of threshold 
shift reached a plateau, indicating that the injury process had reached 
some steady state. This may represent a balance between those processes 
that contribute to a loss in stereocilia stiffness and those that try and 
maintain stiffness. The poisoning experiments indicated that these pro
cesses depend on normal cell metabolism. When the process that maintained 
stiffness was removed or inhibited, the growth of threshold shift continued 
unhampered. The same reasoning applies to the recovery curves. The post
exposure improvement in threshold represents a process in the cell re
pairing damage and restoring stiffness. When this process was removed by 
poisoning the cell, recovery no longer occurred. 
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plotted for sensory hair bundles on OHC l cells. 
The behavior of control cells, bathed in normal 
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treated stereocilia did not reach a plateau, 
but continued to show growing threshold shift 
during the entire lO-minute exposure period. 
The right panel indicates that the NaCN-treated 
stereocilia exhibited minimal recovery during 
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Since the injury that caused the loss in stiffness has not been iden
tified, it is difficult to speculate on the nature of the repair process. 
Nevertheless, activity in the protein structure of the stereocilia or 
cuticular plate is implied. There is a considerable time difference 
involved in the building of new protein structure or the repairing of 
damaged structure. Since the recovery process was rapid, we would suggest, 
as a working hypothesis, that the hair cell is repairing damaged structure 
rather than synthesizing new material. 

CONCLUSION 

In this essay, we have described the numerous pathologies that can 
occur to stereocilia. We have also suggested that knowledge of the cyto
skeletal and extracellular organization of the sensory-hair bundle can help 
us understand the nature of these pathologies. In addition, we demon
strated that it is now possible to isolate stereocilia injury from other 
forms of overstimulation damage to the hair cells. The data presented 
indicate that stereocilia can show a loss of stiffness following over
stimulation. The growth of threshold shift appeared orderly and was 
related to the level of the exposure stimulus. Moreover, some sort of 
restorative process appeared to limit the maximum amount of threshold shift 
(the plateau) at each exposure level. The recovery data showed that micro
mechanical stiffness can return to pre-exposure levels following over-
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stimulation. Finally, the presence of an active process controlling and 
perhaps even modulating the growth and recovery process is intriguing, but 
needs to be examined further to identify the mechanisms involved. These 
mechanisms may be fundamental to our understanding of the apical region of 
the hair cell. 
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DISCUSSION 

Shaddock: I'm curious about the splaying effect of the cilia, 
especially when they come back together. Which of the mechanisms that you 
proposed might be responsible for this? 

Saunders: One possibility is that the interconnecting links are 
stretched. We do not know if the links are proteinous, but if they are, 
they conceivably could be stretchd. If they retain their elastic 
properties, then they may reform themselves during the recovery period. 

Pickles: Do your histological methods enable you to pick up minimal 
changes in the paracrystalline structure which may affect its mechanical 
strength without causing complete dissolution which you showed in your 
previous publications? 

Saunders: We have replaced our original optical defraction methods 
with a laser diffraction method which allows you to look at periodicity 
below the visual detection level for damage to the actin crystal. So we 
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hope to develop that technique during the coming year to look at what would 
be injuries to the paracrystalline structure way below that which would 
occur at these high noise level exposures. 

Trahiotis: Could you discuss the relation between your kind of 
stimulation and natural stimulation? What I am interested in is the 
differential effects of velocity and displacement. 

Saunders: This is a cell preparation and it allows us to measure cell 
events with great precision. I do not want to make any illusions to the 
real world and noise exposure. What we are doing, however, is describing 
what possibilities exist for changing the mechanical stiffness of stereo
cilia and looking at stereocilia changes in an isolated situation. All I 
am looking at is the mechanical properties of stereocilia. Up to this 
point, we haven't been able to disassociate ourselves from the rest of the 
cell. But now it is experimentally possible to manipulate the stereocilia 
themselves and look at their mechanical properties. I do not know what the 
transfer function is between basilar membrane displacement, tectorial 
membrane displacement and stereocilia motion. If I did, I could turn my 
microns of displacement into something related to sound pressure level at 
the eardrum. Until that is known, these must remain cell observations and 
have no real-world counterpart. 

Salvi: Did you ever try raising the temperature? In a previous 
experiment done by Drescher, elevating the temperaure caused the micro
phonic potential to decrease faster than it normally would. 

Saunders: No, we did not do that. In fact, all testing takes place at 
room temperature. That may be a criticism of these experiments. Neverthe
less, it reduces the bacterial growth to the point where you can actually 
do the experiments. 

von Gierke: Can you make any statement about directional sensitivity 
of the original individual cilia? 

Saunders: No. In the observations that I have made where we examined 
movements of stereocilia at their maximum displacement in both directions, 
they appeared to be linearly displaced rather than favoring one direction 
or the other. 

von Gierke: What I meant was, what effect does changing the angle of 
the force on the cilia have? 

Saunders: We have not done that. We simply tried to adjust the pipet 
to move the face of the hair bundle as effectively as possible. 

von Gierke: It could well be that the individual variability comes 
from different sensitivities to different directions of motion. 

Saunders: Yes. It gets more complicated than that. The movement of 
water out from a pipet source is a very complicated stimulus. The eddy 
currents generated are very complicated. 

Flottorp: It seems that the mechanism you have shown us here could 
explain the recovery from TTS over time. However, the TTS sometimes 
recovers over three weeks or more from blast waves. Do you have any 
suggestions on what the mechanisms could be in this situation? 

Saunders: Well, I do not have a suggestion for a mechanism. In our 
experiments, we are looking at isolated stereocilia mechanics. When you 
look at the recovery for human threshold shift measured in terms of a 
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subject's response, there are many factors intervening between the stereo
cilia and the decision process. We have to appreciate that noise-induced 
hearing loss is not due to anyone single simple mechanism. Presumably, 
other cell factors playa very significant role also. 

Pfander: Do you think the cilia of the hair cells are bent down 
during TTS and then slowly come up again? 

Saunders: It was occasionally observed following the exposure that 
the stereocilia would move vigorously. As the recovery process would 
start, all of a sudden the cLlia would fall over. Well, interestingly, by 
injecting just a little negative or posLtive D.C. water pressure out of the 
pipet, you could force the cilia back up again. Some would go on and 
recover, while others would just flop over again. They did not rise up by 
themselves. They would have stayed flopped over forever had I not done 
something. It is an observation on about 10% of 350 cells. 
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We have previously described the morphology of cross-links between 
stereocilia, as seen by scanning and transmission electron microscopy 
[1-4J. The links can be divided into two sets. The links of the first 
set, which have also been described by other authors [e.g. 5-14J, run 
laterally both between the stereocilia of the same row and the stereocilia 
of the different rows on a hair cell. The links of the second set, which 
had not been described before, run upwards from the tips of the shorter 
stereocilia, to join the adjacent taller stereocilia of the next row. If 
stretch of the links was associated with a reduction in the membrane 
resistance at one or both of their points of insertion, then many of the 
findings from electrophysiological experiments on hair cells, including the 
functional polarization of hair cells, can be accounted for simply and 
naturally [1,15,16J. We have, therefore, suggested that the Up links are 
invol ved in sensory transducti on. The lateral Ii nks on our hypothesis have 
a purely mechanical role in bracing the hair bundle [lJ. 

It is therefore of interest to answer the questions: do the lateral 
cross-links contribute to the mechanical strength of the stereocilia during 
acoustic overstimulation? Are the links, and in particular the hypothe
sized transducer links, the more vulnerable elements among the stereocilia, 
or are they capable of surviving degrees of overstimulation which cause 
other damage to the stereocilia? We have sought to gain evidence relevant 
to these questions, firstly by describing further the morphology of the 
links in normal animals, and, secondly, by looking for changes in the hair 
bundle, and looking for possi ble survi val of the li nks after intense 
acoustic stimulation. 

METHODS 

Transmission Electron Microscopy 

Guinea pigs were anesthetized with urethane (1.5 g/kg, IP). The tem
poral bones were rapidly removed, and the cochlea perfused with fixative, 
introduced through the round window and allowed to leak out of a hole cut 
at the apex. The fixative consisted of 1% glutaraldehyde and 15% satu
rated picric acid solution in 0.05 M phosphate buffer (pH 7.4). After 24 h, 
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the organ of Corti was dissected out, dehydrated via ethanol and propylene 
oxide, and embedded in Epon/Araldite. SecUons were cut on a Reichert 
Ultracut E microtome and were picked up on Formvar coated grids. They were 
stained with uranyl acetate and Reynolds lead citrate, and examined in a 
JEOL 120 CX2 microscope, using an acceleraUng voltage of 80 Kv. 

Scanning Electron Microscopy 

SpecJmens were fixed in a 2.5% glutaraldehyde in 0.05 M phosphate 
buffer (pH 7.4) or in the glutaraldehyde/picrate fixative described above. 
After 24 h the cochlea was removed from the temporal bone and the thin bony 
wall removed. After dehydration and critical point drying [1], the modio
lus was mounted on a stub with Araldite and sputter-coated with platinum or 
gold/palladium to a depth of 18 nm, as judged by the thickness monitor. 
Spec5mens were examined in a JEOL 120 CX 2 EM with an accelerating voltage 
of 40 kV and images were observed by a secondary electron detector. 

Acoustic Stimulation 

Guinea pigs were anesthetized (urethane 1.5 g/kg IP), the trachea was 
cannulated, the external auditory meati were resected from the skull, and 
the bulla was ventilated to the atmosphere via a small tube. Tonal stimu
lation of 3 kHz at 120 dB SPL, as measured at the tympanic membrane, was 
produced with a Bruel and Kjaer 1/2 in driver [17] in an undamped cavity 
with a resonance at that frequency. After 24 h stimulation, the animal was 
removed and immediately prepared for scanning electron rucroscopy. 

RESULTS 

Normal Animals: Further Observations on the Links 

The links were seen as described previously [1-3]. In addition, 
further observations were made on the points of attachment of the links. 

The "tip" Hnks, which we have suggested might be involved in sensory 
transduction, were preserved as sometimes incomplete fine strands (arrows, 
Figs. 1 and 2). Figs. 1 and 2 show that the tip 15 nks are associated wi th 
electron-dense regions underlying both points of attachment. The upper end 
of the tip Hnk lies in apposiUon to a dense region some 40 - 60 nm in 
height (in the direction of the long axis of the stereocUium), and some 
15 - 20 nm thick (arrowheads, Figs. 1 and 2). The dense region here forms 
a bridge between the external surface of the stereocilium and the filament
ous core. There is also an increase in the densi_ ty of the filaments 
immediately underlying the dense area. In many cases, there seems to be a 
small dip in the center of this upper dense region (arrowhead, Fig. 2). 
The lower end of the tip Hnk, which inserts into the tip of the adjacent 
shorter stereocilium, is also apposed by a dense area. Unlike the upper 
dense region, this dense region lies under the surface membrane at the tip 
of the stereocilium. It forms a cap over the ends of the underlying 
microfilaments (double arrowheads, Figs. 1 and 2). UnHke the dense cap 
overlying the apical ends of the filaments comprising the tallest stereo
cilia on the hair cell, the dense region here covers only the ends of the 
microfilarnents immediately underlying the Up Hnk. The dense region here 
is 10 - 15 nm thick, and, in secti.ons cut as in Figs. 1, 2 and 4, is 30 -
50 nm wide. 

The links of the second set which we described run laterally between 
the stereocilia. They run both between stereocilia of the same row 
(intra-row links) and between the stereocilia of the different rows (inter
row links). These links are concentrated near the upper ends of the 
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Fig. 1 Transmission micrograph of stereocilia on a guinea 
pig outer cell, showing Up link (arrow), upper 
density (arrowhead) and lower density (double arrow
head). Large open arrow: point of flexion of the 
tallest stereoci lium. Scale bar: 100 nm. 

Fig. 2 Stereocilia on an outer hair cell. Symbols: as 
Fig. 1. Double headed arrow: densities underlying 
lateral inter-row links. Scale bar: 100 nm. 

Fig. 3 Stereocilia on an outer hair cell, cut at right 
angles to the axis of the hair cell. Arrows: 
densities underlying the lateral intra-row links. 
Scale bar: 100 nm. 

Fig. 4 Stereocilia on an outer hair cell, showing point of 
flexion of longest stereocilium (large open arrow). 
Scale bar: 100 nm. 
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stereocilia, although some can be found nearer the base. The lateral 
links, too, are faced by dense regions in the stereocilia, though strain
ing rather less densely than the regions underlying the tip links. Fig. 3 
(arrows) shows for the intra-row links an increase in densHy in the fila
mentous core immediately underlying the links. The surface membrane also 
often shows an increase in density here, although this must be interpreted 
with caution, since the apparent density of the membrane is critically 
dependent upon the angle at which it is cut. Many flne strands running 
laterally between the membrane and the core can also just be seen in this 
region. Fig. 2 shows similar findings for the lateral inter-row links 
(double headed arrows). 

When the stereocilia are found to be bent in normal animals, presum
ably as a result of distortion during preparati.on, the flexion j s commonly 
found to be concentrated at or just above the most prominent band of 
lateral inter-row links, but below the point of insertion of the tip link. 
Figs. 1, 2 and 4 show this for progressively greater degrees of flexi.on 
(large open arrows). 

Sound-Damaged Animals 

The pure-tone stimulus (3 kHz, 120 dB SPL, 24 h) produced a character
istic pattern of damage. Although there was variability in the severity of 
the damage from guinea pig to guinea pig, the damage fitted into a common 
pattern. In the center of the lesion there was a region in which all hair 
cells were damaged. Beyond that there was an area in which the damage was 
concentrated in OHC1 and the IHC. Furthest from the lesion only IHC were 
damaged. Stereocilia were analyzed only from regions from which this 
characteristic pattern of damage was seen. By contrast, in our material, 
preparation damage tended to affect OHC3 most. 

Changes in OHC stereocilia. Many of the OHC showed the changes 
described by others, with the stereocilia being shrunken and fused. Those 
cells will not be described further. Rather, the cells which gave indica
tions concerning the role of the cross-links will be described. 

Fig. 5 shows OHC3 from a region of damage. The stereocilia are flexed 
in their apical and basal portions (arrows). However, the portion in 
between, which is rich in lateral links, remains straight (brackets). The 
reg:f.on without links near the roots shows the "ankles" described previously 
by others. This result suggests that many of the lateral links survived to 
brace the bundle of stereocilia during degrees of overstimulation that 
caused flexion of the stereocili.a. Nevertheless, the lateral links do seem 
to be vulnerable, since in general the stereocilia were found to be 
separated more frequently in sound-damaged cochlea. 

Some of the stereocili.a are missing in Fig. 5. In the case illustrated, 
the stereocilia had not been absorbed, but had been pulled off as the tec
torial membrane retracted during preparation. Many of these stereoc.ilia 
could still be seen stuck into the tectorial membrane. Presumably the 
fracture occurs at the predominant site of weakness. Fig. 6 shows this to 
be situated where the stereocilium enters the cuticular plate. Fig. 6 and 
insert, another micrograph of the same area, show that the fractured core 
of the stereocilium can sometimes be seen in the cuticular plate (arrows). 

The tip links can sometimes be seen in spite of severe disarray of the 
stereocilia bundle (Fig. 7, arrows). Although counts show the number of 
tip links to be reduced in sound-damaged cochlea, this cannot yet be taken 
as being reliable, because of the very large degree of variability in the 
preservation of the tip links from hair cell to hair cell, and from speci
men to specimen, even when conditions for preservation seemed optimal. 
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Fig. 5 Stereocilia of the third row of outer hair cells, showing flexions 
concentrated at the apical and basal regions of the stereocilia 
(arrows). Bracket: region of stereocilia rich in intra-row and 
inter-row links. Scale bar: 1 nm. 

Fjg. 6 Rootlets of outer hair cell, showjng pojnts of fracture. The 
fractured core of the stereocilia can be seen in the cuticular 
plate (arrows). The inset is another v.iew of the same region. 
Scale bar: 100 nm. 

F.ig. 7 T.ip links survjving (arrows) in a disrupted outer ha.ir cell. 
Arrowh8ads: rna teri al associ ated wi th upper i nserU on of (mi ssi ng) 
tip links. Scale bar: 100 nm. 

F.ig. 8 Tallest stereocilia of a guinea pig inner hair cell deflected 
towards the modiolus. Arrows: intact lateral inter-row links. 
Arrowhead: broken inter-row link. Scale bar: 500 nm. 
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Changes in IHC stereocilia. With small degrees of disruption, the 
tallest stereocilia are found to be deflected either towards or away from 
the modiolus, often whHe keeping their normal spatial relations to each 
other (Fig. 8). In these cases many of the lateral intra-row links are 
intact (arrows), although, where the stereocilia part slightly, broken 
Hnks can be seen (arrowhead). 

With more severe disruption, the stereocHia separate from each other 
and can be splayed in all directions. In some hair cells the stereocilia 
are bizarrely kinked (Fig. 9). However, some of these stereocilia appar
ently show some lateral links remaining (arrowhead). Other stereocHia 
seem to be particularly thin, as though they have been stretched (arrow, 
Fig. 9). 

DISCUSSION 

In the present paper, where sometimes small degrees of damage have 
been analyzed, it is important to ensure that the changes result from 
acoustic trauma, rather than preparation damage. This is particularly 
important with the fixation techniques used here, since stereociHa tend to 
be more prone to disorganization after fixation in glutaraldehyde alone 
than after osmication. The pattern of changes most commonly found around 
the lesion, wHh the greatest effects on the IHC and on OHC1, was simHar 
to the changes reported by Hunter-Duvar and colleagues in the chinchilla 
[18,19] and Robertson and colleagues in the guinea pig [20]. StereociHa 
were analyzed only from the regjon with this characteristic pattern of 
dtsruption, which occurred at corresponding distances along the basilar 
membrane in each specimen. Such a procedure increased our conf1.dence that 
the changes were the result of sound trauma, rather then preparation 
damage, which in our material most commonly had its greatest effects on 
OHC3. Of course, i.t can never be ruled out that in some specimens prepara
tion damage coincidentally had the same pattern as sound damage. 

The studies in normal animals showed that the Hnks between 
stereocHia are apposed by regions with the classical appearance of 
desmosomes. This was shown for both the tip Hnks and the lateral Hnks. 
The densities continue lnto the actin core of the stereocHltum. The 
morphological basis for strong connections between the stereocilia 
therefore exists. In the case of the tip Hnks, if the links are indeed 
involved :in sensory transduction, they presumably need to be anchored 
rigidly, to ensure opt:!mal transfer of stimulus energy to the transducer 
region. Since on our hypothesis the transducer channels are most ltkely to 
be situated at one or both points of insertion of the tip Hnks, further 
study of these dense regions might be rewarding. These regions are readily 
visible in the osmium-stained material previously presented by many authors 
(e.g., Fig. 5 of ref. 21), although they do not draw special attention to 
them, or to their relations to the tip links, which in their illustrations 
are usually missing. 

Clearly the tip links can survive, albeit perhaps in reduced numbers, 
those degrees of overstimulati on wh.ich cause some di.srupti on of the bundle. 
This suggests that the Up links may not be the most vulnerable elements in 
the stereocHia. It also suggests the possibility that hair cells might be 
able to continue transducing after some degree of noise damage, as long as 
the stimulus can be coupled appropriately. 

The lateral links appear to contribute rigidity to the bundle of 
stereocHia. This is firstly shown in normal material, where flexions, 
which presumably occur during preparation, are concentrated just above the 
upper band of inter-row links (Figs. 1, 2 and 4). This result also shows 
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Fig. 9. Kinked stereocilia on an inner hair cell. Arrowhead: two 
sUr'viving lateral intra-row links. Arrow: abnormally thin 
stereocilium. Scale bar: 500 nm. 

Fig. 10. Lateral links (arrowhead) in a band near the base of the 
stereocilia of the human ampulla. Twelve week old fetus. Scale 
bar: 100 nm. 

B 

Fi g. 11. {l.. The rows of stereoci 1 i a on a hair cell, in lateral view. The 
stereocilia of the different rows are buttressed against each 
other. B. If the inter-row Ii nks rema; n intact, deflection of 
the stereoci 1 i a Cdn only be accommodated by lateral ki nk-j ng of the 
basal regions of the stereocilia, or by stretching or lifting of 
the stereocilia from the cuticular plate. 
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that in the (unknown) fixation state in which this flexion has occurred, 
the lateral link rather than the tip link has contributed most to the 
mechanical integrity of the bundle. The importance of the lateral links is 
also shown in acoustically-traumatized material, where the flexions of the 
stereocilia are concentrated in regions not supported by the lateral links 
(e.g., Fig. 5). In the case of IHC, we would expect most of the rigidity 
to deflections in a direction radial across the cochlear duct to come from 
the lateral links running between the rows. In the case of the OHC, 
however, where the rows of stereocilia are arranged in a V-shape, we would 
expect some of the rigidity to be contributed by the lateral links running 
along the rows. Our results showing the mechanical importance of the 
lateral links are in agreement with results from micromanipulation experi
ments with normal hair cells, which show that if some stereocilia in a 
bundle are deflected, the adjacent stereocilia tend to move with them [22]. 

The ankles seen in the traumatized stereocilia of Fig. 5, have also 
been described by Engstrom and colleagues [23]. However, the pattern of 
movement will be affected by lateral links between stereocilia. We have 
shown that the stereocilia of the different rows on a hair cell are braced 
together to make triangles when seen in lateral view [1], which is presum
ably a very rigid arrangement (Fig. 1111.). Any deflection of the bundle 
greater than can be accommodated by the lateral links will produce kinktng 
in the root region of some stereocilia (Fig. 118). This is presumably why, 
after overstimulation, cracked rootlets are commonly seen to be laterally 
displaced [23,24]. We might also expect some stereocilia to be broken off 
or stretched (Fig. 11B, see also Figs. 5 and 9). 

In some acousticolateral systems there is an addiUonal band of 
lateral cross-links in this rootlet region, presumably to brace the stereo
cilia where the ankles are Ukely to occur. This was originally shown for 
the lizard basilar papilla by Bagger-Sjoback [5], and has more recently 
been shown by ourselves for the human vestibular system (Fig. 10) [25]. 

The stereocilia of inner hair cells seem more likely to separate after 
acousUc trauma, perhaps because they seem to be less richly endowed with 
cross-links [3]. In some cases the separated stereocilia seem to be exten
sively ktnked (Fig. 9). While such bending could have been the result of 
multiple flexions in different directtons, our results with certain oto
toxic agents suggest an alternative explanation for this, and for the 
possible stretching of stereocilia. We have seen similar extensive bending 
following Cisplatin treatment of gutnea pigs [26]. X-ray mtcroanalysis 
also showed that Cisplati.n caused an increase in the calcium content of the 
apical regton of the hair cells [26], and increased calcium is known to 
cause a dissolution of stereocilia and microvillar actin cores [27-29]. If 
a stmilar mechanism is at work here, it is possible that calctum, which can 
be expected to enter the cell during acoustic stimulation [30,31], acts 
intracellularly to cause internal dissolution of the actin paracrystal. 

SUMMARY 

Both the lateral and the "tip" links between stereocilia are apposed 
by dense regions in the stereocilia, which continue into the central actin 
core. There is, therefore, a morphologi cal basis for strong connect i.ons 
between the stereocilia. When stereoci.lia were found to be flexed, whether 
in preparation or after acoustic trauma, the flexions appeared to be con
centrated in the regions not supported by the lateral cross-ltnks. The 
lateral links, therefore, seemed to brace the bundle of stereocilia durtng 
acoustic trauma. Both the tip l.inks, which may well be involved in trans
duction, and the lateral links [2], sometimes appeared to be capable of 
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surV"lVJng degrees of acoustic trauma which otherwise caused disruption to 
the stereocilia. However, particularly in inner hair cells, the 
stereocilia were sometimes found to be separated and extensively kinked 
after acoustic trauma. Here it is suggested that widespread dissolution of 
the actin core had occurred, perhaps as a result of the influx of calcium 
during over- stimulation. 
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DISCUSSION 

Adams: Did your trifloroparazine affect the links? 

Pickles: We did not look at that, because that was before we knew 
about the links. 

Adams: In other cells, you can have electron densities near the cell 
surfaces that are not associ.ated with structural adhesions? I wonder if 
you would comment on that with regard to what appears to be the lack of any 
structure that you can see within the links themselves that i.ndicate they 
are strong. 
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Pickles: If I understand your question correctly, you are saying why 
am I emphasizing strength? Right now, I can only see the density at the 
end, because I have not seen any structures within the link. Thus, I have 
no answer. 

Saunders: I'm a little confused. It looks to me like links are 
indeed broken following noise exposure. But, can you be sure that the 
1 inks that are mi ssi ng were due to the noise exposure or due to the 
fixation? If you are confident that there is higher incidence of missing 
links following noise exposure, then that is just the sort of mechanism I 
am lookj ng for, because even if you only broke a few of them, you would 
start changing the impedance properties of the bundle. 

Pi ckles: The last slide I showed you qui te clearly had very good 
preservation of links on the very shortest stereocilia, but very poor 
preservation on the middle to upper rows. The stereocilia on hair cells, 
immediately adjacent, had good preservation on all rows. Concerning the 
lateral links, they separate much more obviously after noise exposure than 
without exposure. That shows that there is some sort of difference in the 
separation, but it does not talk about cause and effect. It could be that 
the actin changed, the paracrystal changed or the links changed. So, we 
can not answer that. The last slide I showed had a kink halfway up at the 
point at which you would expect the lateral link to be. This suggests to 
me that there is something making the flexion concentrate in that region. 
Therefore, at sometime or another, that link must have been intact even 
though as we see it, it's broken. 

D. Nielsen: In your slides, you showed good evidence for strength of 
the lateral links within a row, yet there were cases when they were broken. 
They seemed to break into groups of approximately 5. Is there any reason 
for that in normal morphology? 

Pickles: We see that often in many of our normal material. The 
stereocilia tend to separate off into groups, and obviously, those lateral 
1 inks do have some sort of strength. When one starts to go between 2 
adjacent stereocilia, we get clumps. Now I have actually chosen those 
latter pictures from regions where clumping was not the case. Thus, there 
does seem to be variability. 

Pujol: I still am a little bit confused by the way you are 
approachi ng the problem, because it seems that the outer hair cell and 
inner hair cell behave the same wi th respect to links and noi se trauma. 
But, when you try to make a correlation between the links, damage to the 
ci 1 i a, the transduction process and threshold shi ft, there is a problem 
because most information comes from the inner hair cell stereocilia. Could 
you comment on the difference between inner and outer hair cell links? 

Pickles: We have no information on the morphology of the link 
structures on inner and outer hair cells. I think the generally accepted 
idea is that the outer hair cells are somehow necessary for sharp tuning. 
They probably feed back into the mechani cs, and they certainly look like 
rather rigid structures. The way they are braced together, inner hair 
cells look as though they are there to detect the movement. I would just 
like to mention about TTS. There is an idea that TTS results from the IHC 
flopping over. If the links reform and the cilia become erect, this would 
correspond to recovery from TTS. I do not know if that is possible. 
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SYNAPTOLOGY OF THE COCHLEA: DIFFERENT TYPES OF SYNAPSE, PUTATIVE 

NEUROTRANSMITTERS AND PHYSIOPATHOLOGICAL IMPLICATIONS 

INTRODUCTION 

R. Pujol, M. Lenoir, and M. Eyba1in 

INSERM-U.254, Laboratoire de Neurobiologie de I'Audition 
CHR Hopital St. Charles, 34059 Montpellier Cedex, France 

This chapter reviews recent neuroanatomical findings concerning the 
cochlea. First, we outline the general pattern of cochlear innervation; 
then the different types of synapse within the organ of Corti are briefly 
described, and morphological indications about putative neurotransmitters 
are also included, when available. Finally, possible physiopathological 
implications relevant to noise-induced hearing loss are discussed. 

GENERAL PATTERN OF COCHLEAR INNERVATION 

The nerve fibers within the organ of Corti are classically divided 
into two main classes: afferents and efferents. Afferents refer to the 
dendrites from spiral ganglion neurons which carry messages from hair cells 
to the brain. Efferents refer to the axonal endings of neurons located in 
the brain stem which carry messages from the brain to the cochlea. 

Two afferent systems are well distinguished. The dendrites of the 
large myelinated spiral ganglion cells (90 to 95% of the total population; 
[59,61J) are radially connected to the inner hair cells (IHCs) [27J; each 
IHC is connected to approximately 20 afferent dendrites [32,59J. The axons 
from these type I ganglion cells conspicuously terminate within different 
parts of the ipsilateral cochlear nucleus, mainly its ventral component 
[37J. The dendrites of the small type II ganglion neurons are spirally 
connected to the outer hair cells (OHCs); one neuron is in contact with a 
large number of cells in the three rows of OHCs [27,38J. There is con
siderable controversy about the termination ofaxons from these type II 
ganglion neurons. Spoend1in [61J has postulated that OHCs are not directly 
connected to the brain; others [37J suggest that there is a dorsal cochlear 
nucleus projection of fine fibers which may correspond to axons from type 
II neurons. Thus, the anatomy of the unmyelinated afferent system con
nected to OHCs is still unclear; and consequently, its physiology is far 
less understood. 

Similarly, efferents have recently been clearly divided into two dif
ferent systems [63J. The lateral system consists of unmyelinated fibers 
which essentially originate from small neurons in the lateral superior 
olive; this system projects either primarily into the ipsilateral cochlea, 
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as in the cat [63J, or exclusively, as in the rat [64J. Within the inner 
spiral bundle, these fibers form synapses with the radial auditory den
drites. The medial efferent system consists of myelinated fibers whose 
neuronal body is mainly (but not exclusively) in the contralateral trape
zoid body [63,64J. These medial efferents course within the inner spiral 
bundle, cross the tunnel of Corti, and reach the base of OHCs nearly 
radially where they branch and synapse with numerous OHC's. 

In addition to these afferent and efferent systems innervating the 
organ of Corti, a sympathetic cochlear innervation has been described, 
which has a clear non-perivascular component [12,62J. Unmyelinated 
noradrenergic (NA) fibers are distributed within the spiral ganglion and 
the fibers of spiral lamina [18J; they are abundant at the habenula per
forata, but they do not enter the organ of Corti [2,18,62J. It has been 
proposed [24J that this NA system has a synchronizing effect on auditory 
fiber discharges. 

SYNAPTOLOGY WITHIN THE ORGAN OF CORTI 

Four types of morphologically well distinguished synapses are formed 
at the IHC and OHC levels, namely; synapses between IHCs and radial affer
ents (auditory dendrites), axo-dendritic synapses between lateral efferent 
endings and auditory dendrites, synapses between OHCs and spiral afferents, 
and axo-somatic synapses between medial efferent endings and OHCs. 

Afferent Synapses 

IHC-afferent synapses. The peripheral process of the type I ganglion 
neuron is called a dendrite when it loses its myelin sheath on entering the 
organ of Corti. The afferent dendrites course radially from the habenula 
perforata to contact the basal pole of IHCs. Liberman [32J distinguishes 
two types of radial dendrites contacting either the pillar or the modiolar 
surface of IHCs. A quite constant and typical synaptic junction has been 
described. This synapse (Fig. 1) is characterized by pre- and postsynaptic 
membrane densities, and presynaptic specialization, which is generally a 
synaptic body surrounded by microvesicles, also [4,30,32,40,59J. The shape 
and size of the synaptic bodies are highly variable; rod-like, ellipsoidal, 
ovoid, dense-cored and hollowed synaptic bodies have been described. These 
variations may be only species differences, or related to the functional 
state of the hair cell; morphological variations have also been observed 
during ontogenesis [58J. 

The chemical nature of the IHC-afferent synapse is clearly supported 
by its morphology. However, the kind of neurotransmitter used by the IHC 
to initiate auditory messages in afferent fibers is not yet known. Various 
hypotheses on the matter have been postulated. We restrict ourselves here 
to offering anatomical arguments in favor of the glutamate hypothesis. We 
have shown, using autoradiography, that a glutamate-glutamine cycle may 
exist at the IHC level [15J. This cycle is comparable to the cycle in
volved in the glutamate turnover at the glutamatergic synapses of the CNS 
[9J. Another indirect argument comes from the very high sensitivity of 
auditory dendrites to kainic acid exposure [47J; in adult cochleas, only 
auditory dendrites connected to IHCs display such a reactivity, which has 
been related by others [10,11J to glutamate transmission. 

OHC-afferent synapses. The type of afferent innervation at the OHC 
level is considerably different from that at the IHC level. First, the 
number of afferent neurons reaching the OHCs is very low; 5 to 10% in the 
cat [59J; 10 to 15% in the guinea pig [38J. Second, the ganglion neurons 
sending fibers to OHCs appear to be exclusively type 11 unmyelinated cells 
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[27,43,61J. Furthermore, the dendrites inside the organ of Corti follow a 
completely different course, spiraling between Deiters' cells after cross
ing at the base of the tunnel of Corti [59J. Finally, the type of synapse 
between OHCs and spiral afferents also differs greatly from IHC-afferent 
synapses [4,51,57,59J. 

The typical OHC-afferent synapse (Fig. 4) is a small bouton-type 
ending from a spiral afferent apposed to the OHC membrane; often protuber
ances from the nerve terminal fit into OHC membrane cavities (Fig. 5). One 
or two zones of postsynaptic densities can generally be seen. On the OHC 
presynaptic side, very few specializations appear. There are scarce, 
clear, irregular vesicles (some coated) which are sometimes attached to the 
presynaptic membrane to form an endocytotic profile (Fig. 4); a synaptic 
body is rarely found, at least in the cat and the rat. 

The number and morphology of OHC-afferent synapses are subjects of 
debate within the literature. On the basis of our ontogenetic data [45J, 
we can propose an explanation. Within the OHC of all the species we have 
studied, we have found only afferents surrounding the OHC base at an early 
stage of synaptogenesis; at this stage, numerous presynaptic bodies are 
seen. Subsequently, the number of presynaptic bodies drastically de
creases, and many afferents, possibly belonging to the radial system [47J, 
retract when efferents arrive and form large efferent-OHC synapses [30,45, 
46,54J. The adult OHC remains connected only to small afferents of the 
above mentioned type (spiral afferents). This very unusual sequence of 
synaptogenesis must be related to profound physiological changes in the 
OHCs, which start from a typical sensory stage and then develop adult 
properties more closely linked to cochlear micromechanics [6J. This 
evolution may vary along the cochlear partition and be complete in the 
basal OHCs, whereas at a more apical level, the OHCs may keep a more 
"primitive" (i.e., sensory) morphology and properties. The boundary 
between a "basal" and an "apical" cochlea appears to vary according to the 
species; in the cat, the rat, and the mouse, the "basal" cochlea appears to 
extend more towards the apex than in the chinchilla, the guinea pig, and 
man. This could explain numerous controversies found in the literature 
concerning OHC synaptology, and even OHC physiological properties. 

The putative neurotransmitter of the OHC-afferent synapse is still un
known, but glutamate does not seem to be involved, or at least there is no 
indication of a glutamate-glutamine cycle as seen at the IHC level [15J. 
Furthermore, the dendrites of spiral afferents are not affected by kainic 
acid [47J. 

Efferent Synapses 

Axo-dendritic efferent synapses below IHCs. Below the IHCs, fine 
fibers (approximately 0.1 um in diameter) belonging to the unmyelinated 
lateral axons are densely packed to form the inner spiral bundle. Varicose 
endings (0.8 to 1.5 um in diameter) of these fibers form axo-dendritic 
synapses with the radial afferent dendrites connected to the IHCs [14,25, 
33,57,59J. When they enter the organ of Corti, the axons of these neurons 
frequently branch, giving rise to varicose collaterals that run underneath 
the IHCs in an apical and basal direction [33,43J. Liberman [33J has 
reported that each efferent fiber in the cat synapses with more than one 
radial afferent dendrite, and that every dendrite has at least one efferent 
synapse. 

The synaptic contact (frequently "en passant") is made between an ef
ferent varicosity and a non-specialized area of the dendrite (Fig. 2). The 
efferent varicosity is filled with two types of vesicles: clear (20 to 50 
nm in diameter) and granular or dense-cored (70 to 120 nm in diameter). 
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Fig. 1. 

Fig. 2. 

Fig. 3. 

Figs. 4 
and 5. 

Fig. 6. 
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IHC-afferent synapses. The IHC (I) is contacted by three afferent 
dendrites (a). Two clear synaptic specializations are seen 
(Arrows) • 
Axo-dendritic synapse in the inner spiral bundle. An efferent 
varicosity (e) synapses with an auditory afferent dendrite (a). 
A vesiculated efferent varicosity (e) is immunostained with an 
antiserum against Met-enkephalin. It contacts three efferent 
dendrites (a) and synapses with two of them (arrowheads). 
Base of OHC's showing the large efferent (e) synapses and the 
small afferent boutons (a). Arrows point to an endocytotic 
profile (4) and to an efferent protuberance into the OHC (5). 
A large efferent varicosity (e) is immunostained with a monoclonal 
antibody against choline acetyl transferase. 



The presynaptic membrane has specializations with a conical spicular shape. 
On the postsynaptic side, the dendritic membrane generally has an adjacent 
zone of dense material, sometimes also organized in spicules [44]. Two 
"atypical" efferent synapses at the IHC level have to be mentioned. First, 
there are some direct contacts between efferent fibers and IHC soma. They 
have been reported in the guinea pig [52] and in man [40]; they are an 
exception in other species [33,59], but are a common feature in young 
specimens [30,46,54]. Second, Liberman [33] noted some "en passant" 
efferent-efferent synapses in the cat, also found more recently in the 
guinea pig [19,20]. 

Advances have been made in understanding the chemical nature of these 
synapses. To date, different substances have been localized at the inner 
spiral bundle level and even within the lateral efferent varicosities. 
Met-enkephalin (ME) has been immunolocalized by light microscopy in the ISB 
[16,22,31]. ME-immunostained axo-dendritic synapses have been identified 
by electron microscopy (Fig. 3 [1,19]). Similarly, we have ultrastructur
ally immunolocalized two other pro-enkephalin-related peptides, ME-argin
ine-glycine-Ieucine [20] and synenkephalin [21], within efferent varicosi
ties at axo-dendritic synapses. Moreover, two pro-dynorphin-related 
peptides, dynorphin Band neoendorphin, have also been detected at the ISB 
level [2]. More recently, choline-acetyl-transferase (ChAT) has been 
immunolocalized by light microscopy within the ISB [3]. Again using 
immunoelectron microscopy, we were able to localize ChAT in some vesicu
lated endings forming axodendritic synapses [17] indicating that these 
synapses probably use acetylcholine (ACh) as a neurotransmitter. Finally, 
a glutamate-decarboxylase (GAD)-like immunoreactivity has been detected in 
the ISB, with a predominantly apical distribution [23]; however, without 
electron microscopic data it is not possible to determine whether GABA is 
also present in axo-dendritic synapses. More precise anatomical studies 
together with physiological and pharmacological investigations are now 
needed to determine which of these substances acts as a neurotransmitter 
and/or cotransmitter in synapses of the lateral efferent system. 

Axo-somatic efferent-OHC synapses. The basal pole of the OHC is 
directly connected by terminals from efferent fibers forming large axo
somatic synapses. It is almost certain that most of these fibers belong to 
the medial efferent system as defined by Warr and colleagues [63,64]. The 
axo-somatic efferent-OHC synapse was classically described in the first EM 
studies [14,25,51,57,59]. More recently, Nadol [41] has given a precise 
description of these synapses in the human cochlea. 

A typical efferent synapse at the OHC level is shown in Figs. 4 and 5. 
Presynaptically, a swollen ending is filled with clear microvesicles of 
regular, spherical size (approximately 30 nm in diameter). Granular 
vesicles are very rare, in contrast with the efferent endings previously 
described at the IHC level. Near the presynaptic membrane, the vesicles 
often form small clusters in areas of low cytoplasmic density. The contact 
between the nerve ending and the OHC is often very large, as much as 3 or 5 
um in some species (such as the cat and the rat). In a given species, the 
largest synapses are found at the base of the cochlea. The postsynaptic 
membrane is typically underlaid along its entire length by a subsurface 
cistern of reticulum closely apposed to the OHC membrane. 

For different physiological [28] and morphological [26] reasons, these 
axo-somatic OHC-synapses have for years been considered to be cholinergic. 
Recent investigations using immunocytochemistry with a ChAT antibody show a 
clear labeling at the base of OHCs [3]. At the ultrastructural level, we 
have demonstrated that this ChAT immunostaining involves most of the vesic
ulated endings synapsing with OHCs (Fig. 6) [17]. However, the occurrence 
of ChAT-immunostained and unstained endings at the base of the same OHCs 
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[17], together with some posi.tive results using GAD [23] and ME [22] anti
sera, suggests that ACh may not be the only transmitter involved in the 
efferent OHC-synapses. 

A schematic drawing (Fig. 7) can serve as a visual summary of this 
chapter. The four morphological types of cochlear synapses are represented 
as well as the neural connections with the brain stem. Indications con
cerning putative neurotransmitters are given as references to our own 
findings. 

NEUROANATOMICAL ORGANIZATION OF THE COCHLEA AND NIHL 

Our understanding of the physiological properties of neural cochlear 
elements is far from complete. There are no major problems with respect to 
IHCs and their afferent synapses, but there are still many controversial 
questions concerning the exact role of the OHC-afferent synapse and the 
functions of the efferent systems. Consequently, little can be said about 
their physiopathology. Nevertheless, in light of the latest findings con
cerning the fine morphology and anatomical aspects of neurotransmitters 
described here, we can indicate some possible ways of linking the cochlear 
neurobiological organization with the problem of noise-induced hearing 
loss. 

Direct alteration of neural elements following noise exposure 

Although it is difficult to distinguish between direct and indirect 
(secondary degeneration) damage, some investigators have shown a clear 
relationship between sound-induced TTS and alteration of the synaptic pole 
of IHCs [34] and/or swelling of auditory dendrites [50,60]. This type of 
damage is considered to be reversible and partly responsible for reversible 
threshold shift. 

Some results, which call for further investigation, include altera
tions of other neural elements such as the OHC synaptic pole [42], and the 
afferent and efferent endings at the OHC level [29]. Similarly, an increase 
in the density of efferent synaptic vesicles following exposure to intense 
sounds has also been suggested by Spoendlin [60]. 

Neurochemical Correlates of Noise Exposure 

Several authors have used noise exposure in an attempt to determine 
cochlear auditory transmitters [13]. They have used basically the same 
procedure, i..e., sampling perilymph in silent and noisy periods. Results 
concerning the recepto-neural transmitter are not conclusive; Sewell et al. 
[53] refer to an "auditory nerve-activating substance", whereas Drescher et 
al. [13] propose a "GABA-like component". Moreover, in the same set of 
experiments, Drescher et al. [13] using high performance liquid chromato
graphy (HPLC), detected an increase in a ME-like component in the perilymph 
after stimulation (115 dB SPL) on the borderline with respect to the physi
ological range of exposure. Using a specific radio-immuno autoradiography 
(RIA), we have recently checked the endogenous level of ME under various 
noise conditions. Animals that had been exposed to noise for 1 hour at 110 
dB SPL showed approximately 50% decrease in ME content relative to controls 
(Cupo, Rebillard, Eybalin, 1985, unpublished observation). This result 
strongly indicates that ME, which is probably a lateral efferent neuro
transmitter or cotransmitter, plays a role at high intensity levels, 
perhaps by reducing firing in auditory fibers. 

Regardless of the nature of afferent and efferent neurotransmitters, 
one can postulate that the duration as well as the level of noise exposure 
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are directly related to the quantity of neurotransmitter used at the 
synapses. This, of course, means that the capacity for recycling, resyn
thesizing or replenishing presynaptic compartments could be one of the keys 
to TTS and its recovery. As already reported [65J, this could be particu
larly true at neuropeptidergic synapses, because neuropeptides are only 
synthesized at the cell body level. 

There are also data [8,48J suggesting that contralateral stimulation 
has a protective effect against TTS; this protection could well occur via 
an efferent loop [48J. In the case of a protective effect of monaural 
stimulation, Rajan and Johnstone [49J have considered that there can be no 
efferent participation because of the ineffectiveness of strychnine. But 
in fact, the lack of a strychnine effect does not rule out the role of an 
ipsilateral efferent system working with a non-strychnine-dependent neuro
transmitter, such as ME [19J. 

A last comment can be made concerning synaptic organization at the OHC 
level. The large efferent cholinergic synapses (from the medial efferent 
systems) seem to playa role in modulating micromechanics [39,55J, thus 
having an influence on sensitivity [5J, frequency selectivity [7,55], and 
other nonlinear mechanisms [55J. The temporary loss of nonlinearity after 
noise exposure [36J may well depend on metabolic damage at this synaptic 
level, which modifies the motion of the cochlear partition [56J. 

In conclusion, it can be schematically proposed, according to Liberman 
and Mulroy [35J, that whereas it is likely that PTS involves direct mechan
ical damage, TTS may at least partly depend on direct synaptic or, more 
generally, neurogenic alterations. Carrying the point further, it is pos
sible to hypothesize that species differences in susceptibility to TTS are 
in some way related to differences in cochlear synaptology and particularly 
to differences in the afferent/efferent ratio. 
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DISCUSSION 

Trahiotis: About 1970, Don Elliott and I published a paper in which 
we measured TTS in some animals in a control group. After having cut the 
crossed olivocochlear bundle, we measured the amount of TTS and then let 
the animals recover. We did this four Urnes. Although we did not expect 
it, we found that the animals that had the bundle cut got the same amount 
of TTS each of the four times. The normal animals showed a toughening 
effect like Miller and Watson found. Perhaps there is somethi.ng in this 
data that are related to what you are speaking about. 

Patuzzi: Ramesh Rajan working in Australia has done a rather elegant 
series of experiments working the the COCB effects. He has done a series 
of lesion studies where he has cut the COCB. He has also done a series of 
destruction experiments where he has destroyed the contralateral ear and a 
series of strychnine injections looking at the so called protective effect. 
Both destruction of the contralateral ear and also preexposure on the 
contralateral ear, the so-called priming effect, toughened the cochlea. It 
appears as if there is a central priming effect., Le., a protective effect 
presumably by the COCB fibers acting on the outer hair cells. 
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THE MORPHOLOGY OF THE NORMAL AND PATHOLOGICAL CELL 

MEMBRANE AND JUNCTIONAL COMPLEXES OF THE COCHLEA 

Andrew Forge 
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330-332 Gray's Inn Road, London, WCIX BEE, U.K. 

INTRODUCTION 

Examination of the cell membranes in the cochlea is of some impor
tance. Much of the normal functioning in the cochlea is dependent upon 
cell membrane properties and activities and on the presence of membrane 
specializations such as intercellular junctions. Further, there is evi
dence that in some forms of cochlear pathology effects on cell membranes 
are significant events. For example, the ototoxicity of aminoglycosides is 
thought to be related to specific interactions of the drugs with particular 
membrane lipids to produce alterations to membrane structure and function 
[1,2] • 

Structural characteristics of membranes may be studied most readily by 
freeze-fracture [3], a technique for preparing tissue for examination by 
transmission electron microscopy in which large face views of membranes are 
exposed. The membrane faces reveal details of membrane structural organi
zation. In non-junctional regions, the faces are covered with particles, 
"intra membrane particles" (IMP) or show complementary pits. The IMP 
represent membrane intercalated proteins. Their density and distribution 
is a reflection of the membrane's function and may vary between different 
cells and in any particular cell with physiological activity or pathology. 
Morphometric analysis of particle distribution can be of great value in 
assessing alterations to membrane structure [4]. Cell junctions also are 
easily recognizable. Tight junctions, (zonulae occludentes) which act as 
seals between cells preventing passive diffusion along an intercellular 
pathway, appear as a series of ridges or grooves (Figs. 1,4,12). There is 
some correlation between the number of tight junctional strands and the 
degree of impermeability of the junction [5]. Gap-junctions, which act as 
sites of direct cell-to-cell communication across the intercellular space, 
appear as a two-dimensional array of large particles (Figs. 2,14). These 
particles represent the sites of channels linking the cytoplasms of adja
cent cells through which molecules up to the size of small nucleotides may 
pass [6]. The presence of gap-junctions may enable electrical and ionic 
coupling between cells. 

Further characterization of membrane structural organization is pos
sible by attempting to localize specific membrane components [7]. The most 
widely employed procedure has been the use of probes, filipin and saponin, 
which specifically interact with cholesterol to produce visible deforma
tions on membrane fracture faces. With filipin, such "complexes" appear as 
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Figs. 1-2. Fig. 1, left: Tight cell junction in the reticular lamina 
between a supporting cell and an OHC. Note the depth and 
complexity of the network of strands. Bar = 1.0urn. Fig. 2, 
right: Large gap junction particle array on the membrane of 
the region of a pillar cell. ef = complementary pits on the 
membrane face of the adjacent cell. Bar = 0.5 urn. 

25 nm mounds and depressions (Figs. 4,5). Although detailed interpretation 
of results requires some caution [7], consistent differences between mem
branes in their response to fil:lpin or changes in the pattern of response 
in a particular membrane, indicate structural differences or changes in the 
membrane. 

The purpose of this paper :Is to illustrate the value of freeze
fracture techniques to studies of the cochlea. Certain features of the 
membranes in the normal organ of Corti as revealed by standard methods and 
after fU ipin treatment are described bri~ efly. It is also shown that 
various alterations of membranes, identifiable by freeze-fracture, occur in 
the early stages of the response of the stria vascularis to loop diuretics 
and to aminoglycoside antibiotics. Several previous reports have presented 
detailed descrtptions of membrane morphology In the normal cochlea follow
ing routine freeze-fracture [8-14]. For the work presented here, albino 
and pigmented guinea pigs and gerbils (Meriones unquiculatus) have been 
used. Protocols for acute dluret:lc (ethacrynic acid and furosemide) and 
chron:l.c gentamici.n treatment and for preparation of tissue for filip:ln 
labelling and freeze-fracture have been published elsewhere [14-18]. 

RESULTS AND DISCUSSION 

Organ of Corti 

1.) Tight junctions. Tight junctions are present in the reticular 
lamina at the apex of the lateral membranes of sensory cells and supporting 
cells. The system of tight junct:l.onal strands is extenslve and complex 
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Figs. 3-4. Fig. 3, left: Apical membrane of an OHC ~th stereocilia. The 
apical and stereocilial membranes appear similar, displaying 
dispersed IMP. Internal structure of stereocilia revealed by 
cross-fracture (arrow). Bar = 0.5 um. Fig. 4, right: IHC 
after treatment with filipin which produces discrete membrane 
deformations (arrows). On lateral membranes, tight junction 
(TJ) and characteristic particle arrays (*) show no visible 
response. AP = apical membrane. Bar = 1.0 urn. 

(Fig. 1). The presence of this unusually extensive tight junctional net
work presumably means that there is extremely effective occlusion of the 
intercellular space between cells in the organ of Corti preventing passive 
diffusion of ions between the fluid at the hair cell apex and that around 
the hair cell body, thereby enabling maintenance of ionic and potential 
differences between endolymph and perilymph. The loss of a hair cell, 
either following noise trauma or as a result of the effects of aminoglyco
sides, potentially will lead to breaches of this barrier. However, recent 
thin-section and SEM studies of hair cell loss consequent upon chronic 
gentamicin treatment [18J have suggested that maintenance of tight junc
tions and formation of new ones may allow for hair cell loss without leaks 
across the reticular lamina occurring. Further freeze-fracture studies to 
establish this are currently underway. 

ii) Gap-junctions. Gap-junctions in the organ of Corti appear to be 
exclusively associated with supporting cells. Small junctions infrequently 
are present on the membranes of the head region of Deiter's cells just 
below the level of the tight junctions; towards the base of the cell 
phalanges numerous gap-junctions are observed. On the membrane of the cell 
body region of pillar cells, the gap-junctions are remarkably extensive, 
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occupying a significant portion of the membrane (Fig. 2). The role of the 
gap-junctions is not clear. It has been shown that current injections into 
a supporting cell are able to spread into uninjected supporting cells [19], 
indicating functional :lontc coupling of the cells, presumably via the gap
junctions. It has been suggested that the coupling may provide a nutritive 
role in the organ of Corti [19]. 

iit) Outer and inner hair cells. Three distinct membrane regions, apart 
from the tight junctions, can be identified in both inner and outer 
hair cells: the apical membrane and stereocili.a, the lateral membrane, and 
the synaptic region. Each of these shows characteristic features, but par
ticularly in relation to the lateral membrane, there are obvious differ
ences between IHC and OHC. The apical membranes of both cell types show 
relattvely few dispersed IMP (Fi~ but some workers [12J have reported 
significantly fewer IMP on the IHC apical membrane than on that of the OHC. 
The stereocilia membranes appear similar to the respective apical membranes 
(Fig. 3) and where stereocilia are cross-fractured, the fibrillar nature of 
the core is recognizable (Fig. 3). The membrane contour of the stereo
cillum normally appears regular with no blebs or vesiculations. The hair 
cell api.cal membranes respond intensely to fU:lpin (Figs. 4,5). However, 
the stereocilia membranes of the IHC (Fig. 6) consistently show a much 
higher density of deformations than those of the OHC (F:I.g. 5). Thi s could 
indicate some significant difference in structural organization between the 
stereocilia membranes of inner and outer hair cells. 

Figs. 5-6. 
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Fig. 5, left: Apical membrane of OHC: the effect of filipin 
on the stereocilia membrane; deformations are relattvely 
dispersed. Bar = 0.5 um. Fig. 6, right: IHC stereocilia: 
effect of fUipin. Complexes are much more densely packed than 
on OHC stereocilia membrane (Fig. 5). Bar = 0.5 um. 



Figs. 7-8. Fig. 7, left: Lateral membrane of OHC. Large IMP are densely 
distributed and occasional filipin deformations (large arrow) 
present. Apparent undulation of membrane face correlates with 
the appearance of the cross-fractured plasma membrane of 
adjacent OHC (small arrow). LC = lateral cistermal membrane. 
Bar = 0.5 um. Fig. 8, right: Lateral cisternal membrane of 
OHC and effects of filipino Dispersed clusters of deformations 
(arrows) present of fenestrated membrane sheets. Bar = 0.5 urn. 

The tight junctions separate the apical membrane from the lateral 
membrane (Figs. 1,4). On the lateral membrane of the IHC (Fig. 4), IMP are 
present in much greater numbers than on the apical membrane and are ran
domly and homogeneously distributed. This membrane, however, is charac
terized by the presence of plaques of large particles in rectilinear array 
(Fig. 4). Such plaques are found exclusively in non-junctional and non
synaptic regions (Fig. 4) and their functional significance is not known. 
The IHC lateral membrane responds to filipin except in the regions of the 
particle arrays (Fig. 4). The absence of filipin-induced deformations in 
this region (and also from the tight junction area) is most likely due to 
structural constraints preventing development of a visible response. In 
contrast, the lateral membrane of the OHC is characterized by the presence 
of closely packed large particles (Fig. 7) and filipin-induced deformations 
are seen only rarely. The membrane appears to undulate, which correlates 
with the corrugated appearance of the OHC plasma membrane when cross
fractured (Fig. 7) and in thin sections. Fracture of the lateral OHC 
membrane in the plane of the membrane, as illustrated in Fig. 7, is a rare 
occurrence. Usually, this membrane is cross-fractured. This fact and the 
presence of a very high density of large IMP suggests that the membrane is 
very rich in proteins. Their presence may impair development of a response 
to filipino It is possible that some of these proteins have a structural 
role, perhaps the anchoring of links between the plasma membrane and the 
underlying lateral cisternae [20J. The lateral cisternae of the OHC them
selves are exposed as extensive, fenestrated membrane sheets (Figs. 7,8). 
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Figs. 9-10. Fig. 9, left: Membrane face of OHC in synaptic region. 
Impressions of afferent endings induce facets (*) within which 
are small invaginations (small arrows). Membrane face shows 
clusters of large particles (large arrows) and smaller IMP. E 
= efferent endings. Bar = 0.5 um. Fig. 10, right: Afferent 
and efferent endings. IMP is closely packed in post-synaptic 
region of afferent endi.ng. OHC membrane overlyi ng afferent 
ending (OHC) shows i nvagi nations. On membrane of efferent 
endings (E), large particles clustered especially at sHes of 
i.nvaginations (arrow) and smaller IMP non-homogeneously 
distributed to leave IMP-free areas (*). Bar = 0.5 um. 

There are certain differences in the IMP patterni.ng on the succeeding cis
ternal sheets whi.ch have been descri bed in deta 11 elsewhere [12J. A.fter 
treatment of cochlear tissue with filipin, the membranes of the lateral 
cisternae show infrequent clusters of filipin-cholesterol complexes (Fig. 
8). Interestingly, a similar pattern of response to filipin has been 
observed on the membranes of the sarcoplasmic reticulum of muscle cells 
[7,21]. 

The synaptic region of the OHC membrane (Fig. 9) may be recognized by 
the facettng produced by the impressions of the nerve endings. The mem
brane is clearly different from the lateral membrane. The membrane face 
(Fig. 9) shows clusters of medium size particles and randomly distributed 
smaller IMP. Invaginations into the cell, reminiscent of s:l.tes of fusion 
of vesicles with the membrane, are present on the hair cell membrane at the 
locati.ons of the synapses with afferent nerve endings (Fi.gs. 9,10). The 
afferent nerve endings appear as mounds at the summit of which the 1.mme
diate post-synaptic region displays a close clustering of particles (Fig. 
10). The larger afferent endings are readily distingui.shable, although in 
some ways resembling the synaptic region of the OHC membrane. Clusters of 
large particles, sometimes associated with invaginations, and smaller IMP 
are present. Distinct bare (i.e., IMP-free) regions are also apparent. 
This latter feature is emphasized :l.n filipin treated tissue (Fig. 11). 
Deformations are confined to the particle bearing areas, thus defining 
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Fig. 11. Filipin-labelling over nerve-endings. On efferent endings (E) 
complexes are dispersed and areas with neither complexes nor IMP 
are exposed (*). On afferent endings (A), complexes are closely 
packed, but bare areas are also revealed (arrow). Bar = 0.5 um. 

clear particle- and filipin lesion-deficient patches. On afferent endings, 
filipin induces closely clustered deformations, but here again patches of 
membrane not showing a visible response to filipin are revealed (Fig. 11). 
At present it is not possible to interpret fully the significance of these 
observations, but the results do show the variety of details of membrane 
structural organization revealed by freeze-fracture techniques. 

Stria Vascularis 

i) Tight junctions. Tight junctions are present around the necks of 
marginal cells towards the endolymphatic aspect of the lateral membrane 
(Fig. 12). A complex and an unusually extensive tight-junctional network 
is also present between basal cells. The entire lateral membrane of these 
cells is covered by an anastomosing system of ridges and grooves (Fig. 13). 
~tudies using electron dense tracers [15] have shown that both marginal 
cell and basal cell tight junctions prevent passage of tracers, and pre
sumably other materials, into the stria. Thus, the stria is effectively 
sealed from the rest of the cochlea. 

ii) Gap-junctions. Nearly all gap-junctions in the stria appear to be 
associated with basal--cells [16]. They are present between adjacent basal 
cells, between basal and marginal cells, and basal and intermediate cells. 
The junctions between adjacent basal cells are present in the islands 
between the strands of the tight junctional network (Fig. 13). On that 
membrane of the basal cell which faces the rest of the stria, the junctions 
are button-like (Fig. 14) and quite numerous; up to 15% of the area of this 
membrane is occupied by gap-junctions [16]. Gap-junctions are also present 
between basal cells and cells in the spiral ligament which in turn possess 
gap-junctions between each other. Cells in the spiral ligament have been 
shown to possess Nat-K+-ATPase [22]. It is also apparent that potassium in 
endolymph, maintained by activity of the strial marginal cells is derived 
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Fig. 12. 
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Tight junction of strial Fig. 13. 
marginal cell. The junc-
tion is composed of sep-
arate continuous strands 
parallel to the apical 
membrane. The lateral 
membrane below the level 
of the junction shows few 
discontinuities. Ap = 
apical membrane. Bar = 
0.1 urn. 

Strial basal cell lateral 
membrane shows a complex 
network of tight junctional 
strands wi th gap junctions 
(*) enclosed in the islands 
between strands. Bar = 0.1 
um. 

Fig. 14. Gap junctions of basal cell 
with intermediate or marginal 
cells are button-like. Junc
tjon morphology may be asses
sed by measuring interpart
icle spacing (Fig. 20). 
Bar = 0.1 urn. 



Fig. 15. Lateral membrane of mar- Fig. 16. 
ginal cell following 
chronic genamicin treat-
ment. Tight junction 
strands are fused, dis-
continuous, and disoriented 
and basally the membrane 
shows irregular discont-
inuities (arrows). Ap = 
apical membrane. Bar = 
0.5 urn. 

Apical region of a marginal 
cell following gentamicin 
treatment showing presence 
of lipid bodies (arrows), 
characterized by stacked, 
smooth-surfaced fracture
faces. Bar = 0.5 urn. 

from perilymph [23,24]. It has, therefore, been suggested that the strial 
gap-junctions may be the route whereby K+ enters the stria. If this is so, 
the predominant association of gap-junctions with basal cells and their 
distribution may indicate that this cell type has some important role in 
strial functioning. 

Effects of aminoglycosides and diuretics on strial membrane structure 

i) Aminoglycosides. Aminoglycosides are thought to interact with cell 
membrane lipids in the cochlea. An initial reversible interaction with 
anionic phospholipids is followed by a specific irreversible binding to 
particular lipids polyphosphoinositides (PPI) [2]. These interactions 
produce al tera t ions to membrane structure and funct.i on. PPI' s are present 
at significant levels in both the organ of Corti and stria. On examination 
of the stria immediately following the end of a course of chronic genta
micin treatment (100 mg/Kg daily for 10 days), abnormalities were found on 
the membranes of marginal cells. In the tight junction, which normally 
shows a series of separate strands oriented parallel to each other and to 
the apical membrane (Fig. 12), the strands were often fused, discontinuous 
and disoriented (Fig. 15). The lateral membrane of the marginal cell in 

63 



Fig. 17. Effect of fn ipin on the 
membrane of a normal 
intermediate cell. Com
plexes are dispersed but 
excluded from the region 
of pinocytotic vesicle 
open:l.ng (arrow). Bar = 
1.0 um. 

Fig. 19. Ethacrynic acid affected 
stria in which oedema is 
present. Membranes of ves
icles within extracellular 
space show an intense res
ponse to filipin (arrows). 
MC = marginal cell, ES = 
extracellular space. Bar 
= 0.5 urn. 

Fig. 18. Effect of filipin on inter
mediate cell membrane follow
ing diuretic treatment. De
formations are clustered on 
the membrane. Arrow indicates 
point of continuity between 
clusters on the plasma mem
brane and tiEpin-affected 
intracellular membranes. 
Intercellular spaces are not 
greatly enlarged. (From Ref. 
17). Bar = 0.5 urn. 

the cell body regton also showed alterations. Whereas normally this 
membrane appears uninterrupted, in the tissue from the treated animals, 
numerous :I.rregular d:l.scont inui ties were present (Fig. 15). In some cases, 
lipid bod1.es, which appeared in the cytoplasm of marg1.nal cells tn tissue 
from treated animals (Fig. 16), could be seen to be continuous with the 
plasma membrane. All these features were observed immediately following 
the end of treatment when there were few other indications of effects of 
the stria and before any hair cell loss occurred. Thus, they indicate that 
alterations to marg:l.nal cell membranes may be an early consequence of the 
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Fig. 20. Histograms of distribution frequency of spacings of gap junction 
particles in control (A) and ethacrynic acid-affected tissue (B). 
The EA-affected samples are divisible into two groups: e, in 
which intercellular spaces had not developed ("early") and D, in 
which intercellular spaces were enlarged ("late"). There is a 
distinct shift to smaller spaCings in EA-affected tissue (compare 
A with B). There is a significant change even at the earUest 
times (e) which becomes greater as intercellular spaces enlarge 
(D). From Ref. 16. 

effects of gentamicin. Several possible interpretations could account for 
these findings, so at present their significance is not known. However, 
very recently, freeze-fracture studies of liposomes, model membranes of 
known composition, in which either an anionic phospholipid or PPI were 
present, have shown structurally i.dentifiable effects of gentamici.n on the 
lipid bilayers (Forge, Zajic, Schacht and Weiner, unpublished). This indi
cates that study of the aminoglycoside-damaged cochlea by freeze-fracture 
may be useful in identifying the initial lesions caused by these agents. 

it) Loop diuretics. The loop diuretics affect the stria, causing a 
reversible inhibition of active transport processes, decline in endolym
phatic potential (EP) and extensive oedema [25,26]. Freeze-fracture has 
shown a number of alterations to strial membranes many of which appear to 
be present before functional and structural alterations are well advanced 
[14,16,17,27]. Quantitation of features of marginal cell tight junctions 
has been reported [27] to show that the effects of some, but not all, 
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diuretics induce alterations to the number, density and depth of strands. 
The significance of this is not clear, as the junctions continue to prevent 
the passage of electron dense tracers even when oedema is well advanced 
[15]. The alterations to tight-junction morphology may be a reflection of 
mechanical stresses [28] imposed by the enlargement of intercellular spaces 
and swelling of the apical cytoplasm of the marginal cell [26]. 

Effects on intermediate cell membranes also occur. An apparent redis
tribution of IMP on the membrane resulting in the formation of particle
free areas has been noted [14]. These were observed at times when EP is 
only minimally depressed and intercellular spaces were not greatly en
larged. When such tissue was treated with filipin, similar indications of 
alteration to membrane structure were seen. In normal tissue, filipin
cholesterol complexes are relatively homogeneously distributed over 
intermediate cell membranes (Fig. 17). In the diuretic-affected tissue, 
these membranes showed clusters of complexes (Fig. 18). Some of the 
clusters appeared to be continuous with intracellular membranes also 
showing clusters (Fig. 18). It may well be that the particle-free areas 
seen by routine freeze-fracture procedures are analagous to the regions 
showing clusters of complexes. Certainly these results indicate some 
alteration of intermediate cell membrane structural organization occurring 
early in the sequence of events consequent upon diuretic-induced inhibition 
in the stria. 

As i.ntercellular spaces in the stria enlarge, intermediate cells 
undergo a remarkable shrinkage and membranous vesicles appear in the extra
cellular spaces [14]. Many of these arise from intermediate cells and 
after routine freeze-fracture appear to possess IMP-deficient membranes 
indicating a high lipid ratio [14]. In tissue treated with filipin, these 
vesicle membranes showed an intense reaction to the probe (Fig. 17), sug
gesting a high cholesterol content. It is possible, therefore, that in 
response to the effects of diuretics, intermediate cells release choles
terol from the membrane, enabling them rapidly to alter shape and shrink. 

A further alteration i.n the stria as a consequence of acute diureti.c 
treatment is to the morphology of gap-junctions [16]. Signtficant reduc
tion in the centre-to-centre spacing of the particles which constitute the 
freeze-fracture image of the gap-junction (Figs. 13,14) have been reported 
[16]. In unaffected tissue, the mean spacing was 10.4 nm + 0.96 (SD) while 
in tissue from diuretic-treated animals the mean was 9.5 nm + 0.65. A sig
nificant shift to smaller spacings could be discerned even before oedema 
began to develop (Fig. 20) and thi.s effect became more pronounced as the 
intercellular spaces enlarged. Reduction of gap-junction interparticle 
spacing has been correlated with closure of juncti.onal channels and un
coupling of cells in a number of tissues [6,29]. Therefore, these results 
could indicate that one of the earliest responses to the effects of diuret
ics in the stria is the uncoupli.ng of cells. If gap-juncttons serve to 
supply K+ to the stria, then this could be of significance to the develop
ment of the functional and structural disturbances produced by diuretics. 
However, there js some di.spute about the significance of morphological 
peculiarities of gap-junctions [6,29] and the difficulties of drawing 
functional conclusions from structural data should be emphasized. 

CONCLUSIONS 

The membranes of the different cells in the stria show a variety of 
structural characteristics which are easily visualized following freeze
fracture. By attempting to localize cholesterol using filipin, further 
indicattons of di fferences in structural organization may be consi.stently 
revealed. These features are of use in assessing early effects of agents 
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which impair cochlear function. Both non-junctional and junctional regions 
may be examined quantitatively. The features of gap- and tight junctions 
are easily assessed. Effects in non-junctional regions may be emphasized 
by the use of procedures which label particular membrane components. 

Besides studies of membrane structure, freeze-fracture procedures can 
also enable investigation of intracellular organization. Recently de
veloped procedures for ultrarapid freezing of tissue allow "etching" of 
fractured surfaces to expose structures in and around the cell at high 
resolution. The use of such methods to examine hair cells [30J shows the 
organization of the structural components of stereocilia in great detail. 
The further development of the use of such techniques holds out the pros
pect of the structural examination of relatively subtle changes in cells jn 
reI a tion to heari ng impairment. 
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DISCUSSION 

Wh.ite: How do you measure the spacing between the connections and the 
number of filaments in the strand, because the strand seems to be a very 
complex structure. 

Forge: I have not measured tight junctional strands. It can be done 
by putti.ng a grid over the material and measuring where it intersects 
across the grid. The way I measured connections was to use a bit pad and 
measure from center to center with the bi.t pad. A program was written to 
extract the average. An estimate is obtained of the different centers to 
centers of paticles across the junction. So we measured all the junctions, 
all the paticles in a junction and the computer did the rest for us. 
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Acute exposures to high-level noise impulses damage the cochlea via 
mechanical mechanisms that are associated with excessive displacements and 
stresses developed in the delicate epithelial tissues of the organ of 
Corti. Such damage has been discussed in the literaure a number of times, 
and an especially clear description was provided by Davis [lJ. Davis and 
his colleagues used continuous noise at levels of nearly 150 dB SPL at the 
eardrum. They noted that the Hensen cell attachments represent a mechan
ically weak link in the structural organization of the organ of Corti. 
This result was confirmed by Beagley [2J, who illustrated the separation of 
cell junctions between the Deiter and Hensen cells following overstimula
tion. Since then, others (notably Spoendlin [3J and Voldrich [4J), also 
using high levels of continuous nOise, have demonstrated lesions on the 
basilar membrane of an equivocal mechanical origin, including rupture of 
the basilar membrane and Reissners membrane. Spoendlin suggested intensi
ties of around 125 dB SPL as the threshold for mechanically-induced lesions 
as opposed to metabolically-induced damage. However, the depen-
dance of this rms sound pressure on the exposure duration is not clear. 
Spoendlin is in agreement with Davis and Beagley concerning the suscep
tibility to acoustic trauma of the Hensen cell attachments, but he further 
implicates the pillar cells and the medial attachments of the inner hair 
cell cuticular area as, "weak spots." This paper attempts to provide a 
clear documentation of the morphological sequence of events which is even
tually responsible for producing massive structural damage to the organ of 
Corti. Using blast waves as a vehicle, we will further attempt to quali
tatively illustrate a fundamental difference in the way in which continuous 
and impulse noise may need to be evaluated when assessing the potential for 
producing trauma. 

METHODS 

Thirty-eight binaural chinchillas were used in this study; 6 controls 
and 32 experimental. From the 32 experimental animals, 6 were prepared for 
standard surface preparations [3,5J and the remaining 26 experimental and 6 
control animals were prepared for Scanning Electron Microscopy (SEM). Each 
experimental animal was exposed at a normal incidence to 100 blast waves 
having peak over pressures of 160 dB SPL. The impulses were presented at a 
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Fig. 1. Examples of three different pressure-time profiles 
of the blast wave generated by the shock tube. 

rate of 2/min. The blast waves were generated using a conventional shock 
tube (compressed air-driven source) with an expansion section terrrLinating 
in an exponential horn [6]. The 4 ft. x 4 ft. horn exit was mounted in the 
wall of an anechoic enclosure to reduce reflections. Pressure-time 
hi stori.es of the typical waves that are generated at different operating 
pressures are shown :in Fig. 1. 

All animals were killed by decapi.tation immediately after exposure or 
at various postexposure times up to 30 days. The cochleas were perfused 
through the round window with a cold, 5%, glutaraldehyde in veronal acetate 
buffer at pH 7.3 (630 Mosm). Following overnight fixation at 4 degrees C, 
the cochleas were postfixed for 5 min. with a 5% glutaraldehyde/2% aqueous 
osmium mixture in a 5:2 ratio. Following dehydration and dissection of the 
bony capsule, the specimens of the organ of Corti were ei.ther mounted in 
glycerin on glass slides as surface preparations, or were critical point 
dried with liquid carbon dioxide and sputtered with gold or gold-palladium 
using a cold sputtering head. Cochleas prepared for SEM were viewed with a 
JEOL JS-35 Scanning Electron Microscope (SEM) operating at 10-20 KeV. More 
complete details concerning histological preparation procedures can be 
found in Hamernik et al. [7,8]. 

RESULTS 

Figures 2A and B illustrate the gross appearance of the organ of Corti 
from two different animals immediately following exposure. The low magni
fication surface preparation view in Fig. 2A illustrates the extensive 
tearing of the organ of Corti from its basilar membrane attachments for 
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Fig. 2. Immediately following exposure. A) Surface preparation 
illustrating extensive separation of the organ of Corti 
(*) in the mid-cochlear region. B) SEM illustrating a 
similar noise-induced detachment of the organ of Corti 
(*) Insert - Surface preparation showing the initial 
separation of the Hensen cells (H) which preceeds the 
fracture shown in the adjoining micrographs. ~Missing 
pillar c e lls. 
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Fig . 3. Immediately following exposure: A) Higher resolution 
SEM of the fracture ridge. Note missing Claudius 
cells (C), intact pillar cells (p) and the line of 
inner hair cell cilia (I). B) Ar ea of the primary 
lesion showing intact outer pillar processes (P); 
normal appearing inner hair cell cilia (I) and the 
cuticular plates of the first two rows of outer hair 
cells (0) without attached cell bodies. Note Deiter 
cell attachments at the basilar membrane (~). 



over one-third of a mid-cochlear turn. A more graphic view of an even more 
extensive separation is presented in the SEM of Fig. 2B. The tear can be 
seen (inset) to originate between the Hensen cells and the reticular lamina 
of the outer hair cell (OHC) region. At higher resolution (Fig. 3), the 
line of inner hair cells (IHC), with their cilia that are so readily 
damaged, appear surprisingly normal in the area of the primary lesion, and 
the inner and outer pillar cells are structurally intact. The OHC bodies 
of the first two rows have been torn away just below the tight cell junc
tions of their attachment into the reticular lamina, leaving the cell's 
cuticular plate region and the reticular lamina intact (Fig. 3B). Imme
diately basalward of the main lesion, the organ of Corti is usually struc
turally intact with relatively normal rHC's. The OHC's, while frequently 
all present, display irregular cross sections or are greatly swollen. In 
Fig. 3, the outlines of the Deiter cell base attachments on the basilar 
membrane can be seen. In this lesion, all the Deiter cells, Hensen cells, 
OHC's as well as some of the Claudius cells have been torn loose. The 
outer pillar cells, which are uniformly present, maintain their structural 
integrity, leaving the tunnel of Corti intact, but open to scala media. 
While Fig. 3 is typical of the most often observed features of the lesion, 
variations do occur. Some of the cochleas dissected also displayed a 
scattered loss of pillar cells as seen in Fig. 2A and in the SEM's of Fig. 
4. In Fig. 4, a number of outer pillar processes are completely missing 
and the tonofibrils of many of the ruptured outer and inner pillar cells 
have been exposed. Another variant of the structural disintegration of the 
organ of Corti can be seen in Fig. 4A where the Hensen cells and some of 
the third row of Deiter cells are left attached to the basilar membrane. 
Such variations may be important in determining how rapidly epithelial scar 
tissue forms to seal off the endolymphatic and perilymphatic spaces. Rela
tively large variations have been noted in the rate of scar formation. 
Fig. 5 illustrates the lesion from three different cochleas one day after 
exposure. Fig. 5C shows the denuded basilar membrane covered within one 
day by a filmy layer of membrane most likely originating from the region of 
the Claudius cells. This layer of membrane seals the basilar membrane and 
the fracture ridge created by the dislodged portion of the organ of Corti. 
In some cases, the seal is incomplete and holes along the ridge of outer 
pillar cells still connect endolymphatic and perilymphatic spaces (see 
inset). In other cochleas (Fig. 5B), where the Hensen cells have been left 
viable, the seal can be complete within the first day post-exposure. How
ever, in other animals (Fig. 5A) with very similar lesions, wide gaps still 
exist after one day between the tunnel of Corti and the endolymphatic space 
(note the very normal-appearing IHC cilia). In Fig. 6A, taken from an 
animal sacrificed 10 days after exposure, the scar formation is still not 
complete, and large openings into the perilymphatic spaces are common. By 
30 days after exposure (Figs. 6B and C), the lesion has usually been sealed 
and the organ of Corti generally presents a stabilized appearance, but with 
an extremely variable population of sensory cells. Exceptions to the above 
are occasionally seen such as in the inset of Fig. 6, where a small defect 
allowing communication between the scala may still exist. Variability in 
sensory cell population can be extreme, and virtually every combination of 
normal and abnormal cilia can be found (i.e., bent, fused, broken or giant 
cilia). Similarly, no pattern in the OHC cell loss is apparent, and any 
individual or combination of damaged rows of OHC's can be found, with 
normal or abnormal populations of IHe. 

Other epithelial cell populations in the cochlea are also reacting to 
the altered milieu of the scala media following trauma. A surprising 
response was observed in the cells of inner sulcus and the related inner 
border cells. Figs. 7 and 8 illustrate the surface morphology of the inner 
sulcus cells (ISC) taken from animals sacrificed 10 days after exposure. A 
prolific gcowth of microvilli and pseudopodia has taken place on the sur
face of these (Fig. 7) cells and various particles are seen entrapped in 
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Fig. 4. Immediately following exposure: A) An example of an 
unusual fracture ridge which follows the line of 
attachment of the outer pillar heads (p). Note the 
Hensen cells (H) that remain attached to the basilar 
membrane. (A) Artifact. B&C) Example of a fracture 
ridge in which inner and outer pillar cells (p) are 
ruptured (~) and the tonofibrils (T) are exposed. 
Note the relatively normal appearing inner hair cell 
cilia (I) in each plate. 



Fig. 5. One day after exposure. A) Scar tissue has not yet 
sealed off the perilymphatic space. B&C) Region of 
the outer hair cells (0) from two different animals 
showing complete scar formation. In plate B the 
Hensen cell (H) are present just as in plate A, 
while in plate C the Hensen cells have been torn 
loose with the bulk of the organ of Corti. Inset
small defects (~) through which cochlear fluids 
may still intermix. (P) Pillar cells. 

75 



76 

Fig. 6. A) Ten days after exposure the fracture ridge along the 
pillar cells (p) is often not sealed in some animals 
and the tunnel of Corti can communicate with the 
endolymph. (ISC) inner sulcus cells, (C) Claudius cells. 
B&C) Thirty days after exposure the lesion is usually 
completely covered by scar tissue: hair cell loss is 
quite variable. Inset: However even after 30-days in 
some animals scar formation may be incomplete (~). 
(0) outer hair cells, (I) inner hair cells. 



Fig. 7. Surface views of the inner sulcus 10 days after 
exposure. A) Profuse growth of microvilli on 
inner sulcus cells (lSe). Note the convex 
distortion of the surface of cell (e) with a 
particularily dense growth of villi. B) Higher 
resolution of lse surface growth illustrating 
sac formation (~). e) Surface lse detail 
illustrating the formation of extra surface 
membrane ( ~) systems. 
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Fig. 8. Ten days after exposure. A) Detail of an ISC with a 
highly convex surface and an extensive development of 
extra membrane at the surface ( .. ). B) Example of 
the relationship between particulate matter and the 
enveloping pseudopodia ( .. ). C) Low magnification 
view of several distended ISC surfaces illustrating 
apparent interactions between cells ( .. ), (X) cell 
of unknown origin. 



the tangle of vUli (Figs. 7B and 8B). The cells of the inner sulcus would 
appear to be extremely active in the endocytosis of debris following trauma 
to the organ of Corti. Some of the ISC's are greatly distended (Figs. 8A 
and C) often with extensive sheet-like formations of extra surface membrane 
studded with irregular and branching villi (Fig. 8C). Other cells of un
known origin are frequently present (Fig. 8C). A further discussion of the 
ISC's can be found in Hamernik et al. [8]. 

DISCUSSON 

We have shown that an acute exposure to high level blast waves can 
produce widespread, direct mechanical damage to the organ of Corti. As 
discussed by other authors, and clearly seen in the inset of Fig. 2, the 
first structures to fail are the cell junctions associated with the attach
ments of the Hensen cells to the Deiter cells, the Claudius cells and the 
reticular lami na. In contrast to the conclusion of Spoendlin [3], our 
results indicate that the pillar attachments and the first row of Deiter 
cell heads are relatively tough and resistant to damage. The fracture line 
most often runs between the second and third rows of OHC's. An apprecia
tion of the strength of the tight cell junctions of the reticular lamina 
can be obtained from Fig. 3, where it can be seen that the cuticular plates 
of the outer hair cells remain attached in the matrix of the reticular 
lamina, while the remainder of the sensory cell body is torn loose from 
below, along with the strip of Hensen and Deiter cells. 

After reviewing the SEM's from animals sacrificed over a 30 day 
period, we were surprised at the variability 1.n the rate of scar formation. 
While we cannot explain such variability, the variability associated with 
scar formation may be important in explaining why animals exposed to the 
same impulses demonstrate such variable degrees of sensory cell loss. The 
acceptance of Bohne's [9] fluid-mixing hypothesis would imply that the 
sooner the fluid compartments are sealed, the less loss there will be to 
the sensory cell population. While we have no quantitative data, it seems 
likely that in cochleas that have incomplete scar formation over as much as 
a 30 day period, the extent of sensory cell loss will be increased. The 
likely tendency of the lesion to develop over time, especially basalward of 
the primary lesion, may also have a correlate in hearing threshold mea
sures. A common observation following high-level impulse noise exposure 
[10] is the growth of TTS over time, i.e., maximum TTS may be reached as 
much as one day following exposure. 

Another surprising feature of these data is the ability of the pillar 
cells to withstand the mechanical trauma and along with them the inner hair 
cells. Relatively normal appearing IHC's can be found immediately follow
ing exposure as well as at 30 days postexposure, even in the area of the 
primary lesion. Because of the afferent innervation pattern, the survival 
of such large numbers of IHC may have implications for hearing function. 
Impulse noise exposures similar to those described in this paper which 
produce massive OHC loss over as much as 80% of the cochlea [10,11] are 
known to produce hearing losses which seldom exceed 40 dB across the 0.5 to 
8 kHz test range. Frequently, if the lesion is localized to the middle of 
the cochlea and does not exceed 10-30% of the entire OHC population, hear
ing thresholds may be very near normal. In both these situations, the IHC 
populations, including the integrity of the cUia, can be quite normal. 

The extensive growth of villi and pseudopodia on the surface of the 
inner sulcus cells was also quite unexpected. From the appearance of the 
surface of these cells, 1.t would appear that they are actively engaged in 
the endocytosis of substances released during the development of the lesion 
on the organ of Corti. There is evidence in the literature [12-14] that 
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the prolific growth of villi on the surface of these cells may in fact be 
triggered by a variety of macromolecules released during trauma. Regard
less of the reasons, the extensive growth of extra membrane on the tnner 
sulcus cells may indicate that these cells with their unexciting cytoplasm, 
may be capable of modifying the composition of the flutds in the inner 
sulcus and the subtectortal space. The composition of the fluid in this 
region of the cochlea is still a debatable issue [15J. 

Approaches to trying to estimate damage threshold levels for the 
purposes of establishing criteria for exposure are usually based upon a 
trade-off between intensity and duration of the exposure, i.e., essen
tially an energy consideration. Considertng that a typical acute exposure 
to impulses or blasts (even large numbers of them) lasts only a fraction of 
a second, a strict adherence to energy principals may not be completely 
adequate. Consider the following: We have performed experiments with the 
3 waves shown in Ftg. 1, Le., over a dynanLic range of from 150 dB to 160 
dB peak over pressure (re 0.0002 dynes/cm2 ). Using the evoked auditory 
response as a measure of heartng thresholds and tympanometry as an index of 
middle ear trauma, we find that exposure to 100 blasts at a rate of l/min. 
at 150 dB produces moderate hearing loss (less than 10 dB) and small mid
cochlear OHC loss. At levels of 155 dB, hearing loss can be in excess of 
40 dB and losses of sensory cells (especially OHC's) can be extenstve over 
more than 80% of the cochlea; at levels over 160 dB, middle ear problems, 
tncluding rupture of the tympanic membrane, occur and we find a protective 
effect on the cochlea. Thus, over a 10 dB range of intenstties, we ftnd a 
wide variety of effects on the cochlea, includtng the massive structural 
damage shown in the preceeding micrographs. If we assume the stgnal to be 
plane wave, then the energy per unit area transported by the blast wave 
[16J tn the dtrection of propagation can be approximated by: 

W =/ ~~(t)~~ 
o Z 

(J/M~ 

Where pet) = instantaneous sound pressure (N/m2j 
Z = specific acoustic impedance (-S/m ) 

This relation can be applied to the waveforms shown in Fig. 1. Introduc
ing a level terminology in the sense of the logarithm of a ratio quantity 
along with a term, 10 log N, to account for the number (N) of blast wave 
presentations, we find that all the exposures (for N=100) have energy 
levels (re 1 J/M~) of between 23 to 24 dB, regardless of their peak in
tensities (i.e., in the range 150 - 160 dB). Variations of 1 dB occur 
because of variations in the slow phase of the pressure fluctuations 
following the shock front. The waves in the traces shown in Fig. 1 were 
obtained using an 1/8" microphone (B&K 4138) at grazing incidence, and the 
shock front is represented by the initial pressure spike having an overall 
duration on the order of 10 usec, essentially a reflection of the time of 
passage of the wave front across the microphone diaphragm. We are thus 
faced with three blast wave exposures having similar energies but dtffering 
in their peaks and differi ng substantially in their effects on the heari.ng 
mechanism. The question that naturally arises then is what is an adequate 
characterization of an impulse for the purposes of exposure criteria? In a 
later paper at this meeting, Patterson et al. will contribute to answering 
this question by suggesting that both peak pressure and energy need to be 
considered depending upon the impulse. For the waves shown in Fig. 1, 
energy is not suffjcient to predict the range of observed effects, and in 
situations where a very high pressure change is instantaneously impressed 
upon the external canal, impulsive waves may require alternate methods of 
evaluation. 
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In the field of structural mechanics, the impulse I of a high inten
sity transient force is used to evaluate the structural response, where 

I (N-S) 

and F(t) is the transient force. 

Impulse loads on structures are known to produce excessive dis
placements as well as stresses on structural members that can be very 
destructive. Thus, depending on the wave form, impulse and energy may be 
complimentary variables. While this brief discussion is a great over
simplification which ignores a number of important points, it may have some 
value in stimulating thought on different approaches to evaluating impulse 
noise exposure. 
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DISCUSSION 
Per Nilsson: Did you do a frequency analysis of your impulse of 160 

dB? If so, where was the energy peak located? Did you see any 
relationship between the location of the lesion and the frequency of the 
impulse? 

Hamernik: Most of the energy is located below 100 hz. It is a very 
slow wave. The only thing that looks fast is the ristng edge of the shock 
wave. You would expect the damage to be in the upper turn of the cochlea, 
not down around the 2 kHz region of the cochlea. The lestons did not 
spread apically, which was somewhat disturbing. 

Pfander: You showed disturbances and fractures in the middle ear of 
the antmals. I haven't seen disturbances of the mtddle ear in humans after 
peak pressures of 160 dB. What percent of the middle ears examtned were 
damaged? 

Hamernik: It was probably around 50 percent. I think the level which 
causes damage in people is closer to 180 dB for this type of impulse. 

Pfander: During the war, I saw massive destructton of the middle ear 
after explostons; these were apparently over 200 dB. Do you think 180 dB 
is the damage level which causes damage to the middle ear tn humans? 

Hamernik: I don't know, but reading some of the old papers that were 
done shortly after the war gtves the tmpression that 180 dB is the level 
which causes damage in humans. 

Shaddock: Several times you mentioned that the inner ear sensory 
cells looked completely normal. I am wondering if you did any sectioning 
to verify that. I think it is a little dangerous to make such a statement 
based simply on the condition of the stereocilia. 

Hamernik: Terribly dangerous! No, we did not section any of the 
cells. Basically we were just looking at surface pathology. I certainly 
would have to qualify my comments. 

Engstrom: Thirty days after you have this massive damage, what kind 
of epithelium remains? 

Hamernik: It depends a lot on the nature of the lesion. If the 
lesion is complete so there are no supporting or sensory cells, then it is 
just a flat epithelium that seems to unite the inner sulcus and the 
Claudius cell. Sometimes the epithelium seems to grow from the area of the 
Claudius cells. It appears to come up and seal off the pillar cells and 
actually grow over the pillar cells. 
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Engstrom: But the length would be about the same as the snake? 

Hamernik: It is variable. 

Engstrom: On the first day after the explosion, do you see any kind 
of invasion of lymphocytes? 

Hamernik: In scanning electron micrographs, I am not quite certain 
how to precisely identify lymphocytes. 

Warren: Your talk concentrated on the focal rupture of the organ of 
Corti in the 0.3, 0.8, and 0.2 kHz regions. Could you comment on the state 
of articulation between the tectorial membrane and the organ or Corti? 

Hamernik: The tectorial membrane always suffers from typical arti
facts. Generally, it is always rolled up towards the modiolus no matter 
where you look. 

Warren: Did you do any light microscopic examination of the cochlea? 

Hamernik: No. We are doing that now. 

White: I wonder if perhaps you could say if there are any desmosomes 
between the cells in the inner sulcus region? How many are there and are 
they likely to be damaged by the kind of blasts you were talking about. 

Hamernik: As far as I am aware, there are no desmosomes in the inner 
sulcus region. That does not mean they are not there, I haven't found any 
yet. Cells in the inner sulcus have received very, very little attention. 

Pujol: About 10 years ago when we started to study the effects of 
acoustic trauma, we exposed hamsters to noise for days and weeks and found 
a very strange thing at the inner sulcus. There was an increase in the 
volume of the cells and a fantastic increase in the length of the stereo
cilia. Since this area of research was new to us, we just put it aside 
because we could not interpret it. Your results seem to be very similar to 
our own and are quite surprising. 

Hamernik: Your results are very interesting. The cells in the inner 
sulcus are descri.bed in text books as having clear unexciting cytoplasm. 
In damaged ears, there seems to be something exciting gong on here. 

Patuzzt: Did I understand you correctly in suggesting that the wave 
shape you measured was limited by the travel time of the shock wave across 
the micro-phone diaphragm? 

Hamerntk: Not the wave shape so much as the initial rising front. If 
you talk about the dimension of the shock wave, it is on the order of the 
mean free path of the molecules in the medium it is traveling in. So what 
we are actually measuring is the rise time of the 1/8 inch microphone 
during the first 10 microseconds. The measurement of the rest of the wave 
is probably reasonable. 

Patuzzi: Taking that into account, what does the spectrum of what you 
measure mean? I do not think you can do a spectrum analysis of that wave 
and say it had any significance. 

Hamernik: That is true at least for the spectrum of the rising 
position of the wave front; however, useful information can be abstracted 
from the remaining position of the wave where most of the energy is 
contained. 
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THE APPLICATION OF MORPHOMETRIC AND STEREOLOGICAL PRINCIPLES TO 

EPITHELIAL TISSUES: THEORETICAL AND PRACTICAL CONSIDERATIONS 

INTRODUCTION 

F.H. White 

Department of Anatomy and Cell Biology 
University of Sheffield 
Sheffield S10 2TN U.K. 

The study of the spatial relationships between cells, their contents 
and the ways in which they interact with each other and with the extra
cellular matrix can only be studied by microscopical techniques. Apart 
from the straightforward methods of light and electron microscopy available 
for examining normal, diseased and experimentally treated cells and 
tissues, the experimental biologist now has a variety of additional tech
niques available for investigating cytological and histological features. 
These include autoradiography, histochemistry and cytochemistry, immuno
chemistry and quantitative morphology. These techniques enable us to draw 
conclusions about the structure and functions of cells in their proper 
arrangement, and by making comparisons between normal and altered tissue or 
cellular structure, we can learn and ultimately understand the mechanisms 
which govern and control normal and diseased tissues. 

The evaluation of structural changes in cells and tissues has largely 
been based on qualitative description which can be and is often liable to 
serious error since it is essentially subjective. In histopathology, for 
example, in which evaluation of abnormal tissue features is of paramount 
importance, the examination of tissue sections is qualitative and the 
diagnosis is dependent upon a number of variables which include the 
experience and training of the individual pathologist. Morphometric 
methods which rely less on qualitative observation and thereby reduce such 
subjectivity are currently being used in diagnostic pathology [lJ and in 
histological and cell biological studies [2J. Morphometry encompasses 
techniques which have advantages in increasing objectivity enormously, 
improving reproducibility, and further, they enable the detection of 
previously unsuspected changes. These advantages are conferred by the 
acquisition of quantitative data using microscopical .images or their 
representations. 

TYPES OF QUANTITATIVE MICROSCOPY 

There are a number of different quantitative morphological techniques 
in use today. These include morphometry, planimetry, stereology, image 
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processing, image analysis, scanning photometry or densitometry and flow 
cytometry. Etymological morphometry means "the measurement of form." More 
specifically, Weibel [2] has defined morphometry as "quantitative morphol
ogy; the measurement of structures by any method, including stereology." 
Thus all the methods in the list above are morphometric methods. Planim
etry, or planar geometry, relies on direct measurements of features made on 
a two-dimensional plane. Stereology involves mathematical relationships to 
define three-dimensional structures from measurements carried out on two
dimensional images. It is these techniques with which the present paper is 
concerned, primarily because the techniques can be appUed to sectioned 
biological material with the minimum of equipment and are thus accessible 
and inexpensive. The other quantitative morphological methods require 
sophisticated and expensive apparatus, and wUI not be described further. 
The reader :l.s referred to reviews on automated image analys:ls [3] and flow 
cytometry [4,5]. 

STEREOLOGY: WHAT IT IS AND HOW TO DO IT 

We:lbel [2] has defined stereology as a body of mathematical methods 
relating three-dimensional parameters defining a structure to two
dimensional measurements obtained on sections of a structure. There is 
thus a sound mathematical and statistical basis for the pr:l.nciples of 
stereological techn:l.ques, wh:l.ch are dealt with in depth elsewhere [2,6-11]. 
It :Is a common misconception that a great deal of mathematical knowledge is 
required before any stereological study is undertaken. Stereological tech
niques are based on prtnciples of spattal geometry and statistics. How
ever, the application of the principles i.s relatively straightforward and, 
provid:l.ng certa:ln rules are followed, a great deal of very valuable infor
mation can be obtained by the novice from sections or micrographs with 
little knowledge of the theoretical basis for deriv:lng that :l.nformation. 

In stereological analyses, several steps can be identified. First, 
material has to be prepared for analysiS :l.n such a way that the components 
being quantified are unamb:l.guously ident:l.fiable. This involves the pre
parative steps involved :l.n producing sections for light or electron 
microscopy, selecting an appropriate magnification, and deciding which 
h:lstological or ultrastructural features you want to quantify. The next 
step is to choose a techn:l.que for measurement of sectioned components. 
Stereology can be used to define volumes, surface areas, lengths and 
numbers; several different methods are available. These measurements 
generate information known as primary data which, taken as it stands, has 
limited biological significance. By substitution into stereolog:l.cal 
formulae, th:is :l.nformat:l.on :l.s used to generate secondary data, which in 
essence converts the primary data into density estimates. Thus the volume 
of a component can be related to a unit volume conta:l.ning the component. 
Further, if the actual dtmens:l.ons of the conta:l.ning volume are known, it 
becomes possible to derive estimates of absolute component dimens:l.ons 
related to the average celIoI' average organ, which enables us to draw more 
relevant conclus:l.ons about biological phenomena. These methods will be 
clarified in subsequent sections. 

THE ACQUISITION OF STEREOLOGICAL INFORMATION 

Pr:l.mary Data 

The s:l.mplest and cheapest way of acqulr:l.ng quantitative data from micro
scopical images :l.s to super:l.mpose a transparent lattice contain:l.ng a 
repeating pattern of test probes over a m:l.crograph. A wide var:l.ety of 
lattices are available and many of them are Ulustrated :l.n Weibel [2]. The 
most useful for general purposes is the coherent double test lattice which 
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comprises arrays of parallel lines arranged perpendicularly to each other. 
The jntersections of the lines provide an array of points. When the micro
graph js randomly confronted with the test lattice, a number of significant 
relationshi ps can be generated as a result of counting i.nteractions or 
events which occur between the lattice and the micrograph. Such informa
tion is known as primary data and is essentially planar morphometric 
information. If we obtain a section through a cell which contains a 
nucleus (Fig. 1), we can count the points which fall in the nucleus (PN) 
and the points which fall in the cytoplasm (PCYT ) and obtain a simple 
planar estimate, the nuclearcytoplasmic ratio C=PN/PC T). We can also 
count intersections of test lines with the plasma mem5rane (rpM) and obtain 
an estimate of nuclear membrane profile boundary length (B). In biological 
terms, the acquisition of planar morphometric or primary stereological data 
is limited jn terms of its biological usefulness and it js almost always 
preferable to transform primary data into secondary data. Primary data 
measurements are accumulated for each animal and these totals substituted 
into the relevant stereological formulae. 

Secondary Data 

The information generated by event counting can, with relative ease, 
be used to provide stereological secondary data, which ls in the form of 
density estimates, the majority of which are ratios. Biological struc~ures 
can be charac~erised by a vartety of dlmensions ~hich are volume (V,cm ), 
surface (S,cm ), length (L,cm ) and number (N,cm). In stereology, the 
dimension of the component is always related to a reference which must be 
clearly specified. The reference is usually written as a subscript. Thus 
Vv refers to the volume of a given component within a unit of specified 
reference volume; Sv to the surface area of a given component within a unit 
of specified reference volume; Ss to the surface area of a given component 
with respect to a unit of specif"led reference surface area and so on. 

Provided that the sample of mjcrographs is random, most density esti
mates are completely independent of the shape, size and spatial orientation 
of the component being measured. An important exception is estimation of 
numerical density in which we need to know the size and shape of the struc
ture [2J. 

Volume, Surface and Length Densities 

Measurement of these parameters provides us with reliable information 
which represents the aggregate of a particular component within a given 
reference. 

Volume Density - VV• This parameter represents the volume of a com
ponent of interest V. w"lthin a unit reference volume V. On two
dlmensional sections; it has been shown [2J that the vblume density of i 
within r (VV. ) is given by "l,r 

V A. P. V. . = 1. 1. 1. 
V1.,r ~ p- V- (Equation 1) 

r r r 

where A represents the areas of the components and P represents the points 
falling on the components after random superimposition of a lattice con
taining test points. Polnt counting is generally the most efficient way of 
estimating volume densities [12J. The alternative is to measure component 
areas by planimetry or by tracing round their profiles using a digitizing 
tablet interfaced with a microcomputer, such as is available with most 
image analyzers. 

Because sections have a flntte thickness, and stereological principles 
depend on making measurements from two dimensional planar views, errors 
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known as overprojection effects may be introduced because components pre
sent within, rather than on the surface of, the sections are observed and 
quantified. This results in overestimation. For approximately spherical 
particles, a correction factor is available which is derived thus 

kt = 1 + 3t 
2cf (Equation 2) 

where t is section thickness and d is mean profile diameter. Volume den
sity is corrected for this effect by dividing it by the correction factor 
k. The larger the particle, the less is the error for any given section 
thickness and it is generally accepted that if the profile diameter is more 
than ten times greater than section thickness, overprojection correction is 
unnecessary. Weibel [2] provides alternative formulations for particles of 
different shapes. 

Surface Density - SV' Ss 
characterize the surface of a 
volume (Sv) or surface (SS). 
relevant formulae are 

and 

SSi,r = ii = IIi,r 

These parameters generate densities which 
component in relation to a unit containing 
For estimation of these components, the 

(Equation 3) 

(Equation 4) 

B represents the boundary trace length B of the component of interest 
d4vided by the area A enclosing the component, and this formulation can be 
used if a digitizing tablet or planimeter is being used. 2I is the 
formula of choice when using superimposed test lattices in lrnear arrays. 
I is the number of intersections the linear lattice makes with the 
component of interest which i.s divided by L, the length of lattice line 
which overlies the reference component. The parameter Ss is obtained very 
simply by differential intersection counting, I. being the number of 
latticei.ntersections with the component of int§rest and I , the number of 
intersections with the reference component. r 

Length Density - L. LV relates the length of a component to its unit 
containing volume. It Xs derived from the following equation 

(Equation 5) 

where N is the number of proftles of the component contained within the 
reference area of section A. Reference area may be measured directly using 
a cursor and digitizing tablet, but point counting can also be used to 
determine A. If a quadratic lattice is used, each point will represent a 
given area whose dimensions can be determined according to the magnifica
tion being used. 

Numerical Density - NV' NS • Numerical density can be expressed i.n 
terms of number of components per unit reference volume (NV) or per unit 
reference area (NS). These estimates are more difficult to determine than 
the other density estlmates mentioned since inherent in the stereological 
formulae used to calculate them is a measure of their shape and size. 

Numerical density in a volume NV can be obtained from 

(Equation 6) 

where N is the number of components present in reference area A. H is the 
mean caliper diameter of the component, i.e., averaged over all orienta-
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tions. In the case of spherical objects of uniform size, the mean caliper 
diameter, H is equal to the mean diameter of the object D. However, if the 
section contains two different sized spherical particles, HID. It can be 
appreciated that H for objects with more complex shapes can be more diffi
cult to determine. Similarly, at first sight N seems a simple enough 
parameter to calculate, but the number of prof ties seen in a section does 
not always accurately reflect the number of particles. A particle which is 
in the shape of a horseshoe can produce either one or two profiles, accord
ing to its orientation with respect to the section plane. One can easily 
imagine how particle numbers can be overestimated, especially when con
sidering structures with a more complex morphology. 

Weibel and Gomez [13] have provided an alternative formulation for 
numerical density 

1 N (3/2) 

13 Vt(1/2) 
(Equat"ion 7) 

where B is a shape coefficient defined by the relationship between the 
component's volume and its mean cross sectional area. Values for B can be 
consulted in the graph provided by Weibel [7]. This method should be used 
only for particles of constant shape. 

In view of the difficulties of computing NV' it is a parameter which 
should be measured and interpreted with caution. Mayhew et al. [14] have 
evaluated several methods for determining numerical densities of mitochon
dria and show how a number of systematic errors can be introduced by making 
erroneous assumptions about particle size. They concluded that the number 
of mitochondria had little meaning, particularly as the in vivo morphologi
cal characteristics of this organelle are inconstant. Mitochondria in 
living cells rapidly change their s:l.ze and shape, fuse with each other and 
are generally in a state of flux. If at all possible, alternative ap
proaches to NV should be sought. Otherw:l.se, attempts should be made to 
determine the size and shape of the component and, at the very least, any 
assumptions made regarding their features should be clearly stated. 

Certain structures which are found on surfaces are best character
ized numerically by relating their number to the surface upon which they 
are situated, rather than to a containing volume. Such estimates may be 
applied to investigate frequencies of intercellular junctions [10,15-17]. 
The method is based on the NV formulation and is 

NS = ~ 
[) 

(Equat"ion 8) 

where NB is the number of components, N, present along a surface profile of 
length B. 6 is the mean diameter of the component. B is readily deter
mined by intersection counting according to the equation 

(Equation 9) 

where I is the number of intersections of the lattice with the component 
and h is the distance between the lattice lines, corrected according to the 
magnification being used. This equation can also be used to generate the 
mean profile boundary trace length B of the component since, A 

B = B 
N (Equation 10) 
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the mean diameter of the component, can prove very difficult to deter
mine. In our studies of desmosomes and hemidesmosomes [15,17], we have 
assumed thes~ co~pon7nts to be flat circular discs of similar size. On 
this bas:!s, B 1 A Slnce if a randomly orientated number of discs are sec
tioned, their mean diameter will always be lower than their true diameter. 
We have resorted to using Abercrombie's method [18] to compensate for 
diameter underestimations; thus 

(Equation 11) 

The acquisition of these density estimates can provide an enormous 
amount of information on the structure of cells and tissues. It is nec
essary to stipulate clearly what the component is as well as the exact 
nature of its containing component. Counting points in mitochondria (PMIT ) 
and in theJr containing epitheltal cells (PCELL ) and cytoplasm (PCYT ) can 
thus provide us with either the cytoplasmic volume density (=PMIT'PCYT) or 
the cellular volume dens:!.ty (=PMIT/PCELL)' with the latter always being 
lower in value since PCELL contaIns poInts falling in both nucleus and 
cytoplasm. Hemidesmosomes (HD) which are found in the plasma membranes of 
epithelial cells at the basal lamina complex of the epithelial-connective 
tissue junction may have their surface densities quantifted :!n relation to 
unit volume of ep:!thelial cell (SVHD CELL) or in relation to the plasma 
membrane within which they are founa'CSs )' The Ss parameter may be derived 
for the entire plasma membrane (PM) surTace as SSHD PM or it may be more 
useful in biological terms to relate the hemi.desmosomes only to the reg:!ons 
of membrane upon whi.ch they are found, i..e., the basal plasma membrane 
(BM), i. e., SSHD PM' The reference volume or area will thus vary according 
to the requirements of a study. 

Density data are the most commonly used stereological parameters, but 
one must be wary in the i.nterpretation of such data. Such pitfalls are 
illustrated in Fig. 1, Table 1 and in the illustrated example. The next 
step possible in stereology is to obtain tertiary data or average cell 
values. 

Average Cell Data. If we can 1.n some way quantify accurately some 
component of our experimental system, we can convert our density data to 
absolute data. From such estimates we can extract a great deal of rele
vant information wh1.ch may tell us, for example, whether a part1.cular 
organelle is undergoing proliferation or involution. How this can be 
achieved is best illustrated by using the liver as an example. Let us 
suppose that we wish to know whether the volume of hepatocyte mitochon
dr1.a in an experimental group d:!ffer from that in a control group. Hav1.ng 
carried out our experiment, we obtain two sets of livers from two experi
mental groups, and we measure their volumes (VL1V ), for example by flu:!d 
displacement. We then process the livers for electron microscopy and using 
semi thin sections at the light microscope level, the volume density of 
hepatocytes in unit volume of liver tissues (VVHEP LIV) is determined from 
a systematic random sample. These blocks are tnen'sectioned for electron 
microscopy and the volume density of mitochondr1.a in hepatocytes is cal
culated (VVMIT HEP)' From this information we can calculate (i) the mean 
volume of nepatoayte~ in the ~iver VMEP (=VVH~P,LIV x VLIV ) and thence (ii) 
the mean volume of m~tochondrla :!n t e liver MIT t=VVMIT,HEP x VHEP)' 

Another approach is to measure the dimensions of the cell from sec
tions. If we have a population of cells with spherical nuclei of uniform 
size, the nuclear diameter can be determined by direct measurement and 
nuclear volume 3an be calculated from the formula for the volume of a 
sphere (= 4/3nr). If the ratio of nucleus to cytoplasm (N/C) is also 
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known, we have a means of obtaining the cytoplasmic volume which is 
independent of cellular shape, s i nce N/C is the ratio of the nuclear and 
cytoplasmic volumes. We now have estimates of nuclear volume, VV' and 
cytoplasmi.c volume, V T' If we estimate the volume density of mitochon
dria per unit volume Sf cytoplasm (VYMIT CYT)' we can readily calculate the 
absolute volume of mitochondria in the average cell (VMIT ) from 

(Equation 12) 

By using absolute cell volume estimates, surface dens i ties may similarly be 
transformed to average cell data i f they are related to a unit volume of 
cell or cytoplasm, i.e., SV' If related to uni t surface of plasma mem
brane, t.e., SS' it is possible to obtain absolute estimates of the average 
cell plasma membrane surface (SpM) by subs tituting cell volumes into the 
volume to surface ratio formula which is 

V = ~ELL = Z x P 
S SpM ~ 

(Equation 13 ) [19J 

This method requires additional counting to be performed using a test 
latt i. ce of interrupted lines (see Weibel [2J) of length Z. The ends of the 
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Fig. 1: Diagrammati c illustration of data generation usi.ng a double 
quadratic test lat ti ce of s i de length lcm at a magnifi cation of 
xl0,OOO. N = nucleus; CYT = cytoplasm; LY = lysosomes; MIT = 
mitochondria; NM = nuclear membrane; PM = plasma membrane; DES = 
de smosomal contact site. Note: For simplicity, the nuclei and 
lysosomes are presented as circles of diameters 3cm and lcm. In 
random sections of spheres with these diameters, the mean 
diameters, d, will be less than the true di ameter, D, whi.ch is 
found from the relationshi p D = ~ x d. (In origi naL 1 grid 
sq. = 1 cm) • 'It 
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lines are cons:l.dered as points. Po:lnts falling within the cell are counted 
(P) as are intersections of the test lines with the plasma membrane (I). 
If we have a surface density of desmosomes expressed per unit surface of 
plasma membrane (SSDES,FM), then the absolute surface area of desmosomes 
(SDES) on the average cell is obtained from 

(Equation 14) 

An Illustrated Example of Data Generation (Fig. 1 and Table 1) 

Let us suppose that we have carried out an expertment on a particular 
tissue and have acquired a sample of micrographs in group A from control 
animals and in group B from the experimental animals and that we wish to 
identify the changes induced by the experimental treatment. In diagram
matic form, Fig. 1 shows a cell from group A and a cell from group B with a 
quadratic test lattice superimposed over each. The test lattice has a 
spacing of 1cm, which at a magnification of x10,OOO, represents an actual 
length lum. Each point on the lattice thus also represents 1um2• By 
carefully follow:l.ng the worked example, one can appreciate how primary data 
are obtained and how this can be converted to secondary and tertiary data 
(Table 1). 

In such an example, it is obviously impossible to provide a compre
hensive description of all stereological techniques avaUable, but most of 
the common parameters are described. The data have, of course, been 
generated from only two cellular representations for simplicity, and are 
thus purely illustrative, but if we assume that they are derived from 
representative samples, we can see that several quantitative differences 
exist between our two hypothetical cell populations. For example, des
mosomal surface densities (S8 and SV) are similar in both populations. _ 
However, cell B has a lower frequency of larger desmosomes (compare NS and ~ 
data) and the average cell in group B has far more of its plasma membrand 
differentiated into desmosomal attachment sites (see SDES). Similarly, the 
lysosomal density estimates Vv and NV are similar in groups A and B, but 
their volumes and numbers in the average cell in both instances are 
actually doubled. These examples clearly show the limitations of the sole 
acquisition of dens:!.ty data from two samples, from which we might have 
concluded erroneously that our experimental treatment produced no signi
ficant alterations :!.n either desmosomes or lysosomes. In fact, cells from 
group B were larger by almost 50um3, wh:l.ch resulted from cytoplasmic 
hypertrophy, and this was accompanied by the formation of desmosomes of 
greater size and by an increase in the volume of the lysosomal population, 
produced by a doubling of the number of lysosomes in the average cell. It 
is thus clear that before undertaking stereological analyses, one's aims 
and objectives should be clearly defined and any interpretations drawn from 
the study carefully considered. 

Sampling Guidelines 

Stereology is a science of averages, and depends for its success in 
terms of reliability and accuracy upon the acquisition of quantitative data 
from a representative random sample of tissue which is free of selection 
bias. In practice, this involves a series of steps known as a multilevel, 
nested or cascade sampling procedur [2]. Ideally, this should not deviate 
between control and experimental systems. In a simple experiment tn wh:l.ch 
we wish to evaluate ultrastructural morphological changes tnduced by a 
particular experi.mental treatment, our starting potnt 1.n the stereological 
analysis would be to obtain a group of animals (matched for strain, age, 
sex or body weight) whi.ch had been subjected to a particular expertment in 
identical ways and to obtain a control group of similar animals not sub
jected to such expertmentation. From each of these ani.mals :l.n both groups, 
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Table 1: Acquisltion of Stereologlcal Informatlon (derlved from FIgure 1) 

I'----------------------------F--R--I--M--A--R--Y----D--A--T--A--------------------------~ 
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we would then obtain samples of the tissue or organ, which would then be 
prepared for electron microscopy. Procedures used for microscopical 
examination of tissues, such as fixation, dehydration, embedding and 
sectioning may modify structural dimensions by shrinkage, swelling, com
pression or extraction of various components. During specimen preparation, 
carefully controlled, standardIzed procedures should be used, in order that 
such procedures affect both groups similarly. Variations in preparative 
techniques are potential sources of error and can greatly affect the quan
titative data obtained [2,20-22]. 

Having obtained a sample of tissue blocks from each ani.mal, a random 
sample is obtained, usually by lottery, for sectioning. In theory, such 
sections should be cut in random planes, but in practice it may be neces
sary to deviate from this ideal. For example, if studies are directed 
towards analysIs of the different maturation compartments (basal, spinous 
and granular layers) in a stratified squamous epithelium, random plane 
sections would pass both perpendIcularly and horizontally with respect to 
the epIthelial surface. In horizontal sections, it is .impossible to dis
criminate adequately between the morphology of basal and spi.nous cells, and 
for this purpose such sections would be useless. Thus random perpendicular 
planes are used in which it is assumed that each cellular layer forms a 
polari.zed sheet, within which the individual cells are homogeneous [17, 
23-26]. In simple columnar epithelia, an analys.is of di.fferences between 
basal and apical portions of the cell would be most efflciently card ed out 
using sections perpendicular to the epithelial surface. Boysen and Reith 
[27,28] have used such sections for their histological and ultrastructural 
evaluations of abnormal nasal epithelium in nickel workers. In other cases 
it may be essential for purposes of cellular i.denti fication to obtain cells 
sectioned through their nuclei or nucleoli [29,30], and such bias can be 
adjusted by correction procedures [31]. 

From our random sample of sections, it is then necessary to acquire a 
random but representative sample of fields from each section. In epi
thelial organs such as the liver, in which large numbers of hepatocytes are 
present, a useful randomization procedure js to record photographically 
only those cells which lie in particular corners of a grid square. This 
may be highly impractical for tissues with a much smaller volume, for ex
ample the stratified epithelium of the epidermis, or columnar epithelium 
lining the gut or inner ear. In these cases, where less tissue is avail
able for analysis, randomization can be effected by photographing cells 
adjacent to grid bars, and two or three more between these at equally 
spaced predetermined intervals. 

True randomization at all levels of sampling is of paramount impor
tance and yet does not ensure the representativeness, the other sine qua 
non of stereology, of our sample. I have already suggested approaches in 
which sectioning procedures may be biased. In practical terms, randomiza
tion is necessary insofar as the final sample of fields which we are to 
quantify does not in any way include features which we have selected as 
typical of our sample. If, for example, we wanted to quantify the volume 
of mitochondria in basal cells in a stratified epithelium, it would be 
advisable to select perpendicularly sectioned profiles to identify the 
basal cells, but not to select from those basal cells which appear to have 
larger or more numerous mitochondria. 

The above comments relate to sample quality. However, when conducting 
a stereological investigation, we also need to know how large each sample 
should be at each of the levels of our multilevel sampling scheme. In 
essence, how many animals, blocks, sections and fields should be used to 
obtain accurate results from a representative sample with the minimum of 
effort? ObViously, maximal precision is obtained by making the maximum 
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number of measurements. Shay [32J has shown that beyond a certain sample 
si ze, the improvement in prectsion improves only marginally tn relation to 
the extra effort tnvolved in obtaining the measurements. Mayhew [33J has 
discussed the problems associated with sampling with clarity and in depth 
recently. In order to carry out efficient stereology, we need to obtai.n 
accurate estimates from the smallest sample possible in the shortest time. 
Optimal sample size is influenced by many factors which include the stereo
logical parameter being measured, the magnitude of the changes we wish to 
detect and the natural variation between animals and that produced by an 
experimental treatment, which may induce substantial heterogeneity i.n the 
morphology of cells and tissues at all sampling levels. 

In order to answer these questions, a statistical approach has been 
used by several groups to which the reader is referred [32,34-37J. Practi
cally, a pilot study is carried out using a fixed number of animals, blocks 
per animal, sections per block and fields per section. By using analysis 
of variance techniques [33-37J, it is then possible to assess the contribu
tion to the total experimental variance between animals made by each of the 
sampling levels. Sampling levels displaying high variances will need to 
have thei.r sizes increased if this is cost effective [36J. One of the most 
consistent features of this type of analysis has been to identify the most 
significant source of variation in experimental studies as that derived 
from innate biological variation between animals. The implications of this 
in stereological analyses is that as many animals as is feasible should be 
used in any given experimental system. The advice offered by Gundersen and 
¢sterby [34J of "Do more less well" is well worth heeding. There is 
nothing to be gained from measuring tissue or cellular components from each 
field with great precision when such effort will have little bearing on the 
overall variation of the experiment. 

As we have seen, stereological estimates can be generated most simply 
by a procedure known as event counting. The number of points or inter
sections which need to be counted to achieve a given level of precision on 
a set of micrographs can be determined using the relative standard error 
(RSE) approach which can be performed to determine test point numbers for 
volume densi ty [38J or test intersection numbers for surface density [2J 
estimates. In order to determine an acceptable level of precision, a pilot 
study is carried out in which approximations of volume or surface densities 
are determined, preferably from one animal. The relevant formulae are 
given as 

RSE = /l-Vv 
P 

for volume density estimates and 

(Equation 15) 

(Equation 16) 

for surface density estimates. The number of points P or intersections I 
required to provide a defined standard error for a given volume (VV) or 
surface density (SV) can thus be estimated. 

Another commonly used approach is that known as the cumulative or 
progressive mean plot technique. Here a large sample of micrographs from 
one animal i.s measured [39,40J. For each micrograph, the desired estimate 
is derived and then plotted accumulatively against the number of fields. 
The number of fields required to attain and rematn within a specified range 
of the final mean is then taken to be the minimal sample size for the 
particular component in one animal within a given experimental group. 
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The major disadvantage of the relative standard error and accumulative 
mean approaches is that, while they can provide us with an indication of 
how many fields or events we need to count for each animal, they do not 
tell us how many animals, blocks or sections we need. The statistical 
analysis of variance techniques are thus superior in this respect. 

Reductions in :l.ntra-an:l.mal variation can also be reduced practically 
by selecting the lowest possible magnification wh:l.ch perm:l.ts adequate reso
lut:l.on of the component being measured [41]. This wEI increase the sample 
s:l.ze and reduce variation between fields. Sectioning efficiency can be 
reduced for small organs by diclng the entire organ and randomly embedding 
the tissue in a s:l.ngle block, which is then sectioned. This techn:l.que has 
been used by Stringer et al. [42J in rat thyroid gland. Counting proce
dures may be made more efficient by careful design of the test lattice. 
For volumetric estimates, each point should represent a square which is 
s:l.milar in area to the largest profile of the component being quantified 
[2J. The use of coherent dual latt:l.ces compr:l.sing arrays of coarse and 
light points also improves efficiency enormously, with coarse points being 
used to evaluate the reference and fine points to quantify the component of 
interest. 

APPLICATIONS OF STEREOLOGY IN EPITHELIAL CARCINOGENESIS 

Malignant development is characterised by uncontrolled growth and 
d1.vision of cells which leads to local invasion of the ~djacent stroma and 
eventually to the distant spread, or metastasis, of malignant cells via the 
blood or lymphatic systems. Epithelial cancers are by far the most preva
lent of the mal:l.gnant d:l.seases, and treatment has more likelihood of suc
cess in earlier rather than later stages of the dtsease. The diagnosis of 
overt carcinomas is usually straightforward, but many precancerous condi
t1.ons are d1.fficult to detect and often ambiguous in their histopatho
logical presentation. 

The development of cancer in both humans and 1n exper1mental an:l.mal 
models is accompanied by a var:l.ety of morphological alterations at both 
t:l.ssue and cellular levels. Many of these are quantifiable. Using 
morphometr:l.c and stereological methods, work in our laboratory has been 
d1.rected towards the identificat:l.on of structural features :l.n both 
epithel:l.al lesions and the adjacent connective tissues which are altered 
during malignant transformation in the hamster cheek pouch mucosa treated 
with the chemical carcinogen 7,12 dimethylbenz(~)anthracene (DMBA). As an 
illustration of how stereological methods can be used 1.n experimental 
pathology, I w:l.ll summar:l.ze some of our recent results obtained from these 
models using two d:l.fferent experimental approaches. 

In the first of these, our intention was to determine whether quan
t:l.tative changes in the blood vascular system of the lamina propria were 
induced by carcinogen appHcation as a function of time. DMBA (0.5%) 
dissolved :In Hqu1.d paraff:l.n was applied thrice weekly to cheek pouch 
mucosa for up to 10 weeks and cheek pouches obtained after 6 and 16 weeks. 
Untreated animals and ani_mals treated thrice weekly with Hqui d paraffin 
for 10 weeks were used as controls. Tissue was processed for routine 
histological examination and five animals were used in each of the groups. 
Serial sections 5 um in thickness were cut, and one in every ten removed, 
mounted and stained with Van Gieson. From each section, four equally 
spaced fields were measured at a final magnification of xl04 on each of ten 
sections obtained from each animal in each group. 

Measurements were carried out directly on sections us:l.ng a Zeiss 
microscope fitted w:l.th a draw:l.ng tube attachment arranged over the digi-
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tizing tablet of a MOP AM03 semi-automatic image analyzing system. This 
instrument can be programmed to produce number, length and area measure
ments automatically from perimeter traces of different components by using 
a cursor. On each section, the areas of epithelium (AEP )' lamina propria 
(ALP) and blood vessels (ABV ) were measured. All blood vessels within the 
lamIna propria were quantifced irrespective of morphology. From these 
primary data, two simple secondary parameters were generated: the ratio of 
epithelium to lamina propria (EP/LP = AEp/ALP ) and the volume density of 
blood vessels j_n the lamina propria (VVBV LP = ABVI ALP)' Primary data were 
pooled on an individual animal basis ana secondary data were generated for 
each animal. The results are summarized in Table 2. 

Qualitatively, the carcinogen induces a variety of changes in the 
epithelial tissues which results in marked heterogeneity of morphometry at 
different time intervals. These changes include hyperplasia, dysplasia, 
carcinoma in situ, papilloma and squamous cell carcinoma. Thus, any 
section obtained from the DMBA-16 group will demonstrate several of these 
features and random samples from such a section will, upon quantification, 
reflect this heterogeneity. This is evident in the high deviations in the 
DMBA-16 group for both parameters in Table 2. Vascularity is increased 
10-fold in the DMBA-6 group and more than 25-fold in the DMBA-16 group. 
This may be a result of induction of vascular proliferation by the trans
forming epithelial cells, which produce tumor angiogenesis factor [43] by 
which means malignant cells ensure their survival by providing themselves 
with an adequate vascular network. The EP/LP ratio is reduced in the 
DMBA-6 group, but is markedly elevated after 16 weeks. Qualificatively, 
these changes probably reflect alterations in epithelial volume. Indeed, 
after 16 weeks, the epithelial component seems to be substantially in
creased. However, the almost 8-fold increase in vascular volume density 
following liquid paraffin administration was an entirely unexpected 
finding. This vehicle is generally believed to be innocuous and to produce 
no significant histological alterations. However, data in Table 2 suggests 
that this is not the case and that quantitative morphological changes are 
induced by the vehicle for the carcinogen. 

Malignant invasion by epithelial cells is intlmately involved with 
structural alterations at the epithelial-connective tissue junction. In a 
second example, a different sampling procedure was used in which ultra
structural quantification of some features of this junction was carried out 
in histopathologically defined dysplastic, premalignant lesions and com
pared with normal epithelium. Using the same experimental model as out
lined above, cheek pouch lesions were collected for ultrastructural 
examination and using semi-thin sections, 5 blocks from each of 5 animals 
were diagnosed as epithelial dysplasia on the basis of their abnormal 
cytological features [44]. Thin sections were obtained and a systematic 
random sample of micrographs obtained at two different magnifications. 
Whole basal cells were recorded at ~ final magnification of x6,OOO for 

Table 2: Histological Morphometry of Experimental 
Cheek Pouch Carcinogenesis 

Normal liquid OMBA-6 OMBA-16 Paraffin 
-

EP/LP x 1.027 0.818 0.649 1.683 
SD 0.220 0.067 0.096 0.630 

- 0.0042 0.0327 0.0454 VVBV, "p x 0.1085 
SO 0.00l2 0.0130 0.0206 0.0733 
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quantification of average cell features such as cell volume and surface 
area and a second series of ~icrographs of the junction recorded at 
x18,750, from which junctional features such as hemidesmosomes and lamina 
densa were measured. 

Cellular volumes (VCELL ) and surface areas (SCELL) were determined 
using direct nuclear measurements in conjunction wl~fi point and inter
section counting to estimate nuclear cytoplasmic and cellular volume to 
surface ratios [17,45,46]. Differential intersection counting was used to 
calculate the relative surface area of membrane in contact with the junc-
tion SSBM PM" [47] and of the relative surface areas of hemidesmosomes, 
SSHD BM' r48], and la~ina densa, SSLD BM' [49], to basal plasma membrane. 
FoIlbwIng estimation of parameters cnAracterizing the average cell membrane 
surface, it was possible to obtain tertiary data by multiplying density 
estimatess by the average area of basal plasma membrane (SSM) i.e., that 
membrane associated with the epithelial-connective tissue Junction. Thus 
the absolute areas of hemidesmosomes (SHD) and lamina densa (Sr.n) were 
derived from the average cell in normal and DMBA-induced dysplastic 
lesions. Results are presented in Table 3. 

Dysplastic basal cells have double the volume and 50% more plasma 
membrane than normal basal cells. They also have more of their plama 
membrane i.n contact with the lamina propria (see SSB/i PM) and on this 
membrane, 40% is differentiated into hemidesmosomal Jtnctions. In 
dysplastic cells, this proportion is reduced to 27%. 98% of the normal 
basal plasma membrane is associated with lamina densa, but this is reduced 
to 77% in dysplastic cells. Average cell data indicate that the absolute 
surface of hemidesmosomes is similar in both normal and dysplastic cells 
but that the areas of basal plasma membrane and of lamina densa are 
significantly higher in dysplastic cells when compared with normal cells. 
Thus a number of structural alterations are found in pre-neoplastic cells, 
the most striking findi.ng being an increased surface area of basal plasma 
membrane in contact with the stromal tissues. Since there is a doubling in 
SBM' we can conclude that increased plasma membrane synthesis or assembly 
is occurring. Some of this membrane may be inserted into the basal plasma 
membrane, producing a dilution of the existing he~idesmosomal junctions 
which may result in a progressive reduction in adhesion at the epithelial
connective tissue junction. This may be an important prerequisite for 
malignant invasion. 

Morphometric techniques may thus prove to be valuable in the patho
genesis of neoplasia, and if specific morphological descriptors or 
parameters can be identified, may eventually prove useful as diagnostic 
aids in the assessment of malignant disease. They also lead one to pose a 
number of questions. For example, are vascular alterations specific for 
the carcinogenesis process or are they a result of the accompanying 
inflammation? Is there any relationship between vascular density and 

Table 3: Stereological Analyses of Basal Cell Components in Normal 
Hamster Cheek Pouch Epithelium and DMBA-induced Dysplasi.a 

VCELL SCELL 
SSBM,PM SSHD,BM SSLD,BM SHD SLD SBM 
(\Jm~/~m~ ) (\Jm~/\Jm~ ) (\Jm~/\Jm~) (~m~) (\Jm~) (\Jm~) 

-
Normal x 352 1088 0.09 0.40 0.98 35 84 86 

SD 85 307 0.02 0.03 0.02 10 19 20 
-

Dysplas~a x 672 1651 0.12 0.27 0.77 53 149 190 
SD 177 341 0.01 0.06 0.08 18 37 30 
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epithelial thickness? Are the alterations in vascular volume produced by 
angiogenesis or neovascularization or by dilatation of existing vessels? 
Is the quantitative response in carcinogenesis the same or different for 
the various vascular components, i.e., arteries, veins and capillaries? 
Can the vascular alterations be modified by anti-neoplastic, anti
inflammatory or vasoactive agents? What is the relationship between 
vascular volume and the histopathology of the overlying epithelial lesion? 
Are the density reductions i.n hemidesmosomes and lamina densa specific for 
carcinogenesis or are they also present in benign inflammatory and non
neoplastic conditions? Can basal lamina alterations be reversed by spe
cific modulators of epithelial differentiation, such as retinoids? Are any 
other intercellular junctions, for example desmosomes, reduced in density 
following carcinogen application? Are there any other quantitative mor
phological alterations present in intracellular organelles which might 
prove valuable as indicators of malignant transformation? 

The list of questions posed could obviously be extended, but each of 
these could be answered by the application of stereological methods. Their 
reliability and objectivity make them very effective techniques for the 
structural biologist. 

MORPHOMETRY IN EPITHELIAL BIOLOGY AND PATHOLOGY 

It is obviously impossible to provide an exhaustive list of the pos
sible applications of morphometric and stereological studies to normal and 
abnormal epithelial tissues within the context of this review. However, 
some selected examples may serve to stimulate the reader to look more 
deeply into the subject. 

A number of ultrastructural studies of stratified squamous epithelium 
have been performed. In most of these, different strata have been investi
gated to determine the maturation pattern of particular features between 
basal and surface layers [17,23-26,45,46,50-58]. The quantitative histo
logical characteristics of a wide variety of stratified epithelia have also 
been investigated [59-64] and several studies have incorporated quantifica
tion of the supporting connective tissue components [65-69]. Histologi.cal 
and ultrastructural modifications of stratified epithelia following a 
variety of experimental treatments and in various disease states have been 
described [70-83] and there is also a significant morphometric interest in 
the responses of stratified epithelia and thei.r supporting tissues to 
experimental carcinogenesis [46-49,84-88] and in human neoplasia [89-91]. 
A variety of other types of epithelia have also been subjected to morpho
metric and stereological analyses in studies of normal, experimentally
treated or diseased tissues. These include glandular tissues such as the 
parotid [92-94] liver [95-97] pancreas [98,99] and breast [100-102], endo
crine glands such as the adrenals [103] and pancreatic islets [104,105], 
the columnar cells of the upper respiratory tract [106-110], a variety of 
components in the lung [111-113] and in the kidney [114-116] and gastro
intestinal tract [117-119]. 

A cursory glance through the above cited references will reveal the 
rich variety of research problems being tackled in epithelial biology by 
using quantitative morphological techniques. If the procedures outlined in 
this paper and described more fully elsewhere [2,7,33,120,121] are adhered 
to, the novice will be able to exploit these powerful, objecti.ve techniques 
with great benefit in structural studies of comparati.ve morphology, experi
mental biology and pathology and in the pathogenesis and diagnosis of human 
disease. 
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DISCUSSION 

Patuzzi 

Presumably there is an optimum unit length or grid size for evaluating 
the structures you are interested in. How do you determine this? 

White 

Absolutely, there are ways to determine that. I showed a grid which 
had identical sized squares. You can use different size squares and count 
different components. Ideally, the size of the grid squares should be 
approximately equivalent to the lagest area of the component you are in
terested in. Obviously, if you are looking at a cell which has a nucleaus, 
mitochondria and micotubules, then these are all very different in size and 
diameter. What we usually do under these conditions is to use a coherent 
double lattice. Where every 5th line or every 10th line is thicker, use 
the thickest lines for quantifying the large structures and the th:l.n lines 
to count the small structures. Since there are 10 fine lines to one large 
line, the width of the thick line :I.s obviously equivalent to 10 times the 
small line and the area is going to be equal to 10 squared. So, there are 
methods for increasing the efficiency above what I have shown. 

Saunders 

You could be measuring with tremendous precision cell structures where 
the shrinkage level is not known and I could say, so what? An important 
issue here is what anatomical changes are due to histological processing 
itself? 

White 

Right, I omitted to mention the fact that when you are carrying out 
one of these studies, one of the most fundamental requirements is to make 
sure you are processing the experimental and control groups in exactly the 
same way. Thus, the changes you are quantifying morphologically would be 
the result of the experimental treatment and not of the fixation. I would 
not like to suggest that the data you obtain are strictly comparable to 
which you would find in vivo. Obviously, fixation does produce a variety 
of effects. But if you use the same fixative in your control groups and in 
your experimental groups, then we would assume the changes would be the 
same for both groups. The message that I am trying to give those in
terested in the histology or in ultrastructure of the auditory system is 
that it is possible to descr:l.be the changes which may have some particular 
biolog:l.cal s:l.gn:l.ficance to you quantitatively, rather than s:l.mply quali
tatively. 

106 



MORPHOMETRIC METHODS FOR THE EVALUATION OF THE COCHLEAR MICROVASCULATURE 

INTRODUCTION 

Lynn Carlisle 

Kresge Hearing Research Institute 
University of Michigan 
Ann Arbor, MI 

Although the vasculature of the cochlea has been implicated in a 
number of etiologies of deafness, experimental verification for such an 
involvement has proved to be difficult; part of the reason for this diffi
culty is that, until recently, studies of the cochlear vasculature have 
been descriptive rather than quantitative. Descriptive studl.es have con
tributed significantly to our understanding of gross vascular pathology in 
the cochlea; however, it is difficult to document subtle morphological 
changes without resorting to quantitative methods. Since subtle changes in 
the blood supply to the cochlea may be involved in such clinical conditions 
as tinnitus, Meniere's disease and temporary threshold shift following 
acoustic trauma, there has been considerable interest in developing quanti
tative methods for the analysis of the cochlear vasculature. Several such 
techniques are described in this chapter, following a brief review of the 
vascular anatomy of the cochlea. 

The Vascular Anatomy of the Cochlea 

Detailed descriptions of the vascular anatomy in commonly used experi
mental animals and in man have been published by Smith [1], Hawkins [2], 
and Axelsson [3]. The blood supply to the membranous labyrinth is provided 
by the internal auditory or labyrinthine artery which ,is a terminal branch 
of the anterior inferior cerebellar artery. Once inside the membranous 
labyrinth, the labyrinthine artery divides and sends branches to the 
vestibular and cochlear tissue. One of these branches, the common cochlear 
artery, supplies the entire cochlea via its two branches, the cochlear or 
spiral modiolar artery, which supplies all of the cochlea except the 
extreme basal end, and the vestibulocochlear artery, which supplies the 
extreme basal end. 

The spiral modiolar artery enters the modiolus and coils around the 
cochlear spiral to its apical end. In some species, arteriolar glomeruli 
are observed in the modiolus. The modiolar vessels are in close proximity 
to adrenergic and choli.nergic nerve fibers [4]. Branching arterioles are 
given off at regular intervals to supply the spiral ganglion, osseous 
spiral lamina and the lateral wall tissues, eventually forming terminal 
capillarie~ which perform their nutritional function and then drain into 
the venous system. 
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~_-..rv-, .... VE~EL OF THE BASILAR 
!MEMBRANE 

Fig. 1. Schematic representation of the spiral lamina and limbus. The 
vessel of the basilar membrane is only occasionally present; when 
present, it is located under the tunnel of Corti. The vessel of 
the tympanic lip is located in the region of the habenula per
forata; it receives most of the radiating vessels. The area 
peripheral to the tunnel of Corti is avascular (From Axelsson 
[3]) . 

The osseous spiral lamina contains two spiral vessels (Fig. 1). The 
vessel of the tympanic lip, which forms a series of T-shaped loops near the 
habenula perforata, is the principal vessel of the spiral lamina. Another 
vessel, the vessel of the basilar membrane, is situated under the tunnel of 
Corti, but it is not always present. Both vessels are surrounded by 
numerous pericytes and in some rare instances unmyelinated nerve fibers 
have been reported terminating on these vessels. These vessels are 
responsible for the nutritional support of the organ of Corti [5]. 

A second population of radiating arterioles arch over scala vestibuli 
and then leave the bony partition to supply the vascular areas of the 
lateral wall (Fig. 2). All of these vessels are true capillaries, being 
devoid of nerve fibers and smooth muscle cells. Some of these capillaries 
pass through the spiral ligament from scala vestibuli to scala tympani, 
others course through the spiral ligament and then pass into the spiral 
prominence and still others supply the stria vascularis. The capillaries 
which supply the stria vascularis ramify extensively to form a complex 
vascular network. Extensive vascularization of the stria vascularis 
is necessary to meet the high metabolic demands of this tissue, which is 
responsible for the maintenance of the high potassium level of endolymph 
and the endolymphatic potential [6,7]. 

Due to its vital role in the function of the inner ear, most studies 
of the inner ear vasculature have focused on the stria vasularis. The 
stria is composed of three distinct cell layers, the marginal, intermediate 
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Schematic representation of the cochlear lateral wall. 
According to Axelsson's nomenclature, vessels are named 
to reflect their relationship to other anatomical 
structures and their course through the cochlea; in 
actuality, all lateral wall vessels are capillaries, 
based on their size and the absence of smooth muscle 
(From Axelsson [3J). 

and basal cell layers [8J. The marginal cells form the endolymphatic 
surface of the stria vascularis. These cells are characterized by their 
dense-staining cytoplasm and their intricate pattern of basal infoldings. 
The marginal cells are believed to be the ion-transporting cells of the 
stria [9J. The intermediate cells interdigitate with the marginal cell 
processes and the capillaries of the stria. The intermediate cells contain 
a pigment which is believed to be melanin [10J. The capillaries of the 
stria have a continuous endothelial lining and are occasionally surrounded 
by pericytes. The border between the stria and the spiral ligament is 
formed by one or two layers of spindle-shaped basal cells. 

MORPHOMETRIC STUDIES Of THE INNER EAR VASCULATURE 

The anatomical arrangement of the capillaries in the stria vascularis 
is such that they lie in a single plane when viewed as a surface prepara
tion. This characteristic enables investigators to study the entire length 
of the stria and gain a comprehensive picture of its organization. Un
fortunately, a surface preparation view of the stria vascularis provides 
little information regarding the cellular matrix in which the vessels 
reside, since the three cell layers of the stria lie in a plane orthogonal 
to that of the vessels and are best illustrated in cross-sectional views of 
the tissue. For this reason, techniques for the analysis of the stria 
vascularis have tended to emphasize either the cellular matrix or the 
vascular component. 

Stereology of Stria Vascularis 

The technique developed by Santi et al. [9J utilizes the cross
sectional approach to analyze the relative density of the cells and 
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capillaries of the stria. In their first study, epon-embedded cross
sections were taken at four predetermined locations along the cochlear 
spiral and photomontages were compiled so that an entire cross-sectional 
profile of the stria was represented. Using a digitizing tablet interfaced 
to a Terak microcomputer and a stereological technique adapted for analysis 
of a small, stratified epithelium, the volume density (Vv) of the cells and 
capillaries of the stria vascularis were quantified. A 2 cm grid was 
placed over the photo-micrographs (at 7500X magnification) and the relative 
proportion of the tissue occupied by each component was calculated as: 

number of point-hits on component 
Vv(component) 

total point-hits on stria vascularis 

At each location, the width (measured as the distance along the endolym
phatic surface of the stria from the attachment of Reissner's membrane to 
the edge of the spiral prominence) and the radial area of the stria were 
also calculated. 

The results of this study indicated a 34% increase in the width and a 
52% increase in the radial area of the stria from the apical to the basal 
end of the cochlea. Santi et al. also reported that the relative volume 
density of each of the components of the stria did not vary among the four 
regions where measurements were made and concluded that one radial section 
is sufficient to characterize normal stria volume densities. They reported 
volume densities of the four components of the normal chinchilla stria 
vascularis to be: marginal cells = 0.528 (+ 0.013); intermediate cells = 
0.212 (+ 0.026); basal cells = 0.163 (+ 0.009); capillaries = 0.097 
(.:t. 0 •009). -

In a subsequent study [11], this technique was used to quantify volume 
density of strial components in chinchillas dosed with bumetanide and 
sacrificed at intervals of 10 minutes, 1 hour and 24 hours later. Cross
sections were cut at intervals of 10% for radial area measurements and a 
single radial section cut at 70% of the distance from the apex was used for 
the volume density measurements. In addition to quantifying the three cell 
types and capillaries, the relative volume density of intercellular spaces 
was also calculated as: 

point-hits on intercellular spaces 
Vv(intercellular) 

total point-hits on stria 

The formula for computing Vv for the other components was modified: 

point-hits on component 
Vv(all others) 

(total hits) - (hits on intercellular spaces) 

Results of the study showed an increase in radial area of the stria vas
cularis at 10 minutes and at 1 hour, and no change in stria width. The 
volume density of the marginal cells was significantly decreased and the 
volume density of the intermediate cells was significantly increased at 10 
minutes and at 1 hour after dosage. No significant changes were found for 
the volume density of basal cells or capillaries in the stria. 

Computerized Image Analysis of Stria Vessels 

In the first truly morphometric study of cochlear vessels, the 
morphology of stria vascularis capillaries was studied by Smith et al. [12] 
using surface preparations of strial tissue from guinea pigs either exposed 
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to noise or treated with quinine and untreated control animals. Optical 
images of strial tissue were projected onto the monitor screen of a hard
wired image analysis device (Quantimet 720). Areas from each turn of each 
cochlea were selected at random for measurement. Selected objects were 
measured by tracing them on the monitor screen with a light pen. Two 
variables were calculated based on these measurements. They were: 

area of vessel lumen 
Vascular density 

area of total field 

area of vessel lumen occupied by RBGs 
RBG distribution 

area of total field 

The results were analyzed statistically by location and group using fac
torial analysis of variance. There was no significant difference in 
vascular density between control, noise-damaged and quinine-treated 
animals, but a highly significant difference in vascular density was 
reported for cochlear location. A significant decrease in RBG distri
bution was found in both the noise-exposed and quinine-treated groups as 
compared to controls. The incidence of vessel narrowings was also 
quantified by averaging the number of vessel narrowings caused by swollen 
endothelial cells per millimeter of stria length over the sample area from 
each turn. The results were transformed and submitted to analysis of 
variance, which indicated a significant increase in both experimental 
groups as compared to the control group. 

The Soft-Surface Specimen Technique 

Both methods just described are restricted to an analysis of the 
stria vascularis and do not consider the other capillary areas of the 
cochlea. The technique developed by Axelsson and his collaborators [13-
15] emphasizes the importance of evaluating all of these capillary areas 
and the surrounding cellular matrix in order to gain a comprehensive 
understanding of the cochlear microcirculation. A list of 20 vascular 
parameters (see Table 1) is used to evaluate all of the regularly oc
curring vessels in the osseous lamina and lateral wall, and the entire 
length of the cochlea is analyzed by dividing it into half-turn segments. 
Each variable is quantified by assigning a numerical rating for each vessel 
in each half turn. 

We used Axelsson's method to study the effect of impulse noise ex
posure on the vasculature of the chinchilla [16]. ~nimals were exposed to 
either 155 or 160 dB peak equivalent SPL (re 20x10- Pa) blast waves at a 
rate of 1 per minute for 50 minutes and decapitated without anesthetic 
after a 45-day recovery period. Axelsson's technique was used to evaluate 
the vasculature of control and noise-exposed animals, and the results were 
analyzed using stepwise discriminant analysis, a multivariate statistical 
technique which produces a hierarchical listing of variables that dis
criminate between experimental groups. The results of the statistical 
analysis are shown in Table 2, which lists the parameters which differed 
significantly from the control group. The decrease in plasma space between 
the RBGs and the vessel wall and the decrease in columns of RBGs are both 
suggestive of vessel constriction; the increase in lumen irregularities and 
in the number of perivascular cells compressing the vessel lumen are con
sistent with this interpretation. Table 2 indicates a different pattern of 
vascular change in the strial vessels than in the other vessels analyzed, 
with the predominant finding being an increase in pigmentation of the 
strial tissue. 
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DENS 
COL 
AGGREG 

ORIENT 
VAR 
PLAS 

UI IRRG 
PV LUM 

DIAM 
PVS 

Table 1. Axelsson's Vascular Parameters 

RED BLOOD CORPUSCLES 

Density; frequency and spacing of RBCs in vessel lumen. 
Columns; number of rows of RBCs in vessel lumen.~ 
Aggregations and plasma gaps; collections of RBCs and interspaced sections with plasma 
but without RBCs. 
Orientation; 
Variability; 
Plasma space; 

manner and plane of RBGs in vessel lumen. 
in density of RBGs. 
between RBCs and vessel wall. 

VESSEL LUMEN 

Lumen irregularity; local narrowing and widening of vessel l~en. 
Perivascular cell compressing vessel lumen; occurrence of narrow vessel lumen caused 
by endothelial cell nuclei and/or pericytes. 
Lumen diameter; width of vessel lumen. 
Perivascular spaces; spaces surrounding vessel lumen. 

STRIA VASCULARIS 

GRAN Granules; pigment formed of fine granulations. 
PIGM Pigment clumps; clusters or collections of pigment granules. 
VAC Vacuoles in stria surface structure. 
GAPS 'Gaps' between cells; spaces occurring between stria marginal cells below the tight 

cell junctions. 

AVC 
WBC 
EMS 
DEP 
MEL 
SPH 
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ADDITIONAL VASCULAR PARAMETERS 

Avascular channels. 
White blood cells. 
Emboli in vessel; bound, clear spaces within vessel lumen. 
Deposits; osmiophilic materials surrounding vessels. 
Melanocytes. 
Precapillary sphincters; narrowing of vessel by perivascular elements. 

Adapted from Shaddock, Hamernik, and Axelsson [17]. 

Table 2. Significant Parameters by Vessel 

~ PARAMETER RAl. VSVM SVS VSSP CVl VSTL 

PLAS • • • • • 
LM IRRG • • • 
COl • • • 
PVLUM • • 
VAR • 
PlGM • 
GRAN • 
GAPS • wac • 

Results of statistical analysis showing significant 
changes (positive or negative) in vascular parameters 
after 155 or 160 dB SPL impulse noise exposure. RAL
radiating arteriolis, VSVM- vessel of the vestibular 
membrane, SVS-stria vascularis vessels, VSSP-vessel of 
the spiral prominence, CVL-collecting venules, VSTL
vessel of the tympanic lip. See Table 1 for definitions 
of vascular parameters (from Shaddock, Hamernik and 
Axelsson [16]). 
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Example of a cytocochleogram and vasculogram from a 
chinchilla exposed to 155 dB SPL impulse noise. Vascular 
pathology was greatest in the basal half of the cochlea, 
which may be related to the pattern of hair cell loss or may 
be due to a greater susceptibility of this area to vascular 
damage. For vasculogram abbreviations, see Table 1. (From 
Shaddock, Hamernik and Axelsson [16].) 

In order to graphically display the relationship between areas of vas
cular damage and areas of hair cell loss, a "vasculogram" was generated for 
each cochlea. The numerical value for each parameter identified by the 
discriminant analysis was compared to the median value of that variable in 
the control group. The absolute value of the difference was computed and 
graphed by half turn. Fig. 3 shows the relationship between the cytococh
leogram and vasculogram of an animal exposed to 155 dB SPL impulse noise. 

In a related study we used the same noise exposure to examine the 
possible synergism of elevated body temperature and impulse noise exposure 
[17]; and the results were analyzed using the same statistical methods. 
Our results indicated no interaction of noise and elevated temperature on 
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Fig. 4. Schematic representation of the three vessel systems of the 
cochlear lateral wall vascular variables are quantified in terms 
of vessel system and location (within system) with respect to 
scala vestibuli, scala media or scala tympani. (From Shaddock, 
Hamernik and Wright [19].) 

the vasculature; the pattern of vascular changes seen was similar to that 
reported after impulse noise alone. We did observe that some vasculograms 
from animals exposed to elevated body temperature, but not exposed to 
nOise, showed the same pattern of increased vascular change in the lower 
half of the cochlea (see Fig. 3), which might indicate a greater suscepti
bility to damage unrelated to cause in the lower cochlear turns of the 
chinchi lla. 

Axelsson has published a number of studies concerning the effects of 
noise on the vasculature. In a recent review article, Axelsson and Vertes 
summarized their conclusions based on these studies [18]. They concluded 
that noise effects on the vasculature are related to the type, intensity 
and duration of the exposure and are influenced by individual variability 
as well. They stressed the importance of evaluating all of the vessels, 
since which vessels show the most vascular changes is related to exposure 
parameters. In their experience, certain characteristics of vessel 
morphology seem to be good indicators of vascular change. These charac
teristics are RBC parameters (denSity, columns and aggregations of RBCs); 
perivascular cell parameters (size and frequency of perivascular cells); 
and vessel lumen parameters (lumen diameter and lumen irregularities). 
They also stated that the most common strial pathology involves strial 
degeneration accompanied by changes in pigment cells. In their studies, 
vascular changes were not limited to the area corresponding to the greatest 
sensory cell damage and an overall decrease in the blood supply as a result 
of noise exposure was observed. 

Table 3. Vascular Variables (Shaddock et al.) 

VASCULAR DENSITY: Area occupied by vessels / Area of field. 

RBC DENSITY: Area occupied by RBCs / Area occupied by vessels. 

VESSEL WIDTH: Area occupied by vessels / Length of vessels. 

AGGREGATION DENSITY: Area occupied by aggregations of RBCs / Area occupied by RBCs. 

WBC FREQUENCY: Number of WBCs / Area occupied by vessels. 

LUMEN COMPRESSIONS: Number of lumen compressions / Area occupied by vessels. 

PIGMENT DENSITY: Area occupied by pigment / Area of field. 

Vascular variables quantified according to the method developed by 
Shaddock, Hamernik, and Wright. These measurements were taken for 
the vessels of the 3 vessel systems described in Fig. 4. 
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Computerized Image Analysis of the Lateral Wall Vasculature 

Our approach has been to classify the vessels of the lateral wall into 
vessel systems based on specific anatomical structures (the stria vascu
laris, the spiral prominence and the spiral ligament) and to evaluate these 
systems independently. These vessel systems (Fig. 4) are evaluated on the 
basis of location with respect to the specific anatomical structures that 
they supply. 

We developed a set of seven vascular variables (Table 3) based on 
Axelsson's parameters [13-15] that would be easy to quantify using a system 
similar to the one used by Smith [12]. Our hardware consisted of a DEC LSI 
11/23 microcomputer, an RCA 2000 Ultracon video camera, a Panasonic monitor 
and a Summagraphics TD 2000 digitizing tablet; the software used for data 
collection and analysis was written by Drs. William A. Ahroon and Craig M. 
Allen of the Callier Research Computer Facility, Dallas, Texas. 

This method was used to collect normative data on vessel morphology 
and to compare the vessels of the three systems to see if they were mor
phologically distinct [19]. Surface preparations of lateral wall tissue 
from the middle turn of the chinchilla cochlea were analyzed over an area 
of approximately 1 mm [2]. Results were analyzed statistically using a 
one-way analysis of variance; the test was performed for data collected in 
scala vestibuli, scala media and scala tympani. Only four of the seven 
vascular variables could be analyzed statistically; WEC count and lumen 
compression count were eliminated from the analysis because no examples of 
either variable had been found during data collection. The three vessel 
systems were significantly different (p < .05) in terms of vascular density 
and vessel width in all three scalae, and in terms of RBC density in scala 
vestibuli and scala media. There was no significant difference between 
vessel systems for aggregation density. The mean values obtained for 
vascular density, RBC density, vessel width and aggregation density are 
contained in Table 4. These results supported the hypothesis that the 
lateral wall vasculature was composed of three morphologically distinct 
vessel systems. 

The technique was used to analyze the vasculature of the chinchilla at 
1 hour, 24 hours, 1 week and 3 weeks after surgical rupture of Reissner's 
membrane [20]. The results were analyzed in a two-way analysis of variance 
where the factors were vessel system and survival time; the results are 
contained in Table 5 and illustrated in Fig. 5, which summarizes the sig
nificant trends in the data. The results indicated that the three vessel 
systems of the lateral wall responded differently to the injury. In the 
system of stria vascularis vessels, there was a decrease in vascular den
sity over time which reflected the degeneration of some strial vessels, a 
transient decrease in RBC density at 24 hours post- surgery and an increase 
in pigmentation in the cellular matrix of the stria. The width of surviv
ing strial vessels, as well as those feeding and draining the stria, was 
unchanged over the course of the experiment. In the system of spiral liga
ment vessels, an increase in vascular density due to an increase in vessel 
width was observed. There was a transient increase in RBC density in the 
scala vestibuli portion of these vessels at 1 hour post-surgery, and a 
decrease over time in the number of pigment cells found in scala vestibuli 
and scala tympani. The system of spiral prominence vessels was least 
affected. There was an increase in vessel width in the vessels feeding and 
draining the spiral prominence, and an increase in pigmentation in the 
cellular matrix of the spiral prominence. 

Although each of the four methods just reviewed has taken a slightly 
different experimental approach, the results of each set of studies have 
shown that various types of cochlear trauma do result in vascular path
ology that can be measured and studied in a systematic way. 
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TABLE 4 

Means (Standard Deviations) by Vessel System 
and Location for 5 normal chinchillas [19] 

System of Stria Vascularis Vessels 

S. vestibuli 0.0516(.0278) 0.5406(.2465) 14.238(2.454) 0.0000(.0000) 
S. Media-Str 0.1868(.0487) 0.8711( .2679) 7.447(1.502) 0.0000(.0000) 
S. Media-Pm 0.0391(.0198) 0.6877(.0665) 11.829(2.271) 0.0000(.0000) 
S. Tympani 0.0299(.0140) 0.6025(.2619) 11.117(2.520) 0.0000(.0000) 

System of Sprial Ligament Vessels 

S. vestibuli 0.0622( .0217) 0.3002(.1893) 6.822(1.168) 0.0269(.1041) 
S. Media-Str 0.0588(.0159) 0.2902(.0908) 5.485(1.053) 0.0000(.0000) 
S. Media-Pm 0.0472( .0169) 0.4697(.1514) 5.846 ( 1.162 ) 0.0000(.0000) 
S. Tympani 0.0553(.0186) 0.4533(.1576) 5.895(1.586) 0.0000(.0000) 

System of Spiral prominence Vessels 

S. vestibuli 0.0276(.0165) 0.5261(.1588) 10.102(2.316) 0.0000(.0000) 
S. Media-Str 0.0220(.0165) 0.4866(.0923) 7.088(1.016) 0.0000(.0000) 
S. Media-Pm 0.0713( .0265) 0.6520(.1196) 6.733(1.409) 0.0259(.1003) 
s. Tympani 0.0282(.0076) 0.4215(.1124) 6.578(1.723) 0.0000(.0000) 

116 



Table 5 

Results of 2-way ANOVA on system x survival time. (From 
Shaddock, Wright, and Hamernik [19].) 

Results of System X Survival Time 2-Way ANOV 

Feeding 
Vessels 

Target 
Vessels 

Draining 
Vessels 

Feecl1ng 
Vessels 

Target 
Vessels 

Draining 
Vessels 

Vascular 
Density 

X 

x 

X 

X 

RBe 
Density 

X 

x 

x 

X 

x 

Vessel 
Width 

x 

x 

X 

x 

X 
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x 

.Q... Interaction ~ .ullU Jt ~ II ~ ~ 
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X X 

I = statistically significant dlrference 

x 

- = DO statistically significant cI1fference 
CIIT = coulcl not test 
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X 

CNT 

X 

X 

PRACTICAL PROBLEMS WITH MORPHOMETRIC STUDIES OF THE MICROVASCULATURE 

One common feature of all morphometric techniques is their reliance on 
statistical analysis of the data for interpretation of the results. 
Statistical tests require large samples in order for their theoretical 
assumptions to be valid; on the other hand, because of the intricacy of the 
vascular pattern of the cochlea, data collection with these techniques is 
tedious and time-consuming and places practical constraints on sample size. 
For this reason, most techniques have involved the evaluation of a few 
restricted areas, since quantification of the entire cochlea would be 
impractical. The only method which involves the evaluation of the entire 
cochlear vasculature is the soft-surface specimen technique, but this 
method is not truly quantitative since the observer must assign a numerical 
rating which reflects an average value describing an entire half-turn of 
tissue based on a subjective evaluation of that tissue [15]. 

Santi [11] found no statistically significant difference in the volume 
density of the cells and capillaries of the stria vascularis of the chin
chilla sampled at four locations along the length of the cochlea and con
cluded that one complete cross-section was adequate to characterize the 
normal stria. Smith's results in the guinea pig [12] based on samples 
taken at six locations along the length of the cochlea, showed a statis-
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Fig. 5. Results of ANOVA on system X survival time showing vas
cular pathology after surgical rupture of Reissner's 
membrane. Arrows indicate significant increase or 
decrease; horizontal arrows indicate no change over 
time. For this analysis, vessels were classified as 
target vessels (TV), feeding vessels (FV) and draining 
vessels (DV) according to location in scala media, 
scala vestibuli or scala tympani (From Shaddock, Wright 
and Hamernik [19].) 

tica}ly significant difference for vascular density (which is roughly 
equivalent to Santi's measurement of volume density of capillaries), 
indicating that sampling in one area was not sufficient to characterize 
normal stria. We reported [20] a statistically significant decrease in 
vascular density 24 hours after rupture of Reissner's membrane [3]; how
ever, Santi et al. [11] found no difference in the volume density of 
capillaries 24 hours after bumetanide treatment. The disparity between 
results in these studies could be due to the species difference, the 
difference in experimental treatment or the different methods used. Even 
if one sample area is adequate to characterize normal stria, areas from 
each turn must be sampled when pathological tissue is studied, since 
different areas of the vasculature may react differently to cochlear 
trauma. 

Method of Sacrifice and Fixation 

Due to the susceptibility of the microvasculature to humoral, hormonal 
and myogenic factors [21], the method of sacrifice used will influence 
subsequent measurements of vascular parameters. Anesthesia effects on the 
microcirculation vary, based on the drug used and the period elapsed 
between administration of the drug and time of sacrifice [22]. The alter
native method of sacrifice is decapitation without anesthesia, which may 
result in vascular changes initiated by the autonomic nervous system. 
Another factor which could influence vascular measurements is method of 
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fixation. Santi and Duvall [23] reported differences in RBC density and 
vessel diameter in animals which were perilymphatically perfused either in 
vivo or after decapitation. When animals were perilymphatically perfuse~ 
after decapitation, vessels were constricted and packed with RBCs, but when 
animals were perilymphatically perfused in vivo, the capillaries of the 
stria were not constricted or packed wit~RBCs. 

In two of our studies [16,17], we found statistically significant in
creases in the number of perivascular cells compressing the vessel lumen. 
The chinchillas used in these studies were sacrificed by decapitation with
out anesthetic three weeks after the noise exposure. In other studies [19, 
20], we found no evidence of perivascular cells compressing vessel lumen in 
control chinchillas or in chinchillas sacrificed at 1 hr., 24 hrs., 1 wk. 
or 3 wks. after Reissner's membrane rupture. These animals were sacrificed 
by decapitation while deeply anesthetized with a mixture of ketamine, 
acepromazine and xylazine. The effect of anesthesia and/or method of 
sacrifice on the cochlear vasculature has not been studied in a systematic 
way. Such studies are needed to begin to understand the function of this 
vascular system as well as its response to cochlear trauma. 

FUTURE TRENDS IN MICROVASCULAR RESEARCH IN THE COCHLEA 

At this point, the groundwork has been laid for the development of a 
comprehensive, quantitative method for the analysis of the cochlear micro
vasculature. A next important step will be to define the role of anes
thesis, method of sacrifice and method of fixation on the morphology of the 
vessels. Advances in video technology are improving the resolution 
achievable in images used for data collection, and more efficient computers 
make data manipulation easier and faster than before. These technological 
advances should enable researchers to include larger sample areas and to 
increase sample sizes. Given the work that has been done and the techno
logical advances, morphometric research in the vascular system of the inner 
ear should be an exciting area of research in the years to come. 
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DISCUSSION 

Colletti: I really enjoyed your paper. Being interested in human 
pathology, I would like to ask you how much of this strategy can be trans
ferred to the study of the vascular system in human temporal bones? 

Shaddock: There is no reason why these techniques cannot be applied 
to human studies. One problem with human temporal bone material, however, 
is fixing the tissue quickly enough to prevent post mortem artifacts. 
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McFadden: I missed an important point when you showed the tables of 
significant differences. Are all those changes in the direction of vessel 
constriction? 

Shaddock: No, they aren't. The direction of change is different for 
each of the three systems. For instance, you have a decrease over time in 
vascular density for the strial system and you have an increase over time 
in vascular density which is related to an increase in vessel width for the 
vessels in the spiral ligament. I have a table where you see that the 
three systems are moving in completely different directions for each vari
able. I think this supports the idea that you mask these changes when you 
combine the data from different vessels. 

McFadden: Are these patterns the same across the length of the 
cochlea, relative to the exposure point? 

Shaddock: My experimental procedure involved the rupture of Reisner's 
membrane. I was measuring at the area right around the rupture point and 
have not used noise and have not looked at different locations. This is 
something that obviously needs to be done. 

von Gierke: I may have missed a point in your paper and the first 
paper. That is, how do you get a stereological 3-dimensional description 
of volume density or any other parameter from a 2-dimensional section? For 
that, you really would need the descriptions of the sections in two 
directions. 

White: That's an issue, that to the novice, seems to be very strange. 
You can actually take a 2-dimensional section and obtain 3-dimensional in
formation, provided that your sections through the tissue are random and 
hae not been sectioned in any particular way. It is a proven fact that the 
number of intersections that you count in different parts of the component 
are equal to the areas of those components, which are also equal to the 
volumes of those components. 

Shaddock: For the vascular system of the lateral wall, the vessels 
tend to lie within virtually a single plane. We have the luxury of being 
able to microscopically focus up and down. Consequently, it really isn't 
very difficult to outline all the strial vessels. The same applies to the 
spiral ligament, so it's not a volume measurement in the way that Dr. White 
described, but it's fairly close. 
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MECHANICAL CORRELATES OF NOISE TRAUMA IN THE MAMMALIAN COCHLEA 

INTRODUCTION 

Robert Patuzzi 

Physiology Department, University of W.A. 
Perth, Western Australia, 6009 

Recent observations of the vibration of the cochlear partition in the 
cat [1], the guinea pig [2,3] and the chinchHla [4] have supported and 
extended the work of Rhode [5] in the squirrel monkey. These studies have 
shown that in the normal animal many aspects of the electrical responses 
from inner hair cells (and therefore the primary afferents that innervate 
them) can be explained in terms of the vibration of the cochlear partition. 
Futhermore, the changes in vibration observed following surgical trauma and 
loud sound [2] j ndj cate that at least some porti on of noise-jnduced heari.ng 
loss (NIHL) can be attributed to disruption of this vibration. The follow
jng paper attempts to summarize what is known of the vibration of the coch
lear partition and how this information relates to NIHL. 

CHARACTERIZATION OF THE PARTITION VIBRATION 

The vjbration pattern of the cochlear partition can be characterized 
in two ways. The vjbratjon of a particular location along the cochlea 
produced by pure tone stimuli of different frequencies and intensities can 
be measured, or the variation in vjbration amplitude and phase along the 
length of the cochlea produced by a pure tone of fixed frequency, but 
varjable intensjty can be observed. This latter view of ,the partition 
vibration is often called the traveling wave envelope. With the exception 
of the original observatjons of von Bekesy [6], the mechanical data have 
always been obtained by observing the vi brat jon at a point and estimating 
the vjbratjon profile from thjs data. This is so, since the cochlea is 
extremely sensitive to trauma of any kind, and the surgical manipulatjons 
required to observe a wide expanse of the partition disrupt its function. 

The estimation of the vibration profile from the measurements of the 
vjbration at a point can be done by assuming that the shape of the vibra
tion profile does not alter signifjcantly with stimulus frequency, but 
merely shifts laterally along the length of the partition in accordance 
with che known logarithmic place-frequency map. In the guinea pig, this 
produces a 2.5 mm lateral shi ft with each octave change j.n frequency. By 
then measurjng the amplitude and phase of the basjlar membrane motion rela
tive to the motion of the incus or stapes, we can estimate the vibration 
amplitude and phase for each point along the length of the partition for an 
incus vibration of fixed amplitude and frequency. 
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Fig. 1. A comparison of the iso-velocity and 
iso-displacement tuning curves of 
basHar membrane motion with a DC 
receptor potential tuning curve from 
an inner hair cell. (From Selli ck et 
al. [2].) 

Fig. 1 shows the iso-displacement and iso-velocIty contours as mea
sured at a particular location in the basal turn of the guinea pig cochlea 
using the Mossbauer technique [8] and compares them with a DC receptor 
potential iso-potential tuning curve recorded from an inner hair cell at 
about the same location. It can be seen that like inner hair cells and 
primary afferents, the vibration is most sensItive at a particular fre
quency termed the characteri sUc frequency, or CF, which i.n thj s particular 
example is 18 kHz. It can also be seen that there can be little difference 
between the frequency selectivity of inner hair cells and that of the 
transverse vibration of the cochlear partition. The 10-15 dB discrepancies 
that do occur may be present in the normal intact cochlea, but it is more 
likely that they are caused by the loadlng of the partition by the radio
active speck of metal required to measure the vi.bration [9]. 

The data of Fig. 2 show the increase in vibration amplitude wIth in
crease 1n sound level. The stimulus frequency in kHz is the parameter. It 
can be seen that increases in sound level only produce proportional in
creases in vibration amplitude for frequencies lower than the CF of the 
vibration (in th1s case 18 kHz). At 10 kHz, for example, doubling the 
vibration amplitude requires a doubling of the sound pressure (that is, a 6 
dB increase 1n the stimulus). For frequencies near CF, however, a larger 
sound pressure increase is needed to double the vibratIon amplitude. In 
the case of the 18 kHz stimulation, up to 12 dB increase in sound level may 
be required to double the vibration. This disproportionate or non-
linear increase in vibration with elevation in sound level is known as 
compression. It is most clearly seen in the changes in vibration prof He 
with sound level, as shown In Fig. 3. Here it can be seen that for very 
low sound levels the vibration is very localized along the length of the 
partition, but that as the level of pure tone stimulus is raised, the 
vibration becomes less localized. Not only does the vibration become less 
localized, but the position of maximum vibration changes with stlmulus 
level, moving in a basal direction as sound level is increased. Measure
ments obtalned using the Mossbauer technique indicate that shifts as large 
as 2 mm may be possible [2]. The implication for noise trauma is that if 
the amount of NIHL is simply related to the amount of excessive vibration, 
then for pure tone exposures, the place most at risk is 2 mm or so more 
basal than the posi. ti on of peak vi bration at low levels. Si nce thi s poi nt 
normally detects low level sounds with frequencies about half an octave 
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higher than the exposure frequency, we would expect the maximum threshold 
elevation or NIHL to occur at this frequency. This difference between the 
exposure frequency and the frequency of maximum threshold elevation is 
commonly observed in psycho-acoustic and neuro-physiological investigations 
of NIHL. It can be seen that this "half-octave shift," as it is called, 
can safely be explained by a shift in the peak of partition vibration with 
sound level. 

In summary, the fact that inner hair cell receptor potentials, primary 
afferent firing and basilar membrane vibration share similar tuning and 
non-linear properties suggests that the inner hair cell response, and 
therefore the neural response, is determined largely by the transverse 
vibration of the cochlear partition. This view is supported further by the 
observation that loss of neural sensitivity correlates well with the loss 
of mechanical sensitivity over a relatively large range of threshold 
elevation. 

LABILITY OF PARTITION VIBRATION 

Following surgical trauma, the vibration of the cochlear partition is 
reduced in ampUtude and becomes less locaUzed along its length. The loss 
of mechanical sensitivity correlates well with the loss of neural sensitiv
ity, as can be seen from t.he data of Fig. 4. In the basal turn of the 
guinea pi.g, it appears that a transverse vibration of about 0.3 nm is 
necessary to eli ci t a gross neural response from the auditory nerve i.n 
response to a brief tone burst [2J. This becomes apparent when comparing 
the sound pressure required to elicit the compound action potential (CAP) 
and that required to produce the 0.3 nm displacement of the partition with 
a pure tone with a frequency equal to the CF. It can be seen from Fig. 4 
that there is an approximately one-to-one correlation between the mechani
cal and neural sensitivities at CF. It must be stated, however, that the 
precise reason for the loss of threshold in these experiments is not known. 
The threshold elevation occurred progressively during the course of the 
experiments. The important point still remains, however, that when the 
mechanical sensi ti vi. ty i.s reduced, the neural sensi ti vi.ty correlates well. 
Futhermore, it is not simply the neural and mechanical sensitivities at CF 
that correlate. If we compare the changes that occur in the mechanical 
iso-response curves with those that occur in the neural tuning curves 
following cochlear trauma and loud sound, we find that there are simi
larities in the changes in tuning as well as sensitivity. The changes in 
the mechani.cal tuning curves can be seen in Fig. 5. During the course of 
the experiment, the vibration of the partition became less sensitive and 
also less frequency selective. The response after death i.s also shown. 

This lability of vibration also explains why the vibration observed in 
later studies differs from that observed previously. The animal prepara
tions used in the early studies were severely traumatized during surgery or 
sound calibration, and in some cases the animal's temperature was not main
tained. In other cases the measurement technique required drainage of the 
perilymph, a manipulation now known to alter partition vibration [10J. 
When adequate precautions are taken to preserve the integrity of the 
cochlea, and the gross nerve action potential to tone burst stimuli i.s used 
to moni.tor the condi tion of the preparation, then the relationshi p between 
mechanical and neural sensitivities becomes clear. 

From the results discussed above, it is reasonable to suggest that at 
least some portion of NIHL might be due to changes in the vibration of the 
partition. Indeed, there is now some direct evidence that this is the 
case. Fig. 6 shows the growth of vibration amplitude with sound level 
observed jn the basal turn of the guinea pig cochlea for 18 kHz (CF) 
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stimulation. Note the nonlinear growth of curve A, the initial estimate of 
the mechanical input/output curve. Following this initial estimate, 
however, a redetermjnation of the input/output curve (curve B) showed a 
loss of sensitivity and a loss of the nonlinear growth. Apparently, the 
accumulated high i ntensi ty exposure duri ng the first determi nation 
desensi ti zed the preparation at CF. No such desensi tizati on was observed 
for frequencies lower than CF. It should be noted that the desensitization 
or NIHL was produced by a sound stjmulus equal to the CF of the 
preparation. As already discussed, we would expect maximum threshold 
elevation for frequencies half an octave higher that the exposure 
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frequency, and little elevation at the exposure frequency (at least with 
the exposure 1ntens1ties and duratlons used). This apparent inconsistency 
1s probably the result of an 1ncreased susceptlbilHy to trauma caused by 
the presence of the Mossbauer source. For thjs reason we should treat 
these data as indicative of the fact that mechanical changes can occur 
following 1ntense sound. 

There are two other important pract1cal points that should be dis
cussed 1n light of th1s data. So far, in discussing the variatlons of the 
vibration along the length of the cochlear part1tion, the phrase "traveling 
wave envelope" has been avoided, and the phrase "vibration profile" has 
been used j_n Hs place. Th1s has been quHe 1ntentional. Although the 
concept of the traveling wave is quite accurate in the context of vibration 
in the mammalian cochlea, it has lead to many misconceptions about the 
mechanics of the vibration. The most common misconception, and the one 
that causes the greatest problems in the long run, is that the vibration 
energy travels from the oval window end of the cochlea to the apical end 
through the partition jtself, passing from one segment to the next like a 
long carpet being shaken. Certainly when observed in its entirety, as von 
Bekesy orjginally observed it, it would appear very similar. But as von 
Bekesy emphasized in his original report of hjs observations, this is not 
the case. The energy travels through the fluid at the speed of sound (that 
is to say, very fast compared with the travel of the peak of vibratlon 
along the membrane) and js fed to each segment of the cochlear part1tion jn 
parallel. Von Bekesy emphasj zed this point by constructlng a swj ngj_ng pen
dulum model of the partition with no longitudjnal coupling between the 
segments. The model still exhibited a travelling wave. This point is of 
great practical significance. If it were the case that the vibration 
traveled through the partition rather than through the fluid, we could not 
possibly observe a localized loss of partition vibration at the basal end 
of the cochlea without a loss of vibration at more apical points. That is, 
we cannot stand on the carpet and expect the vibration to pass! A 50 dB 
reduction in vibratlon at the 20 kHz region, for example, would produce a 
50 dB reduction for all lower frequencies. If this were so a high fre
quency hearing loss would be a very rare complaint indeed! The apparent 
"traveling wave" is the result of the graded phase delay (or sluggishness) 
between the fluid pressure stlmulus and the osc1llatory response of the 
segments. This in turn is due to the fact that each segment is tuned to a 
different frequency. 

The second point to be discussed js the phenomenon of loudness re
cru1tment observed following cochlear trauma. Traditionally, the phenome
non has been explained jn terms of the change in neural tunjng curve shape. 
In the normal ear, the tuning curves are very sharp, with steep slopes on 
either slde of the CF. As a result, the recru1tment of adjacent f1bers is 
relat1vely slow as the 1ntensity of a pure tone stimulus is jncreased. In 
the pathologjcal cochlea, however, the tuning curves are broad and the 
slope on the low frequency side of CF is much less. As a result, only 
small increments of st1mulus intensity above neural threshold are required 
to recruit more basal neurons and cause high frequency recruitment. As we 
have already seen, the change in neural tuning curve shape is primarily due 
to changes in the v1bratlon of the partltlon, but the above explanation is 
still valid. What should also be considered, however, is the loss of the 
compression in the growth of vibratlon amplHude with stimulus level at CF. 
As can be seen from Fig. 6, cochlear trauma, and loud sound in part1cular, 
not only produces desensitization, but also loss of compression. Before 
exposure to the loud sound, the nonlinear growth of the part1tion meant 
that a 70 dB range of sound level could be compressed into a 40 dB range of 
vibration amplitude. In the normal intact cochlea, this compression is 
probably greater. In the traumatized ear, however, the linear growth of 
the vibration means that a 40 dB increase in vi_bration ampl1tude requjres 
only a 40 dB increase in sound level. Thjs loss of compressjon would cause 

128 



'" "-
E 
E 

>
I-

3,0 

1,0 

w 0,3 
9 
w 
> 
L 
CD 

0,1 

GP45 

CAP S8dB--
1 

/ 
1 

I 

/ 
1 

1 

1 
I.)... 

I "-
1 Q? 
I~ 

/ ~ 
I ... 

I 
1 

/ 
/ 

1 

1 
/ 

/ 
/ 

1 

I 
1 

1 

4JJ 50 60 'i\) 80 90 100 110 
SOUND PRESSURE LEVEL (dB SPL) 

Fig. 6. The loss of mechanical sensitivity 
and nonlinearity following loud 
sound. Open ci.rcles represent the 
initial input-output function 
determination. Closed circles 
show the input-output function 
following the high intensity 
exposures used to determine the 
initial curve. (From Sellick 
et al. [2J.) Initial CAP is also 
shown. 

loudness recrui tment, even without the accompanyi.ng change in tuni ng curve 
shape. As it is, the combination of the linear growth and the abnormally 
rapid spread of stimulation means that more fibers are stimulated harder 
than they would be in a normal ear, and the dramatic loudness recruitment 
so indicative of cochlear pathology results. 

"MIXED" COCHLEAR LOSSES 

Lest I give the impression that the cochlear partition vibration can 
explain all of cochlear physiology, some of the aspects of NIHL that cannot 
be explained in terms of alterations to the partition vibration should be 
discussed. In just the same way as we refer to a "mixed" hearing loss to 
describe a loss consisting of both conductive and sensori-neural compo
nents, we must now consider differentiating between different cochlear 
lesions. This is advi.seable since it is entirely likely that different 
deficiencies in the transduction processes of the cochlea could lead to 
quite different psychophysical changes. For example, it might be that a 
particular individual has a deficiency in the neurotransmitter release 
processes at the base of the inner hair cells. The inner hair cells would 
presumably receive normal stimuli from the frequency selective and non
linear vibration of the partition, but be unable to communicate this infor
mation correctly to the auditory nerve. This kind of deficiency would 
presumably have a very different affect on auditory perception from a 
deficiency in partition vibration with normal hair cell transduction and 

129 



transmitter release. What evidence is there tnat sucn mixed cochlear 
lesions exist. 

The most compelling evidence is that of Fig. 5. Even after death, 
the max:unum loss of' partition vibration is only 50 to 60 dB. Greater 
elevations in threshold are commonly seen in neural responses following 
acoustic overstimulation [11]. Obviously, such NIHL must involve other 
deficiencies in the transduction process, and future investigations of NIHL 
should aim at distinguishing between these different components. SInce it 
has been demonstrated that following cochlear trauma, only the vibration at 
frequencies near CF is altered and that vibration at frequencies much below 
this frequency remains unchanged, it may prove fruitful to examine in 
detail the changes that occur in the neural response at these low frequen
cies, as well as at CF. For example, In investigations of the response of 
primary afferents to very low frequency stimulation, it has been observed 
that cochlear trauma, including loud sound, altered the response of the 
afferents, producing a phase reversal in their response, and producing a 
hypersensitivity [12]. Similar changes have been observed in chronic 
experimentation [13]. Hypersensitivity of the tuning curves for frequen
cies lower than CF but higher than the very low frequencies used in these 
studies has also been observed [14]. Since we can be reasonably confident 
that these changes have no correlate in the vibration of the partition, the 
changes must indjcate changes in other processes of transduction. We do 
not yet know what these changes are. 

THEORETICAL CONSIDERATIONS - THE ACTIVE COCHLEA 

Although the experimental results summarized so far are useful in 
helping us understand NIHL, future research will need to be more sophisti
cated than the descriptive approach taken to date. It will need to rely on 
a more theoretical framework. For this reason the remainder of this dis
cussion will touch on the more theoretical side of cochlear mechanics. 

At its simplest, each segment of the cochlear partition can be modeled 
as a simple mass which is restored to its rest position by a stiffness re
storing force. Any oscillatory movements of the mass are damped by the 
viscous drag of the fluid and cellular structures of the organ of Corti. 
The extraordinarily high sensitivity of the vibration of the partition is 
most easily explained by t.he action of hypothetical mechanical feedback 
elements wi thin the organ the Corti that act t.o reduce t.he vi.scous drag 
[ 15,16]. This could only be achi eved Jf these element.s applied forces t.o 
the partition that were synchronous with the viscous forces (i.e., syn
chronous with partition velocity), but in the opposite direction t.o the 
damping forces. For this reason the action of the hypothetical feedback 
process is often termed "negative damping," and since it would appear that 
the process requires metabolic energy (see Davis [17] for a review), the 
negative damping is also called the active process, or even the "cochlear 
amplifier." In partially cancelling the viscous forces, the feedback 
elements increase the sensitivity of vibrat.ion near the CF for that loca
t.ion only. For frequencies away from CF, t.he motion of the partition is 
dominated by stiffness or inertial forces, and the viscous forces (and 
their reduction by the negative damping) are insignificant. Close to CF 
and resonance, however, when the stiffness and inertial forces cancel and 
mot.ion is dominated by the viscous forces, the negative dampi.ng process is 
crucial. The simplest hypothesis to explain the changes observed following 
trauma to the cochlea and loud sound is that the negative damping process 
is disrupted, and t.he viscous damping forces are left. uncancelled. 

In a similar way, we can understand the nonlinear growt.h of vibrat.i.on 
near CF as a result of the limited dynamic range of the active process. 
For relatively low level sounds, when vibration is small, the active ele-
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ments are capable of producing forces sufficiently large to counter the 
viscous forces. As the sound level increases, however, and vibration 
amplitude also j.ncreases, the active forces are limjted in amplitude, and 
are unable to counter the increased viscous forces. As a result, the 
partition vibration becomes more and more like the passive vibration 
observed after death. This can be seen to some degree by comparing the 
broad tuning of the post mortem results of Fig. 5 with the poorly localized 
vibratlon profile at high intensities shown in Fig. 3. For frequencies off 
eF, where forces are dominated by stiffness or mass, vibration js unaf
fected by such changes in the viscous forces. As a result, vibration 
growth js linear for these frequencies (the picture at frequencjes higher 
than eF js complicated by the complex hydro-dynamical interaction between 
segments of the partition through the fluid). To emphasize thjs progres
sion from the active and undamped mechanjcs at low intensities to the 
passjve and damped mechanics at high jntensities, and how thjs progression 
produces a nonlinear jnput-output function at eF, Fig. 7 shows a set of 
four hypothetical jnput-output functions. Each of these input-output 
functions is assumed to be the result of a different amount of negative 
damping. The curve on the far left is assumed to be produced by the actlon 
of all damping elements producing the full affect. As a result, 
sensitivity is high. The curve on the far right, however, is assumed to 
have no active contribution, and represents the insensitive passive 
vibratjon. The intermedjate curves are hypothetlcal curves in which 
intermediate levels of negative damping are the case. If we could 
progressively turn the active process on (i.e., reverse a sensori-neural 
hearjng loss), we would move the input-output curve to the left. In 
jncreasing the sound level, and we assume progressively saturating the 
active process, we would move from our most active curve (curve A) to 
intermediate curves (curves B and e), and finally to the passive curve at 
very high intensitles. The resultant fnput-output curve would be the 
dotted curve E, which can be compared with the nonlinear input-output curve 
of Fig. 2 (18 kHz). The important point is that the nonUnearity is not a 
hardenjng sprjng non-linearity, such as that which may cause distortion jn 
a poor quality Hi-Fi speaker system. It appears to be an adaptjve gain 
amplifier, similar to the Dolby equalizatlon system so ubiquitous in 
recordj.ng equj pment. 

Since the changes in the mechanjcal response following cochlear 
trauma, and loud sound in particular, seem consistent with the loss or 
djsruption of the active mechanjcal component and a reversion of the 
cochlea to passive mechanics, the important questions concernjng the origin 
of noise trauma must be: 

"Where js the active process, what is jts nature and how is it 
disrupted by loud sound?" 

There js evidence accrujng that the active process is jntimately associated 
with the outer hair cells. The crudest jndicatlon of this is that the 
destruction of the outer hair cells using the antibiotic kanamycin produces 
a loss of neural sensitivity [7,18]. Similarly, noise exposure also causes 
a selective loss of outer hair cells in chronjc experiments [19,20] and 
simjlar changes in the neural response, now known to be at least partially 
the result of changes to partition vibration. Of course, such experiments 
are open to the criticjsm that the damage need not be localized to the 
outer hair cells, and that other more subtle effects may be causing the 
mechanical changes. Thjs critlcjsm is difficult to counter, even with the 
most sophjsticated studjes correlating morphological changes wjth asso
cjated sensorj-neural loss. 

There are other pieces of evidence, however, that suggest the jnvolve
ment of outer hair cells jn the active process. The efferent fibers of the 
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cochlea seem to modulate the mechanical response [21] and these fibers 
almost exclusively innervate the outer hair cells. Perhaps the more 
compelling pieces of evidence involve the nonlinearity of the cochlea, and 
in particular the sjmj lad ty between the electrical non-linerarity of the 
outer hair cell transduction process and that of the basilar membrane 
mechanics. Put at its simplest, jt can be shown that the outer hair cell 
receptor currents begjn to saturate for transverse partition displacement 
at which nonlinear growth of the partition is observed [2,22]. Below this 
level (about 10 nm), the outer hair cells and cochlear mechanics are pre
domj.nantly linear. Sj.mHarly, low frequency tones that bias the outer hair 
cell receptor currents into partial saturation also modulate the sen
sitivityof cochlear mechanics [23,24]. These pojnts suggest that the 
outer haIr cells, and jn partIcular, their receptor currents or the poten
tials produced by them (or, in fact, the receptor proteins that produce the 
currents!), are intimately associated with the active process. Thjs asso
ciation had been suggested previously by Weiss [25]. 

Whatever the mode of action of the outer hajr cells may be, their in
volvement appears most likely. As a result, we should look to the way in 
whjch their function js altered in a sensori-neural loss, and in particu
lar, following loud sound. Crucial steps towards this understanding have 
already been taken by Cody and Russell [26]. Auditory investigation and 
the study of noise induced hearing loss cannot remain at the purely des
cripti ve level. An understanding of nojse-induced hearing loss will 
require detailed investigations of the fundamental molecular mechanisms 
governjng the motion of the cochlear partition and the transduction 
processes that follow it. 
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DISCUSSION 

Trahjotis: Could you please relate your transverse functions to Kim 
and Molnar's neural data? Do you remember if they corrected for the effect 
of the middle ear? As I remember the neural data, they used the first 
coefficient of the Fourier transform of the neural spike train; so it is 
hard to relate the relative amount of activity across frequency or place. 
The point is that they did not get a greater response higher in frequency, 
whereas you show the potential for a greater response one half octave above 
the characteristic frequency. If you did not correct for the middle ear, 
would this still occur? 

Patuzzi: It is stHl evident If you look at the input/output 
functions that I showed without any corrections. You still get the 
input/output functions crossing. 

Salvi: In normal ears, you also see some auditory nerve fibers with 
low spontaneous rates which have thresholds that are 60 dB above the units 
with the best thresholds. Surprisingly, the tuning curves of these fibers 
are still very sharply tuned, whereas the basilar membrane response becomes 
less sharply tuned. Could you comment on this djscrepancy? 

Patuzzi: I obviously have no explanation for that. 

Flottrop: It seems to me you said something about the energy going 
through the fluid and not through the basilar membrane in order to produce 
that traveling wave. Would you comment on this? 

Patuzzf: I think the best model for the basnar membrane is either 
the swinging pendulem model of von Bekesy or a series of tubes representing 
the cochlear partition, each fUled with a ping-pong ball with a different 
mass and restoring force. Each one of the sections of the cochlea responds 
relatively independently of the next. There is no longitudinal coupling 
within the membrane or relatively little coupling in the membrane as if 
they were joined by springs. The coupHng appears to be via pressure 
perturbations through the fluids. 

Dancer: The cochlea partition is driven by the dtfferential pressure 
acting on the elements of the membrane. So in the passive case, when the 
preparation is anoxic after acoustic trauma, what would happen to the phase 
lag curves? 

134 



Patuzzi: Interesting changes fn the phase curves pre- and 
post-mortem. For a good preparation, the phase curve is nearly at a 
plateau at low frequencies, but then a very fast roll occurs at higher 
frequencfes. But, as the preparation deteriorates, the curve becomes 
steeper at lower frequencies and then less steep as you go into the steeper 
part of the curve. If you look at where the points cross, it is roughly at 
the characteristic frequency. I thi.nk that is good evidence that the 
changes that we observe by elevating sound pressure level or following 
trauma are where the response is approaching the asymptote of passive 
mechanics. If you look at the phase versus intensity function for the 
Mossbauer preparations and also the hair cell and neural data, one sees 
that as sound pressure level is increased the phase only changes on either 
side of the characteristic frequency. But at the characteristic frequency, 
the phase does not change much at all. 

McFadden: Two comments. One regards the maximum loss of about 50 dB 
or so that you see in your preparations. Thfs exists elsewhere. One of 
the more interesting instances is in salicylate-induced hearing loss. No 
matter how much salicylate you give, they never get more than about 40 dB 
of hearing loss. Second comment: I am not sure you really represented von 
Bekesy's point correctly. Twenty years ago or so, I discovered an article 
authored by Weaver, Lawrence and von Bekesy.* They indicated that there 
are two ways in which energy can be delivered to a particular spot along 
the membrane. It can be delivered through the fluid or it can be delivered 
to the membrane at a basilar location and the energy can be transmitted 
through the membrane. The article says that Wever and Lawrence believe 
that energy is delivered through the fluid; Bekesy believed it is 
transmitted through the membrane. In Bekesy's pendulum model, if he 
blocked the wave at a particular basilar membrane location, displacement 
occurs at an apical location, but it is enormously attenuated. I am not 
trying to argue facts, but rather to point out Bekesy's position in 1950. 
Obviously, both factors are operating. The question is which is the more 
important. 

Patuzzi: In answer to that, I thlnk we have demonstrated the energy 
is transmitted through the flui.d. 

von Gierke: You showed that the tuning curves became detuned with 
increasing intensHy. Do you thjnk this is still in the range where 
effects are reversible? 

Patuzzi: We have little evidence on this, but I think at 80 dB the 
effects are reversible. The reason why I believe you can get rather large 
losses i.n the mechanics and stUl recover is the fact that in another 
seri.es of experi.ments, we put in very low frequency tones, in addi ti on a 
tone at the characteristi.c frequency; we found that as the low frequency 
tones pushed the partition up or down, it could turn the mechani.cs off by 
as much as 20 decibels. 

von Gierke: When the sharp tuning disappears, does the phase shift 
change markedly? 

Patuzzi: About 40 degrees at lower frequenci.es and larger shifts at 
hi.gher frequencies. I thi.nk there is probably some evidence that there is 
a reversible mechani.cal loss in that anything that seems to take the tip 
off a tuni.ng curve would seem to have a correlate i.n mechanics. 

* E. G. Wever, M. Lawrence and G. von Bekesy, "A note on recent 
developments in audi tory theory," Proceedings of the nati.onal 
Academy of Sciencs, 40:508 (1954). 
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D. Nielsen: I just want to make a quick comment in support of Dr. 
Patuzzi. That is, that the pressure is transmitted all along the basilar 
membrane stimultanously due to the incompressabHHy of the fluids. Bekesy 
did two experiments on his models. One was the paradoxical traveling wave 
where he put the stapes at the apex and still got the traveling wave in the 
same direction. Second, he put a lesion in the basilar membrane and the 
wave still traveled across it. If it was transmitted in the membrane, it 
would not do that. 
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Transduction of an acoustic signal into a neural response in the coch
lea is generally considered to occur at the level of the organ of Corti via 
the motion of it,s structures. Mechanical deformation of the organ of Corti 
is the starting point of the hearing process. 

Our aim was to determine the physical parameter(s) of this motion 
which is(are) mainly responsible for the detection of the acoustic signal 
at behavioral threshold and for auditory fatigue. Knowing these parameters 
would increase our understanding of cochlear physiology. Because no direct 
measurements of the motion of the various components of the organ of Corti 
have been reported, we shall examine only the motion of the basilar mem
brane (BM). 

THRESHOLD OF AUDITORY SENSITIVITY 

In the cat [1,2] (Fig. 1), the guinea pig [3,4] and to a lesser extent 
in man [5,6] (only above 3 kHz), the shape of the behavioral threshold 
curve as a function of frequency is determined by the transfer function 
which connects the acoustic pressure in the free field to the acoustic 
pressure at the cochlear input (ACI) (Le., the acoustic pressure in the 
basal end of scala vestibuli) [10,11]. Thus, at the threshold of hearing 
for tones, the sound pressure level at the input to the cochlea (ACI) would 
be approximately constant for all frequencies. 

We now seek a measure of the BM motion whose amplitude is also nearly 
constant at threshold with the condition that for each frequency the mea
sure is taken close to the site along the cochlea that is most sensitive 
(making the assumption that the sensory cells have the same sensitivity to 
the amplitude of this parameter independent of frequency and cochlear 
location from base to apex). 

For a constant amplitude of ACI at any frequency, intracochlear acous
tic pressure measurements [7] and cochlear models [8,9] indicate that the 
amplitude of the differential pressure acting on the cochlear partition is 
almost constant on the part of BM located close to the CF point (on the 
basal side). 
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Fig. 1. Comparison of the frequency dependence of be
havioral threshold and sound pressure at the 
input to the cochlea. Pc = pressure across 
the basal end of the cochlear partition. 
(From Lynch et al. [2J.) 

According to Zwislocki [12J, the compliance of the BM increases by a 
factor of about 250 from base to apex in the guinea pig. This indicates 
that the compliance of BM near CF doubles each time the frequency is halved 
(i.e., about every 2.5 mm from base to apex) (see Campo et al. [13J). If 
the force acting on BM remains constant while the compliance doubles when 
halving the frequency (getting closer and closer to apex), the amplitude of 
the displacement of BM (close to CF on the basal side) doubles too, and the 
veloctty of BM (always close to CF on the basal side) remains constant all 
along the cochlea. 

No direct proof (measurement) of this assumption exists, but given 
that cochlear microphonic (CM) amplitude j s proportional (tn the linear 
range) to BM Msplacement [14J, then CM ampli.tude recorded by differential 
electrodes jon each of the first three turns increases in agreement with the 
above assumption [15J (provided also that a given amplHude of di.splacement 
of the cochlear structures gives rise, from base to apex, to the same CM 
amplttude). Also in support of this position, are plots of BM dtsplacement 
by Zwislocki [16J (Ftg. 2). 

From all this tt seems logi.cal to think that velocity of the BM could 
be the parameter of the motion responstble for the audttory system's re
sponse. Direct support of this assumption has been given by Johnstone et 
al. [17J, who showed a close correspondence between neural and basilar 
membrane iso-veloctty tuning curves for a given point on BM near the base 
(Fig. 3). Extending this idea, we hypothesize that neural responses and 
hence the behavioral threshold occur at a constant veloci.ty all along the 
cochlea. We shall now consider whether BM veloctty is important for the 
onset of threshold shifts. 

SHORT TERM HEARING LOSS (STHL) 

Our aim is to study STHL after the application of fatiguing pure tones 
wtth a given acoustic level at the input to the cochlea. Indeed, if we 
want to look at the influence of a measure of BM motion on the resultant 
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STHL, we have to control ACI in order to remove variations arising from the 
outer and middle ear, so as to be able to restrict the observed results to 
inner ear mechanisms. 

METHOD 

Control of the acoustic stimulation. The only way to control ACI 
directly is to measure the acoustic pressure at the base of the scala 
vestibulL Because this measurement can damage the cochlea, it cannot be 
performed on each animal. Consequently, for the purpose of the present 
experiment, the acoustic stimulus has to be controlled indirectly. We know 
that in the first cochlear turn, the shape of the curve representing the 
amplitude of the differential CM as a function of frequency is almost iden
tical to the differential pressure acting on BM (i.e., acoustic pressure in 
scala vestibuli minus acoustic pressure in scala tympani) [7] and that the 
differential pressure recorded at the extreme base of the cochlea would be 
equal to the pressure in scala vestibuli [9,18]. Therefore, at frequencies 
up to :!ts cut-off, CM amplHude (recorded :In the linear range) is a good 
representation of the relative ampl :!tude of ACI. 

To avoid any modification of the physiological state of the cochlea 
during our exper.tments, we recorded the CM with a round window electrode. 
If CM is recorded with differential electrodes and a round window electrode 
in the same ani.mals [19], the results are qu:!te comparable, at least from 1 
to 10 kHz. For higher frequenci.es, the round window electrode recording 
probably represents ACI amplitude even better than differential recording, 
due to its lack of cut-off. Hence, the round window electrode gi.ves us a 
good estimate of the relative amplttude of ACI as a function of frequency. 
For reference, we used CM output at 8 kHz (measured in the linear range). 
At this frequency the 0 dB stimulation level corresponds to a given voltage 
applied to the amplif.ter input (corresponding to 103 dB SPL in front of the 
tympanic membrane at 8 kHz and about 135 dB SPL for ACI [20]). To use the 
same reference during all the other experiments (stimulus frequency from 2 
to 11.3 kHz by half octave steps), the level of the stimulus was adjusted, 
wHh the help of the round w.tndow CM, by comparing the level of the CM at 
the stimulus frequency versus the level at 8 kHz (always in the linear 
range) and adjusting the tnput to the amplifier to produce a CM response 
equal in amplttude to the response at 8 kHz. In this manner we were able 
to refer ACI for all frequencies to the 0 dB value at 8 kHz. 

Animal preparation and audiometry. Pigmented guinea pigs of 300 to 
350 g were used. For anesthesta we used a premedication of levopromazi.ne 
(2.5 mg/kg) and atropine sulfate (0.1 mg); half an hour later we injected a 
dose of 150 mg/kg of ketamine. During the experiment, the body temperature 
of the animal was monttored and controlled by a heating pad. The pinna was 
removed, the bulla opened and an electrode (Ni-Cr) was placed upon the 
round w.tndow (bulla was left open). The animals were stimulated with 
closed-tube system using a condenser microphone as a loudspeaker [13]. 
With the round window electrode we established pre-exposure sensitivity by 
measur.tng the amplttude of the NI component of the compound action poten
tial elictted by tone bursts of frequencies from 2 to 32 kHz (half octave 
steps, 9 frequencies). From these responses we determined an "audiogram." 
An amplitude of 1 to 2 uV of 200 averaged responses was considered as the 
threshold. The t.tme required for a complete audiometric procedure was 
about 10 minutes. 

Experiment. After the first audiometric test, the animal was exposed 
to a pure tone (2, 2.8, 4, 5.6, 8 or 11.3 kHz) of a given pressure for 20 
minutes. Twenty minutes after the end of the exposure, sensit.tvity was re
measured. The threshold shifts are the differences between pre- and post
exposure thresholds. These results have been called STHL because tt is not 
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Figs. 4 to 9: STHL as a function of the tone burst frequency for 
various levels of the 20 minutes fatiguing tone. The 
standard deviations (SD) of the STHL measurements at one 
level (SL) are also shown just above the abscissa. 
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possible to determine whether this difference corresponds to a pure audi
tory fatigue or to a mixing of temporary and permanent losses. For each 
exposure condition, measurements were made in 5 to 10 animals. The 
influence of the time required for the experiment and of the order of 
presentat.ion of the st.imulus frequencies during the audiometric test had a 
negligible effect on the results [13J. 

Results 

In Figs. 4 to 9, measurements of STHL are presented for each pure tone 
exposure as a function of the audiometric frequency and of the exposure 
level. Dispersion of individual results was small (to avoid overcrowding 
the figures, standard devtat.ions are presented for only one curve corre
sponding to mean STHL; all results are reported :In Campo et al. [13]). 
Generally the maximum STHLs occurred half an octave above the exposure 
frequency even for the lowest exposure. We are, of course, limited in spe
cifying the exact maximum and tts exact location by our use of half octave 
steps in audiometry. 

For a given ACI, the higher the stimulus frequency, the greater the 
STHLs (Fig. 10). Signiftcant amounts of STHL were observed at high 
frequencies (F > 16 kHz), even for low frequenci.es exposures. Because the 
body temperature was controlled and care was taken to keep the cochlear 
temperature constant, at least for up to 22.6 kHz [21J, these STHLs cannot 
be related to the cooling of the cochlea. 

From these results we determ.ined the exposure levels required for each 
exposure frequency to produce STHLs of 10 +/- 6 dB and 25 +/- 6 dB half an 
octave over the stimulus frequency (Fig. lla). The higher the stimulus 
frequency, the lower the .intensity required (the slopes of the regression 
lines are respectively -4.2 and -4.6 dB/octave with correlation coeffi
cients of 0.77 and 0.90) • 
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In Fig. 11b we plotted the relative pressure required for each expo
sure frequency to obta:!.n STHL of 8 +/- 3 dB at 16 kHz and 12 +/- 3 dB at 
22.6 kHz. The higher the exposure frequency, the lower the pressure 
required (the slopes of the regression lines are -11.3 and -9.2 dB/octave 
respectively with correlat:!.on coeffici.ents 0.90 and 0.88). 

CONCLUSION 

For a given ACI and within a large frequency range, the velocity of 
the BM near CF is nearly constant from base to apex. For the same cond:!.
tions, the velocity of a BM element near the base is proportional to the 
frequency (for frequencies lower than the CF of this element). Indeed, for 
a constant ACI, the amplitude of BM dtsplacement near the base is constant 
for stimulus frequencies below CF. If we suppose that, for a given expo
sure duration, the threshold shifts are d:!.rectly correlated with the local 
velocity of BM, there must be, as a function of the stimulus frequency, a 
difference between the maximum STHL (half an octave htgher than the stimu
lus frequency) and the STHL at high frequencies (correspondtng to the 
response of the cochlear base). From Fig. 11 we can see that there is a 
difference in the slopes between the sound pressures tnducing iso-maximum 
STHL and the sound pressures producing iso-high frequency STHL. This 
difference is about -6 dB/octave which corresponds to the difference of the 
velocity of BM as a function of the stimulus frequency between a CF region 
and the basal part of the cochlea. 

On the other hand, the -4 dB/octave slope of the maximum STHL as a 
funct:!.on of the stlmulus frequency and a constant ACI is not conslstent 
with the simple velocity hypothesis. Indeed, if this parameter were the 
only one responsible for the threshold shifts, this slope should be equal 
to zero because of the constant velocity of BM near CF. Many possibilities 
exist: (1) other parameters could be involved or (2) the velocity of the 
BM increases near CF from the apex to the base of the cochlea for a con
stant ACI, or (3) even though the velocity remains constant all along the 
cochlea the sensory cells are not equally sensltive to veloclty from base 
to apex (due to the modification of the relative displacement of BM, of the 
tectorial membrane, of the stereocilia, etc). Th:!.s point remains unan
swered at present. 
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DISCUSSION 

Patuzzi: The way you normalized your exposure intensity was by 
measuring the microphonic. Was that the round window microphonic? 

Dancer: Yes. We compared in the same animals differential cochlear 
mi.crophoni c j n the first turn with the round window microphonic and j n the 
range we used here, from 1 kHz to 10 kHz, the curves have the same shape 
for the differential microphoni c and the round wi ndow mi.crophoni c. 

Patuzzi: What was the best frequency of the tuning curve shape for 
the round window microphonic? 

Dancer: The best frequency was about 11 kHz. 

Patuzzi: If you are going to create constant CM at the round window, 
isn't it possi. ble that you are just moving up the tuni ng curve of the 
microphonic at the round wi.ndow and in doing so actually reduci.ng the 
intensity of the sound at a higher frequency? 
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Dancer: We think that the round window microphonic is 
estimate than the differential microphonic because there i.s 
no high frequency cut off as with differential electrodes. 
frequencies, we have greater confidence in the round window 
than with differential microphonics. 

148 

a better 
less or perhaps 
So for high 
microphonic 



THE RESPONSE OF MAMMALIAN COCHLEAR HAIR CELLS TO ACOUSTIC OVERSTIMULATION 

INTRODUCTION 

A. R. Cody and I. J. Russell 

M. R. C. Neurophysiology 
Group School of Biological Sciences 
University of Sussex, Brighton, BNl 9QG 

The distinct morphological division of the inner and outer hair cells 
(IHC, OHC) within the organ of Corti, and their respective innervation, 
suggest two separate roles for these receptors in normal auditory function. 
The IHCs receive a massive afferent innervation while the afferent inner
vation of the OHCs is comparatively sparse with a large number of efferent 
synapses on their baso-lateral surfaces [1,2]. This has contributed to 
speculation that there is a division of labour in the cochlea, with the 
IHCs playing a sensory role and the OHCs fulfilling a motor role, control
ling the mechanical stimulus delivered to the IHCs. As primary receptors, 
the IHC and the OHC appear to be vulnerable links in the auditory pathway 
during acoustic overstimulation and therefore prime targets for the site 
and origin of noise-induced hearing losses (NIHL). We have attempted to 
substantiate this hypothesis in a series of experiments by recording 
directly from the IHCs and OHCs during conditions of acoustic overstimulat
ion. The results suggest that functional differences in the behavior of 
these two cell groups to overstimulation may underlie the cellular basis 
for NIHL. These cellular changes probably account for the altered activity 
of the afferent fibers we have monitored in the spiral ganglion of the 
cochlea in previous studies, at least for temporary losses of auditory 
sensitivity and possibly, the more significant, permanent losses. 

PERIPHERAL STUDIES IN NOISE-INDUCED HEARING LOSS 

The recording techniques for both intracellular hair cell experiments 
and extracellular afferent fiber recording in the spiral ganglion have been 
extensively described [3-5]. Basically, both techniques require careful 
removal of the bone just above the spiral ligament, which is easily visual
ized with back illumination of the cochlea. In the guinea pig this pro
duces a view of the basilar membrane (BM) in the region 2.4 to 3.5 mm from 
the basal end of the cochlea. Best or characteristic frequencies (CF) of 
the mechanical vibration of the cochlea partition, sensory receptors or 
afferent fibers in this area of the cochlea are in the range 23-17 kHz. 
Although this is a rather restricted range with regard to the functional 
bandwidth of the cochlea, this is the only location where a direct compari
son can be made between location, the tuning properties of afferent fibers, 
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IHCs and the vibration of the basilar membrane. That is, the complete 
description of the transduction pathway from the vibration of the cochlear 
partition up to, but not including, the first processing stage in the 
cochlear nucleus. The advantage of recording the activity of afferent 
neurons in the spiral ganglion lies in the fact that the dendrites run 
radially from the ganglion and innervate IHCs in the basal coil that are 
accessible for intracellular recording [1]. This enables a direct compari
son between the activity of the primary afferent neuron and the receptors 
they innervate in tel'ms of their respective sensi ti vity and fil ter proper
ties. These two components of sensory transduction are considered vital in 
the interpretation of responses to acoustic stimuli. 

HAIR CELL RESPONSE TO ACOUSTIC STIMULI 

The resting potentials of IHCs are always more positive than -50mV and 
they always produce predominantly depolarizing receptor potentials regard
less of the stimulus frequency (Fig. 1). At low frequencies, during the 
rarefaction phase of the sound pressure, the amplitude of the depolarizing 
phase (with respect to the resting membrane potential) can be up to three 
times larger than the hyperpolarizing phase [4]. At frequencies less than 
about 1 kHz, the receptor potential is usually seen as a phasic voltage 
modulation of the resting potential with peak-peak receptor potentials 
reaching 30mV in the sensitive cochlea. As the stimulus frequency in
creases the phasic, a.c. component of the receptor potential decreases at a 
rate of approximately 6 dB/octave for stimulus frequencies above 750 Hz 
until at or near the CF of the cell, the a.c. component is below the noise 
level of the recording electrode and only a d.c. component is obvious (Fig. 
1). The decrease in the phasic component of the receptor potential is 
thought to result from the electrical properties of the cell membrane 
acting as a single pole, low pass filter [4]. The d.c. component recorded 
at high stimulus frequencies can be substantial with levels of 15 mV not 
uncommon. Both the a.c. and the d.c. component of the IHC show identical 
tuning properties in the same cell, which in turn match those recorded for 
afferent neurons. However, because of a combination of the hair cell time 
constant and an asymmetrical transducer conductance, the d.c. component is 
thought to dominate the excitation of the afferent synapse at high stimulus 
frequencies [4]. 

Recent intracellular studies of OHCs in the basal coil of the guinea 
pig cochlea [6] show that these cells differ from IHCs in their responses 
to acoustic stimuli (Fig. 1). Their resting potentials are typically more 
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polarized than IHCs (-70 to -95mV) and, in the presence of low frequency 
tones, receptor potentials are symmetrical at low intensities, increasingly 
asymmetric in the hyperpolarizing phase at moderate levels, and depolariz
ing when stimulus levels approach or exceed 90 dB SPL (re 20u Pa). The 
OHCs do not produce d.c. potentials at high frequencies delivered at 
moderate levels and, because the a.c. component is attenuated by the hair 
cell time constant, this means that no modulation of the membrane potential 
is observed until the SPL approaches levels that may temporarily decrease 
the sensitivity of the cochlea (90 - 100 dB SPL). The amplitude of the 
receptor potential is also significantly less than that of the IHC and only 
reaches 3-5 mV at stimulus levels of 100-110 dB SPL. The absence of a d.c. 
component at high stimulus frequencies or, for that matter, any measurable 
modulation of the resting membrane potential at physiological stimulus 
levels, argues against a sensory role for this group of cells. The limited 
a.c. tuning data from the OHCs in the basal coil suggests that they are as 
sharply tuned as the IHC and therefore the filter properties of the BM, the 
hair cells and the afferent neurons at anyone location along the cochlear 
partition are coincident. 

ACOUSTIC OVERSTIMULATION AND COCHLEA HAIR CELLS 

Exposure of the animal to short (225 ms), high intensity pure tones 
(12.5 kHz, 110 dB SPL) results in significant changes in the response of 
the IHC to low frequency test tones. The intracellular record of a IHC to 
a 600 Hz (85 dB SPL) test tone (solid line, Fig. 2) demonstrates three 
points. Immediately following a loud tone (dotted line), there is a loss 
of peak-peak amplitude, an increase in the symmetry of the receptor poten
tial and a phase delay of about 60. Largest loss of amplitude is seen for 
the depolarizing phase of the voltage response of the hair cell which gives 
rise to the increase in symmetry. The amplitude of the receptor potential 
gradually recovers following the loud tone, and the phase of the waveform 
reverts to its pre-exposure value within 10-15 cycles; at this frequency 
this represents a time span of 16-25 ms. Multiple presentations of the 
loud tone result in additional loss in amplitude of the a.c. receptor 
potential, while the recovery of the voltage responses of the IHC appears 
to depend on the duration and intensity of the exposure. 

In the case of the OHC the loss of receptor potential peak-peak sensi
tivity to low frequency stimulation (dotted line, Fig. 2) is difficult to 
assign to the depolarizing or hyperpolarizing phase because of a shift in 
the postexposure membrane potential. However, other experiments where 
short tones were used as control stimuli show that the largest loss is 
restricted to the hyperpolarizing phase. This is in direct contrast to the 
responses of IHCs where the largest loss is in the depolarizing phase. 
Some evidence of this is seen in Fig. 2 in the receptor potential recorded 
one minute after the end of the loud tone. In this case the hyperpolariz
ing phase has not yet recovered to pre-exposure amplitudes. Fig. 3 demon
strates another characteristic of the OHC. When a train of five 225 ms, 
110 dB SPL tones is presented to the animal, the OHC membrane potential 
demonstrates a cumulative depolarization that is not seen in the intra
cellular records from the IHC. For the duration of the loud tone, the OHC 
membrane continues to depolarize to more positive potentials, while the IHC 
intracellular potential adapts after the onset of the loud tone and 
plateaus at levels 10-15 mV more positive than the resting membrane poten
tial. At the offset, normal pre-exposure resting potentials are almost 
instantaneously established in the IHC, while in the OHC, the recovery time 
constant is substantially greater. If the loud tone is repeated, then the 
OHC membrane potential demonstrates a cumulative depolarization. Given a 
sufficient recovery period, the OHC repolarizes over a similar time course 
to that recorded for the recovery in amplitude of the a.c. component of the 
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Fig. 2. IHC and OHC receptor potentials 
to a 85 dB SPL 600 Hz continu
ous tone before (solid line), 
immediately following (dotted 
line) and after exposure of the 
cochlea to a 225 ms, 100 dB 
SPL, 12.5 kHz tone. Dashed 
line is the resting membrane 
potential of the cell. The 
arrow denotes when the loud 
tone finished. 

receptor potential and significantly, the a.c. and d.c. component of the 
IHC receptor potential. This suggests a common mechanism is operating in 
the recovery of sensitivity of the receptor potentials for both groups of 
hair cells. 

When the test tone is delivered at or near the CF of the IHC together 
with a series of loud, short tones, then the loss of the d.c. receptor 
potential demonstrates similar characteristics to that recorded for the 
a.c. receptor potential, inasmuch as sensitivity is lost; this is addi
tive with each loud tone. An intracellular record for an IHC presented 
with gated tones near the CF (16 kHz, 60 dB SPL) is shown in Fig. 4. For 
this hair cell, the recovery time constant after exposure to the first and 
fifth loud tone in a series of exposures is similar, at around 200 ms. The 
recovery time constant in this particular case is probably a function of 
the intensity and duration of the loud tone, as other studies [7] have sug
gested. 

One of the characteristic responses of the IHC to tones of increasing 
intenSity at the CF is a compressive saturation of the d.c. receptor poten
tial. The non-linear behavior is only recorded for stimulus frequencies at 
or around the CF and is believed to derive from the non-linear vibration of 
the cochlear partition [3,8]. Fig. 5 shows the input-output functions for 
a stimulus frequency at the CF (20 kHz) of an IHC and for a stimulus fre
quency 0.8 octaves below the CF (12kHz). In the sensitive cochlea, the 
receptor potential demonstrates typical non-linear growth, but when a 
series of short duration, high intensity exposures (30 sec, 110 dB SPL, 
12.5 kHz) are presented to the cochlea, the compressive saturation is pro
gressively lost until the growth of the transfer function is essentially 
linear with a slope that approaches unity (dashed line). In contrast, the 
loud tones have virtually no effect on the 12 kHz transfer function. Thus 
it would appear that the non-linear properties of the hair cell at CF are 
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Fig. 3. Intracellular records from an IHC and 
OHC before and during exposure of the 
cochlea to a train of 225 ms, 12.5 
kHz, 100 dB SPL tones. A continuous 
600 Hz 70 dB SPL was delivered as a 
test stimuli. The receptor potential 
to this tone was suppressed during 
the exposure and was reduced in 
amplitude at the offset. The numbers 
1 and 5 represent the response of the 
cell to the first and the fifth loud 
tone. In addition to the loss of 
receptor potential amplitude to the 
600 Hz tone in both cells, the OHC 
demonstrates a cumulative elevation 
of its membrane potential. The low 
frequency modulation of the 600 Hz 
receptor potential is due to sampling 
aliasing. 

vulnerable to acoustic overstimulation, as has already been demonstrated 
for cochlear asphyxia studies [9J. The loss of the hair cell non-linear 
properties mimics those seen in the vibration of the BM where there are 
large losses of cochlear sensitivity, which suggests that the hair cell 
changes derive from mechanical changes in the cochlea partition [8J. Long 
term exposures have not been attempted for the OHC mainly because of the 
extreme instability of the recordings when loud tones are presented to the 
cochlea. This is presumably due to the motion of the cochlea partition 
during the presentation of acoustic stimuli. 

In summary, both the IHC and the OHC demonstrate sensitivity losses 
in the receptor potentials generated in response to test tones; these 
responses become more linear, as evidenced by the loss of the asymmetry of 
the receptor potential and linearization of their transfer functions. 
Finally, the recovery of the a.c. and d.c. components of the receptor po
tential for OHCs and IHCs parallels the repolarization of the OHC membrane 
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Fig. 5. IHC input-output functions 
for stimulus frequencies 
of 20 and 12 kHz before and 
following five exposures of 
the cochlea to 30 sec, 110 
dB SPL, 12.5 kHz loud tones. 
The compressive saturation 
of the 20 kHz transfer func
tion is progressively lost 
and the IHC requires higher 
SPLs to produce iso-voltage 
receptor potentials. The 12 
kHz transfer function shows 
little change. The dashed 
line indicates linearity. 



potential. The intracellular potential changes may have a mechanical 
correlate in the vibration of the cochlear partition. 

ACOUSTIC OVERSTIMULATION AND AFFERENT NEURON RESPONSES 

Recording from spiral ganglion neurons in the basal coil of the guinea 
pig cochlea enables a direct comparison between the sensitivity and tuning 
properties of the afferent neuron and the sensory receptor on which their 
dendrites form functional synapses. Although this type of comparative 
recording has not been attempted in the same cochlea, the use of the first 
negative component (NI) of the eighth nerve compound action potential (CAP) 
serves as the common link between the different experiments. With pure 
gated tones, this physiological probe provides an accurate measure of the 
functional status of discrete locations in the cochlea in terms of the 
threshold sensitivity of the afferent fibers. Cochleas showing similar 
absolute sensitivity of the CAP always show similar tuning properties and 
sensitivity for the afferent neurons and IHCs recorded at the same locat
ion. This is seen in Fig. 6, where the location of cochlea pathology 
induced by a high intensity pure tone is compared with the frequency 
specific loss of threshold sensitivity of the CAP. The close agreement 
between hair cell damage and the loss of threshold sensitivity is typical 
of the relationship between cochlea pathology and the physiological status 
of the afferent fibers. This tight relationship is not restricted to 
lesions induced by pure tone exposures but, is also seen for impulse noise 
studies [10], mechanical traumas [11] and cell damage resulting from the 
administration of ototoxic aminoglycosides [12J. The correlations of 
single cell activity with the CAP shown in Fig. 6 show that afferent 
neurons innervating IHCs located outside the lesion (sites 1, 3) demon
strate normal levels of sensitivity and tuning, while neurons innervating 
IHCs located within the lesion are detuned and have lost sensitivity (site 
2). Thus, absolute losses of single cell sensitivity appear to accord with 
that measured in the CAP, given that the CAP will only monitor the most 
sensitive units at threshold levels of acoustic stimulation. One point to 
note in this figure is that the lesion of the receptors in the organ of 
Corti resulting from the pure tone is restricted to the OHC stereocilia of 
the first row (OHC1). This type of damage is typical for a pure tone 
exposure that produces a permanent loss of threshold sensitivity (PTS) in 
the basal coil of the guinea pig cochlea. The other rows of the OHCs, and 
in particular the IHCs, are not obviously affected until the intensity of 
the exposure is raised to levels exceeding 115 dB SPL[13]. The damage 
produced by the pure tone is usually seen as a fusion or loss of the 
individual stereocilia on the arms of the stereocillary bundle, or in some 
cases a complete loss of the cell body. The IHC shows no obvious pathology 
of the stereocilia and would appear to be morphologically normal in coch
leas showing this type of restricted lesion. Although cochlear surface 
pathology of the receptors is a rather limited method of assessing acous
tically-induced lesions, the fact that these changes in the OHCs coincide 
with the first visible signs of permanent losses of threshold sensitivity 
would suggest that this group of receptors is the most vulnerable and 
therefore a prime candidate for the site and origin of NIHL. 

THE ORIGIN OF NOISE-INDUCED HEARING LOSS 

Along with the present series of hair cell intracellular studies, 
previous afferent fiber and cochlear morphological studies, lead us to the 
inevitable conclusion that NIHL is a phenomen of the cochlea and more 
specifically the OHCs. This is the only site that demonstrates a persis
tant elevation of the membrane potential which recovers at a similar rate 
to receptor cell and general cochlea sensitivity. The OHC is the first 
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Fig. 6. Spiral ganglion afferent fiber threshold tuning curves, 
CAP thresholds and cochlear morphology of the guinea 
pig showing a permanent threshold loss after exposure 
to a 13 kHz, 112 dB SPL tone for one hour. The numbers 
1-3 represent recording sites across the lesion. The 
plates are scanning electron micrographs of the stereo
cilia of the OHCs. Arrows indicate specific damage to 
the stereocilia. Calibration bars, 7 um. 

mechano-receptor in the auditory transduction chain. Based on present 
theories of cochlear transduction, any change in the functional status of 
the OHCs wi ll alter both the mechanical motion of the cochlear partition 
and also the sensitivity of the IHCs on which the majority of the afferent 
fibers synapse. The similarities in the tuning properties of the mechano
receptive hair cells and the mechanical motion of the BM strongly suggest 
that the OHCs and BM are intimately related by a common, single tuning 
mechanism. Any trauma that acts directly on this mechanism should manifest 
itself in a similar manner in the tuning of the hair cells and the EM. 
Fig. 7 demonstrates these changes for an IHC, for an afferent fiber and in 
the vibration of the BM following acoustically-induced desensitization. In 
all cases the loss in sensitivity is accompanied by decrease in the tuning 
properties of the cell and shifts of the CF to lower frequencies. With 
large sensitivity losses, the EM mechanical tuning reverts to a broadly 
tuned base line little different to that measured post mortem [4]. 
Although the afferent fiber can demonstrate further losses of sensitivity 
and tuning [14], these are believed to be the result of a progressive 
dysfunction of the afferent terminal [15 ] rather than the IHC. The 
interesting point is that regardless of the iso-voltage levels used to 
derive the IHC tuning curve from its input-output functions, this cell is 
much more vulnerable than the BM or the afferent fiber. Since the afferent 
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Fig. 7. Tuning curves for the basilar mem
brane (BM), inner hair (IHC) and 
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tuning of the BM. (BM tuning re
drawn from Sellick et al. [8J.) 

fiber almost certainly derives its normal filter properties from the IHC, 
this at first sight would appear as an anomaly. However, there is evidence 
that the afferent synapse can be directly depolarized by extracellular 
current at low frequencies [16J and more recently, that at high SPLs the 
OHCs dominate the extracellular potentials in the form of a +ve summating 
potential [17J. If this is the case, then the anomaly may be explained in 
terms of the receptor currents developed by the OHCs directly exciting the 
afferent fiber when the IHC is no longer able to produce excitatory 
intracellular potentials. 

The loss of the tuning properties of the BM is probably the crux of 
the mechanism of NIHL. Since the discovery that sound may be emitted from 
the ear, interest has focused on the idea that there must be a metaboli
cally dependant active process in the cochlea capable of injecting energy 
back into the vibration of the cochlear partition as part of a "negative 
damping" feedback loop [18J. This so-called active component has been 
modeled as located in the OHCs and is "a prerequisite for the high degree of 
tuning that is associated with the vibration of the BM in a sensitive 
cochlea. In functional terms, "negative damping" is manifest at or close 
to the CF of a mechanical tuning curve by a non-linear, compressional satu
ration of the input-output function [4,19,20J. This type of curve is also 
measured in the IHC receptor potentials (Fig. 5) and the afferent fiber 
response. As already discussed, the loss of this compressional saturation 
at the CF in the IHC receptor potential and the BM vibration is a classical 
response to loud sound. Although not yet recorded for the OHC, the in-
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creased symmetry of the response to low frequency tones following the loud 
tone (Fig. 2) suggests a similar behavior for this cell. That is, a loss 
of the frequency dependant non-linear responses of the cell to acoustic 
stimuli. Loud sound may abolish the action of the active process, leading 
to detuning and desensitization of the cochlear elements. What evidence do 
we have for this? 

Mountain [21] has shown that electrical stimulation of the crossed 
olivo-cochlear bundle (COCB) can modify acoustic distortion products 
recorded in the ear canal. These distortion products are thought to 
originate in the mechanical motion of the cochlear partition. Since COCB 
fibers predominantly innervate OHCs [1,2], this suggests an active, me
chanical role for this group of receptors feeding back into the vibration 
of the cochlear partition. A similar finding has also been shown by Siegal 
and Kim [22]. As shown in Fig. 6, pure'tone damage is generally restricted 
to the first row of the OHCs and relatively minor damage to the stereocilia 
of these receptors results in substantial losses in cochlea sensitivity and 
frequency selectivity. The first row of the OHCs also show the most exten
sive distribution of COCB terminals, thus suggesting that this row of hair 
cells may exert the greatest influence on cochlear function. Possible 
acoustically-evoked activity of the COCB has been shown to modify the 
cochlear desensitization produced when the ear is exposed to loud sound for 
both temporary and permanent threshold losses, again suggesting an active 
role for the OHCs [23,24]. Intracellular recordings from cochlear hair 
cells in this study show that the non-linear properties of IHCs and more 
importantly OHCs are modified during acoustic overstimulation in a similar 
manner to that recorded for the BM. It has also been shown that the OHC 
membrane potential is intimately linked with the loss and recovery of 
cochlear sensitivity, as monitored in the IHC receptor potentials and the 
gross response of the eighth nerve. 

We propose that the intracellular changes in the OHC potentials are 
electrical analogs of micromechanical changes in this cell that give rise 
to the loss of cochlear frequency selectivity and sensitivity. To that 
extent, the decrease in the BM tuning properties is an epiphenomenon, 
simply because the BM probably derives its filter properties from the 
electro-mechanical properties of the OHC-tectorial membrane complex. The 
elevation of the OHC membrane potential and its subsequent repolarization 
may mirror the loss and recovery of the theoretical active process. An 
exact location for the site of NIHL may be extremely difficult to pinpoint 
until a mechanism and site for this process is finally described. In this 
respect the OHC stereocilliary complex is a prime candidate. The evidence 
to date, however, points to the OHCs as the site and origin for NIHL. 
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DISCUSSION 

Pickles: How can you be sure you were recording from outer hair 
cells? 

Cody: One of the easiest ways to identify hair cells is to dye inject 
while you are recording. Unfortunately, when you dye inject cells, it 
means you have to use electrodes which are filled with something like 
Lucifer Yellow and that has to be in distilled water. So, that means the 
impedance of your electrodes is on the order 600-700 Mohms. Now, when you 
are recording in hair cells with such high impedances, it is difficult to 
look at the electrical properties of hair cells. So it is very difficult 
to say for sure we are recording from OHC. We therefore rely on a number 
of physiological pointers to identify response from outer hair cells. One, 
the resting membrane potentials of these cells are much lower than we would 
record from any other hair cells. Now if you go through the basilar 
membrane from scala tympani to scala media, you actually go first through 
supporting cells, then usually through extracellular space, then you have 
another cell which we presume is in an outer hair cell, then it is directly 
into scala media after that. So, position is one important criteria. The 
second is characteristic responses. The responses of these cells in terms 
of intracellular receptor potentials is larger than what you record in the 
extracellular space. They show a hyperpolarizing depolarizing phase which 
you do not record extracellularly. Third, supporting cell responses are 
usually much smaller, about 1/3 of the size of response from outer hair 
cells. 

Hamernik: In some species such as Gerbils, the inner hair cells sit 
right over the boney limbus. How do you reconcile the responses of inner 
hair cells with basilar membrane mechanics when the boney limbus probably 
does not vibrate very much. 

Cody: It is simple, because we consider the inner hair cells as 
rather passive sensory elements. They are just sitting there waiting for 
mechanical stimulation which is derived from the vibration of the cochleas 
partition. We think they are under the control of outer hair cells so 
therefore you are talking about a radial stimulus to the stereocilia of 
those inner hair cells. They are actually transducing stimuli delivered to 
them via that radial mechanical coupling. 

Trahiotis: Do you have any comments on the possible role of the 
afferent fibers from the outer hair cells that Bohne and Morest suggest 
project to the central nervous system? 

Cody: The d.c. component comes out of the outer hair cells at about 
80-90~SPL. Then it grows to about 5 mY. Now it is possible that 
somehow the outer hair cells are acting as null detectors. They are 
actually looking at their intracellular voltages. When they detect a d.c. 
component, that is signalled by the apparent fiber, but only at high 
intensities, that signal may form part of the negative feedback loop with 
the efferent system. That changes the intracellular potentials of the hair 
cells and in most cases this causes a hyperpolarization which you have seen 
in most other cellular systems with efferents being stimulated. That 
somehow, re-adjusts the set point of the basilar membrane so that the 
basilar membrane is operating in the linear portion of its input/output 
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transfer curve so the outer hair cell afferents and outer hair cells 
efferents may only operate at high intensities. 

Patuzzi: Since we know that low frequency displacement of the 
partition can turn the mechanics on and off, I suspect that it is a good 
correlate of the depolarization you get following TTS in outer hair cells. 
The question is, which comes first? Do hair cells become depolarized and 
does that cause a change in mechanics or is there a change in mechanics 
following TTS, like a d.c. shift, that turns the outer hair cells off. One 
clue might be how large these depolarizations are compared to the largest 
AC responses you can get from your outer hair cells. 

Cody: Right. We cannot yet separate the two possibilities. We do 
not know whether the electrical events we record intracellular are 
responsible for mechanical changes or the mechanical changes are 
responsible for the electrical. We cannot tell. 

Patuzzi: Do you have a feel for how large a depolarization you can 
get? 

Cody: The maximum is about 5 mV out of these cells at around 110-115 
dB SPL. 

Patuzzi: That is the largest change in the membrane potential you can 
get? 

Cody: The change in the membrane potential is less. With those types 
of exposures, the changes is on the order of 2-3 mV which we think is sig
nificant. 
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Of the roughly 50,000 afferent fibers in the cat's auditory nerve, 
approximately 95% terminate peripherally on inner hair cells (IHCs), as the 
so-called "radial fibers" (RFs) [24,25]. RFs comprise the population of 
neurons sampled when the auditory nerve is impaled with glass microelec
trodes [9]. In the cat, the great majority of RFs is unbranched, termi
nating on a single IHC via a single terminal swelling [24,8]. Thus, by 
sampling the activity of a single RF we have a window onto the functional 
state of a very restricted region of the organ of Corti. By sampling the 
activity of different single fibers, with different characteristic fre
quencies (CFs), we can assess the functional state of the entire cochlea, 
from base to apex. 

Over the last 10 years, we have studied the responses of single, 
auditory-nerve fibers in cats with drug- or noise-induced damage of the 
inner ear [11-17]. The abnormalities seen in the responses of these 
neurons have been correlated with the structural changes in the cochlear 
duct, both at the light- and electron-microscopic levels. These correla
tions have been useful in at least two different contexts. First, they 
have allowed us to infer something about the normal function of those 
structures which have been damaged, and second, they have suggested dif
ferences between the structural bases for temporary vs. permanent hearing 
loss. 

Using noise exposures, or treatment with ototoxic drugs, we have 
produced a variety of lesion types. In some cases, the IHCs are damaged 
while the OHCs remain nearly normal, while in other cases the OHCs can be 
eliminated, leaving the IHCs apparently intact. The changes in the single
unit tuning curves associated with each of these conditions tell us some
thing about the normal mechanisms underlying the generation of frequency 
selectivity in the auditory nerve. 

Application of single-neuron labeling techniques to these studies has 
greatly increased the precision with which we are able to make correlations 
between structure and function [13,14,16]. In both normal and abnormal 
ears it is possible to inject a single RF with horseradish peroxidase (HRP) 
after studying its discharge properties [9,10]. After suitable histologi
cal preparation, the labeled terminal can be followed to the IHC of origin 
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Fig. 1: Functional effects of subtotal loss of ORCs with intact IRCs. 
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At the right, a normal tuning curve (solid) is compared with 
the type of abnormal curve (dotted) associated with this 
lesion pattern. In this and all subsequent Figs., the tuning 
curves have been smoothed and adjusted to represent a distil
lation of data from many normal and abnormal ears. The organ 
of Corti is schematized as it appears in a LM analysis of a 
surface preparation (one row of IRCs at the top, three rows of 
ORCs at the bottom). Each missing OHC is marked by a scar 
(see arrow). Since the viewing angle is perpendicular to the 
endolymphatic surface of the hair cells, each stereocilium 
appears as a small dot. Only two rows of stereocilia are 
clearly visible in each tuft at the LM level. On each ORC, 
the stereocilia are arrayed in a "W". On each IHC, they form 
a broader arc. 
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Fig. 2: Functional effects of total loss of ORCs with intact IRCs. 
All conventions are as described in the caption for Fig. 1. 



in the organ of Corti, and the abnormalities in the response properties 
directly compared with the structural changes in the IHC which generated 
them and in the surrounding cells of the organ of Corti. 

The present report summarizes some of the results obtained in the 
study of single-unit responses from damaged ears. Since most of the 
results correlating function and light-microscopic (LM) structure have been 
published elsewhere, only an overview is presented. Much of the electron 
microscopic (EM) data is previously unpublished; thus it is treated here in 
somewhat disproportionate detail. 

GENERAL METHODOLOGY 

To study permanent threshold shift (PTS), we have exposed anesthe
tized cats to narrow bands of noise at levels of 100 to 115 dB SPL for two 
hours. After survival of at least four weeks (to allow temporary com
ponents of the threshold shift to disappear [19J), recordings were made 
from the auditory nerve. Our strategy was to create restricted lesions, 
both in extent and severity. By restricting the cochlear extent of the 
lesion, we provide an internal control by leaving regions with normal 
structure and function for comparison within the same ear. We restrict the 
severity of the lesion, since it is difficult to assess the effect of one 
structural change if several other abnormalities coincide with it. 

To study temporary threshold shift (TTS), we have exposed anesthe
tized cats to narrow-band noise at intensities between 105 and 120 dB SPL 
for durations under 20 minutes [17J. Single-unit activity is recorded 
prior to, as well as after, the exposure. Thus, the abnormal responses can 
be compared to those from a similar population of units from the same 
animal before the exposure. Roughly 18 hours after the exposure, the ear 
is fixed. By this time, the threshold shifts (roughly 40 dB) are changing 
slowly enough with time that the minutes which elapse between the last 
recording and the fixation of the ear are not significant. The assumption 
that the threshold shifts are fully reversible in these cases is based on 
comparisons to behavioral thresholds of noise-exposed cats collected by 
Miller et al.[19J. 

In our early experiments on ears with PTS, histological assessment was 
performed using serial sectioning of celloidin-embedded, decalcified tem
poral bones [15J. These techniques allowed LM evaluation of all structures 
of the middle and inner ears. Such evaluations indicated that, of all the 
structures in the inner ear, the hair cells themselves were apparently the 
most vulnerable to acoustic trauma. Thus, damage was only seen in the 
accessory structures of the cochlear duct (e.g., stria vascularis, spiral 
prominence, limbus, etc.) in cases in which there was extensive hair cell 
loss. 

In later studies, we have avoided producing extensive lesions and have 
studied the cochleas as epon-embedded surface preparations. With this 
technique we can evaluate the condition of all the sensory cells and their 
stereocilia at the LM level [12-14J, locate a single intracellularly
labeled fiber terminal, and, finally, remove selected regions of the organ 
of Corti for study in the transmission electron microscope. 

STRUCTURE-FUNCTION CORRELATIONS AT THE LM LEVEL 

PTS Ears 

In acoustically-traumatized ears, we have found that clear-cut 
morphological change in the organ of Corti is always associated with 
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dramatic threshold elevation in single auditory nerve fibers, whereas 
threshold shifts of less than 20 or 30 dB can be seen in cochleas which 
appear to be perfectly normal. Apart from the loss of sensory cells, the 
most important determinant of threshold shift is the degree of damage to 
the stereocilia. Thus, by evaluating the presence or absence of sensory 
cells as well as the condition of their stereocilia, we can "account for" 
most of the threshold shift in the auditory nerve. Similar conclusions 
have been reached by other authors [2,20,23]. 

Our studies of the functional changes associated with noise exposure 
have concentrated on spontaneous discharge rates (SRs) and the threshold 
tuning curve, since many other aspects of auditory-nerve activity are at 
least qualitatively predictable given these two measures. In normal ears, 
the tuning curve provides a measure of the CF and, thus, the position of 
innervation along the cochlear spiral. The SR is important, because in 
normal animals there is a strict correlation between SR and fiber threshold 
(defined as the intensity required to produce a 10 spikes/second increase 
over SR [7]). 

The normal tuning curve of an auditory nerve fiber can consist of a 
sharply tuned "tip" and a broadly tuned "tail" [6]. The observation that a 
wide variety of cochlear insults can selectively affect the tip and leave 
the tail apparently intact [4,5,15], has long suggested that the tip and 
tail may be generated by different mechanisms, perhaps one involving the 
OHCs and the other involving IHCs. In our studies of cochleas damaged by 
noise or drugs, there are many examples of selective elevation of the 
tuning-curve tip, but we have also found cases in which both the tip and 
tail were elevated and other cases in which tip elevation was associated 
with tuning-curve tails which were hypersensitive by as much as 30 dB [15]. 

A tuning curve with an attenuated tip and a hypersensitive tail, as 
illustrated in Fig. 1, can be seen when there is subtotal OHC loss in a 
cochlear region in which the IHCs remain normal. This type of structural 
change is typical of that seen with ototoxic drugs, but is less typical of 
noise trauma. In our hands, such lesions have only been produced with 
high-frequency exposures (> 9 kHz). Similar lesions have been produced by 
Robertson [20] using a 10-kHz pure tone. 

As schematized in Fig. 2, total loss of the OHCs in a region in which 
the IHCs remain normal results in bowl-shaped tuning curves which appear to 
completely lack a sharp tip. These bowl-shaped curves can be apparently 
hypersensitive in comparison to normal tuning-curve tails. This lesion 
type is most easily produced with ototoxic drugs. 

Results such as those summarized in Figs. 1 and 2 provide evidence 
that the OHCs are required for the sharp tip of the tuning curve. In 
addition to providing the IHC and its RFs with increased sensitivity at the 
CF, the OHCs may also decrease the sensitivity of the IHC to frequencies 
below the CF. 

Other evidence from noise-exposed animals suggests that the OHCs in 
the first row are more important to the generation of the tuning-curve tip 
than the OHCs in the other two rows. Thus, as is schematized in Fig. 3, 
severe disarray and loss of stereocilia on first-row OHCs apparently 
eliminates tuning-curve tips, even though nearly normal OHCs are present in 
the other two rows. The tuning curve schematized in Fig. 3 not only lacks 
a sharp tip, but the "tail" that remains is extremely hyposensitive, in 
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contrast to the situation in Fig. 2. Our data suggest that this tail 
hyposensitivity arises because of the damage to the IHC stereocilia. 

Significant damage to the IHC stereocilia is always associated with 
significant threshold shift on the tail of the tuning curve. If the asso
ciated damage to the OHC is not severe, the result can be a tuning curve 
with nearly normal shape but elevated thresholds at all frequency regions. 
Combined damage to IHCs and OHCs is typical of the lesions seen in our 
material following noise exposures at middle and low frequencies. 

We don't yet know what type of tuning curve is associated with pure 
IHC stereocilia damage, since IHC damage (in our material) is always asso
ciated with at least some disarray of OHC stereocilia. However, a case 
which most closely approximates that ideal is schematized in Fig. 4. A 
fiber contacting an IHC missing the entire tall row of stereocilia (at 
arrow) in a region with only modest disarray of OHC stereocilia showed a 
tuning curve with a normal Q10' although thresholds were elevated by 
roughly 40 dB. From a case such as this, it would appear that the tall IHC 
stereocilia are not necessary for sharp tuning in auditory nerve fibers. 

One simple summation of all the data from pathological ears is that 
threshold elevation on the tail is proportional to IHC damage, while the 
ratio of tip to tail thresholds is indicative of the condition of the OHCs. 
Although oversimplified, this summary allows general prediction of the 
nature and extent of cochlear damage from a population of abnormal tuning 
curves. The main problem with this oversimplification is that factors 
other than the condition of the sensory cells can affect thresholds. For 
example, a total focal loss of the organ of Corti (including all hair cells 
and supporting cells) can apparently raise thresholds at remote locations 
with seemingly normal structure more than one mm from the lesion [14J. 
Furthermore, factors outside of the organ of Corti, e.g., strial function 
and associated values of endolymphatic potential, also have a significant 
effect on both tip and tail thresholds [21J. Obviously, the correlations 
between hair cell damage and auditory-nerve dysfunction are clearest when 
the damage is restricted to the hair cells themselves. 

TTS Ears 

Ears with temporary threshold shifts can show functional changes 
similar to those seen in the PTS ears. In some cases, the tips of the 
tuning curves are elevated, while the tails become hypersensitive. In 
other cases, both tip and tail are elevated. In the TTS paradigm, these 
tuning changes are directly demonstrable by recording from the same unit 
before and after noise exposure. 

The structural picture in the TTS ear is very different from the PTS 
ear. Up to 60 dB of reversible threshold shift can be produced without any 
visible structural change at the LM level, while, in our material, 60 dB of 
PTS is always associated with significant hair cell loss or stereocilia 
damage. In some TTS ears, the afferent dendrites under the IHCs appear 
grossly swollen [17J. However, this phenomenon has only been seen when the 
exposure stimulus was a pure tone (three out of three cases) and never in 
the six cases when the exposures were bands of noise. In some cases of 
narrow-band exposure, we have seen apparent alterations in the refractile 
properties of the cuticular plate, visible in the light microscope as a 
frothy cloud in the apical portion of the hair cell. However, we have not 
seen significant alterations in the LM appearance of the stereocilia 
themselves in any case of apparently reversible threshold shift. 
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Fig. 3: Functional effects of severe damage to IHC and OHC stereocilia. 
Most of the tall IHC stereocilia (the row closer to the OHCs) 
are missing. On the second IHC from the left, a fused bundle 
of tall stereocilia is depicted. On the fifth IHC from the 
left the remaining tall stereocilia are bent at 90 degrees from 
their normal orientation. Other conventions are described in 
the caption to Fig. 1. 
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Fig. 4: Functional effects of moderate damage to IHC stereocilia and 
minimal damage to OHC stereocilia. Many of the tall row of IHC 
stereocilia are missing. All tall stereocilia are missing on 
the IHC above the arrow. OHC stereocilia disarray is confined 
to the first-row cells. 
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Fig. 5: 

Fig. 6: 

Electron micrographs from a cochlear region with 40 to 50 dB of 
PTS. For this and all subsequent micrographs, the plane of 
section was parallel to the endolymphatic surface of the hair 
cells. Panel A depicts the synapse (at arrow) between an IHC 
and a radial fiber terminal (RFT). Panel B shows a cross 
sectlon through an OHC at the level of the nucleus (N). 

Electron micrographs of tall IHC stereocilia from a case with 
PTS. Those in panel ~ were partially fused and bent at roughly 
90 degrees to their normal orientation. Those in panel B were 
bent at roughly 45 degrees. Scale for panel B is the same as 
for panel A. 
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STRUCTURE-FUNCTION CORRELATIONS AT THE EM LEVEL 

PTS Ears 

Our EM data suggest that most of the important structural changes in 
PTS ears are actually visible at the LM level. Figs. 5 through 9 illus
trate some of the ultrastructural features of sensory cells from a region 
of the organ of Corti with 40 to 60 dB of PTS. These micrographs are of 
tissue taken from the 1.1 to 1.8 kHz region of case MCL125j the single-unit 
physiology and LM histology for this case were summarized in Figs. 4 and 5 
of a previous publication [17]. The IHC damage in this area (as seen at 
the LM level) was similar to that schematized in Fig. 3 of this report, 
while the OHC damage was intermediate between that illustrated in Figs. 3 
and 4. Hair cell loss in this region was minimal. 

The ultrastructure in MCL125 is representative of all our PTS cases. 
As shown in Fig. 5, the cell bodies of IHCs and OHCs appear normal, even in 
regions in which there is significant damage to the stereocilia, as re
ported by Cody and Robertson [2]. Others have reported ultrastructural 
pathology in the organelles of noise-damaged sensory cells (e.g., [1,18]). 
However, it may be that intracellular pathology only appears in hair cells 
for which the stereocilia damage is so severe as to render the region of 
the organ of Corti non-responsive to acoustic stimulation. Thus far, all 
of our EM data are from acoustically responsive regions. 

The stereociliary tufts on both IHCs and OHCs from MCL125 were ana
lyzed via serial EM sections to assess whether there was additional damage 
not visible at the LM level. Normally, each stereocilium is densely packed 
with a regular latticework of actin filaments [26]. Tilney et al. [27] 
have reported that disorganization of this actin network is common within 
stereocilia from noise-exposed lizards. However, we found little evidence 
for disorganization of the actin filaments within the stereocilia them
selves, except when several stereocilia were fused (see arrow in Fig. 6a). 
Even when only one or two tall stereocilia remained on a cell, the actin 
filaments within those remaining hairs appeared to be normally distributed 
(see Fig. 7a), even if the stereocilia were bent as well (Fig. 6b). 
Rarely, we saw a stereocilium (arrow in Fig. 7b) in which all the actin 
appeared depolymerized. In such cases, the plasma membrane was also 
severely disrupted. We never saw swelling of the bases of the stereocilia, 
reported to occur in cochleas from noise-exposed lizards [27]. 

By far the most prevalent ultrastructural change was seen within the 
cuticular plate, in and around the rootlets of the stereocilia. A normal 
rootlet consists of a tubular matrix of electron dense material, extending 
roughly one micron into the cuticular plate beneath each stereocilium and 
somewhat less than one micron above the cuticular plate, through the center 
of each stereocilium. In the lizard cochlea, the rootlet appears to be 
made of actin filaments [26]. However, in the mammalian ear, rootlet com
position is less clear [22]. Within the cuticular plate, normal rootlets 
of the tallest row of stereocilia appear as dark circles (see rootlet "1" 
in Fig. 8a) when sections are cut parallel to the endolymphatic surface of 
the hair cell. In sectiQns roughly 0.5 microns above the cuticular plate, 
the rootlet appears as a dark dot at the center of each stereocilium (Fig. 
9) • 

In MCL125, ultrastructural damage to the rootlets on the first-row 
OHCs was much worse than that to the third row tufts, mirroring the greater 
disarray of the OHCl stereocilia seen in the light microscope (Fig. 4, 
reference [17]). Some rootlets on the first-row OHC appeared to be par
tially destroyed (rootlet "2" in Fig. 8a), while others were completely 
missing in several sections (rootlet "3" in Fig. 8a). Many rootlets 
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Fig. 7. Micrographs of tall IHC stereocilia from a case with 

PT3. 

appeared to have been broken just at the surface of the cuticular plate, as 
described in ears from acoustically-traumatized lizards [27J and rabbits 
[3J. The upper portion of these broken rootlets is often displaced such 
that, in one cross section, the rootlet can appear to be doubled (rootlet 
"4" in Fig. 8b). Broken rootlets were always associated with obvious 
lateral displacement of the stereocilium (arrows in Fig. 9), which corre
sponds to the disarray visible at the LM level. However, damaged or 
missing rootlets could be seen on stereocilia which did not appear to be 
displaced or bent, and missing stereocilia (see bracket in Fig. 9) often 
had normal rootlets within the cuticular plate. Thus, the relation between 
stereocilia posture and rootlet condition is not a simple one. 

The ultrastructural damage to the stereocilia in the IHC region was 
somewhat different and, in general, more severe in appearance. In many 
cells it appeared that the matrix of the cuticular plate had broken into 
numerous pieces, allowing whole groups of stereocilia and rootlets to fall 
over. The apparent breakup of the cuticular plate seemingly had allowed 
cytoplasm to flow up around the bases of the stereocilia. ~ll cases of IHC 
stereocilia fusion we saw were associated with cytoplasm pools at the bases 
of the stereocilia, where normally only the dense matrix of the cuticular 
plate substance should be seen (Fig. 6a). 

In the context of the structure-function correlations discussed above, 
the importance of the EM observations on PT3 ears is to support the conten
tion that the most important structural changes in noise-induced hearing 
loss are in the stereocilia tuft, and that these changes have manifesta
tions which are visible at the LM level. Nevertheless, rootlet abnormali
ties which are not reflected in obvious displacement of the corresponding 
stereocilium may explain moderate threshold shifts not associated with 
recognizable stereocilia disarray. 

TT3 Ears 

Ears with TTS have shown no consistent pathology at either the LM or 
EM levels. Four of the TTS ears have been examined at the EM level, but 
one particular case of broad-band exposure was chosen for serial-section EM 
study (MCL124). The physiology and LM histology for this case have been 
summarized in Figs. 17 and 18 of Liberman and Mulroy [17J. This case 
showed roughly 40 to 50 dB of acute threshold shift over a wide frequency 
range (CFs from 1.0 to 20 kHz). Thus we can be absolutely sure that the 
regions selected for serial-section analysis (3.5 and 8.0 kHz) did indeed 
have significant threshold shift. The LM analysis had revealed no stereo
cilia abnormalities. 

~t the EM level in this case, we saw no abnormalities in the cell 
bodies of either IHCs or OHCs (Fig. 10) including the synaptic apparati 
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Fig. 8: Electron micrographs of stereocilia rootlets from the first 
row OHCs from a case with PTS. Panels A and B each show two 
rows of rootlets. In each panel, the lower row shows 7 of 
the roughly 33 rootlets from the outermost (and tallest) row 
of stereocilia. (A micrograph of an entire set of rootlets 
on an OHC is shown in Fig. 11.) 

.. 

Fig. 9: 
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Electron micrograph through an abnormal stereo
ciliary tuft on a first-row OHC at a level roughly 
0.7 microns above the cuticular plate. Stereo
cilia indicated by the arrows showed fracture of 
the rootlet at the surface of the cuticular plate. 
In the region of the bracket at the upper right, 
five stereocilia from the outer row are missing. 



Fig. 10: Electron micrographs from a region with 40 to 50 dB of TT3. 
Panel A shows the synapse (arrow) between an IHC and a radial 
fiber (R). Panel B shows a section through the an OHC at the 
level of the nucleus (N). 

~ 
1 .0 ~ 

Fig. 11: Electron micrograph of a sec
tion through the cuticular 
plate of a first-row ORC from 
the same TT3 case illustrated 
in Fig. 10. 

173 



on both cell types. Serial sections through the cuticular plates and 
stereocilia revealed no depolymerization of actin or fracture of rootlets 
as was seen in the PTS ears (see Fig. 11). The only potential pathology 
was that the rootlets of the OHC stereocilia appeared shorter than normal. 
This suggestion is based on comparison of six OHCs from two cochlear loca
tions in one TTS ear with three OHCs from a similar cochlear region of a 
normal animal. Based on the physiological changes in this TTS ear, ele
vated tuning-curve tips and hypersensitive tuning-curve tails, we would 
expect, by analogy to the PTS ears, to see selective damage to the OHCs. 
The apparent reduction in length of the OHC stereocilia rootlets may con
stitute that damage and may be reversible. However, the structural data 
are too preliminary to draw any firm conclusions. 

SUMMARY AND CONCLUSIONS 

Our data suggest that virtually all of the threshold shift seen in 
cases of permanent noise-induced threshold shift can be correlated with 
loss of sensory cells or damage to their stereocilia. Stereocilia damage 
alone can apparently account for at least 80 dB of threshold shift. The 
disarray of OHC stereocilia seen in the light microscope apparently arises 
from loss and/or fracture of the stereocilia rootlets within the cuticular 
plates. Following rootlet damage, the entire stereocilium begins to bend 
at its point of insertion in the cuticular plate. The bending and/or 
fusion of IHC stereocilia appears to arise in association with a break-up 
of the cuticular-plate matrix. 

In cases with acute and probably reversible threshold shift, the only 
definitive structural changes seen have been dendritic swelling in the IHC 
area. However, since that phenomenon was not seen when the exposure was 
not a pure-tone, this condition cannot be the underlying explanation for 
all TTS. The finding that OHC stereocilia rootlets are shorter than normal 
in one case of TTS following broad-band noise suggests one avenue for 
further study. The possibility exists that TTS is caused by disruption 
(reversible) in the cuticular plate which is not serious enough to cause 
obvious bending of the stereocilia. 

In ears with permanent threshold shifts, caused either by acoustic 
trauma or drug damage, we find extremely regular correlations between 
structural changes and functional changes. These correlations are con
sistent with the idea that the OHCs modify cochlear micro-mechanics in such 
a way as to provide sharp tuning and sensitivity. This mechanical modifi
cation is presumably transmitted to the RFs via the IHCs and their stereo
cilia. The presence of the OHCs, especially the first-row OHCs, appears to 
modify the normally broadly tuned response of the organ of Corti by adding 
sensitivity at the CF and decreasing sensitivity off CF. Loss of IHC 
stereocilia appears to decrease sensitivity both on and off CF, possibly by 
reducing the number of ion channels available to transduce the mechanical 
motion. 

Although damage to both sensory cell types causes threshold elevation, 
the total set of functional changes is apparently very different depending 
on the ratio of IHC to OHC damage. When the IHCs are selectively damaged, 
sharp tuning can remain along with nonlinearities such as two-tone inhibi
tion. When there is selective damage to OHCs, the tuning becomes quite 
broad and most nonlinearities disappear [16]. If these cat data are 
applicable to man, one might expect there to be significant performance 
differences between humans with IHC vs. OHC lesions on a wide variety of 
auditory tasks including speech discrimination. Thus, in analyzing psycho-
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physical studies of patients with sensorineural hearing loss, it might be 
fruitful to group individuals based on the shapes of psychophysical tuning 
curves, rather than simply based on the nature of the behavioral audiogram. 
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DISCUSSION 

Shaddock: I would like some comments on some very preliminary results 
we have in a monkey that was noise exposed. We did not quantify stereo
cilia damage, but we did do a cytocochleogram three months after exposure; 
then we sectioned serially through the areas that were adjacent to the 
lesion. The interesting thing about the hair cells is that the cuticular 
plate region and the stereocilia are perfectly normal, but the subcuticular 
regions show all sorts of strange swellings on their lateral membranes and 
a number of very odd pathologies. This is an octave band exposure centered 
at 500 Hz. The level was 110 dB for 8 hours a day for 2 consecutive days. 

Liberman: I would not have any comment other than it is certainly 
possible, but in material with the type of lesion we have produced, that is 
not the situation that we have seen. 

Patuzzi: Everything you've shown seems to me to be consistent with 
changes in basilar membrane mechanics or Cody's suggestion that inner hair 
cells can be desensitized. You seem to have demonstrated that you can 
desensitize inner hair cells and still maintain basilar membrane mechanics 
if you've got outer hair cells. The only problem is the hypersensitive 
tails of the tuning curves that you see. My question is, are your tuning 
curves based on rate functions or synchrony functions? 

Liberman: The tuning curves are Iso-rate functions. 
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Patuzzi: Have you ever looked at iso-synchrony tuning curves to see 
whether you may not get an elevation in firing rate and yet the neurons are 
responding synchronously at lower levels? That may be important because 
hypersensitive tails suggest that there may be two mechanisms involved. 
Although the mechanics changed, we have never seen any evidence that the 
mechanics become hypersensitive following trauma of any kind. But the W 
shape of the tuning suggests that there might be two stimulation mechan
isms. Have you ever looked at phase locking in the hypersensitive tails or 
measured the phase across frequency to see if there is a change in phase as 
you go from the hypersensitive tail to the normal tip? 

Liberman: On many units, I would take a phase measurement at the 
tuning curve threshold at 1 kHz, so I have a lot of data at 1 kHz as a 
function of CF in normal and traumatized units. In general, at that one 
level, the tuning curve threshold, we saw no change in the synchronization 
index. So at tuning curve threshold, the synchronization index is the same 
regardless of whether it is hyposensitive, normal or hypersensitive. With 
respect to what the phase is, hypersensitive tails are interesting in two 
regards. One is they never show a phase shift with level, i.e., what we 
call the 1st component and 2nd component. That nonlinearity is gone. Two
tone rates suppression also seems to be gone. 

Saunders: Others have suggested that with TTS you see a proliferation 
of the smooth endoplasmic reticulum particles in the outer hair cells. 
What is your observations with regard to that? 

Liberman: In this particular paradigm, I have not seen any signs of 
that. 

Cody: When you do your VIII nerve recordings in your chronic animals, 
how do you know the original CF of the fiber you are recording from and how 
do you align that in terms of the damage in the cochleogram? 

Liberman: For all of the schematics illustrated, we have single unit 
labeling data. Therefore, we know exactly which inner hair cell it goes 
to. But beyond that, the single unit labeling studies also show that in 
most CF regions, outside of the very highest CF regions, that CF does not 
shift tremendously as threshold is elevated. In the normal animal, the CF 
map is regular enough that based on the position of the labeled terminal 
you can estimate what its original CF was. Thus, in a traumatized animal, 
you can measure the CF of a fiber and, based on the location of its 
terminal, estimate what its original C.F. was. Based on those types of 
comparisons, it would seem that 40-60 dB of threshold shift, as is seen in 
these most interesting cases, is not large. It is less than 1/4 of an 
octave; 1/8 of an octave typically. 
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LISTENERS WITH NOISE-INDUCED SENSORINEURAL HEARING LOSS 
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One of the most serious changes in hearing that results from acoustic 
trauma is the deterioration in speech discrimination. However, because of 
the complex nature of the speech signal, it has been difficult to determine 
the underlying psychoacoustic and physiological mechanisms that result in 
poor speech perception. Consequently, many researchers have turned to sim
pler acoustic stimuli to investigate the performance characteristics of 
hearing-impaired listeners. The experiments carried out with simple acous
tic stimuli have provided a wealth of information on the distortions that 
occur in intensity discrimination [1-3J, loudness growth [4,5J, frequency 
discrimination [6,7J, frequency resolution [8,9J, and temporal integration 
[10,11J. One area in which our knowledge has increased considerably over 
the past 10-15 years is in understanding the changes that occur in fre
quency selectivity following noise-exposure. Intense noise exposures are 
known to result in the loss of tuning in the basilar membrane vibration 
pattern (see Patuzzi this volume) and the frequency response areas of hair 
cell and single auditory nerve fibers (see Cody and Russell and Liberman et 
al. this volume). The change in physiological tuning has in tUrn been 
reflected in wider psychophysical tuning curves in noise-exposed subjects 
[9J. 

In simple resonant systems, tuning is related to damping; i.e., the 
broader the tuning, the greater the damping. If one assumes that the audi
tory system behaves like a simple resonant system, then the abnormally wide 
tuning curves seen in noise-exposed ears should lead to greater damping. 
This in turn should lead to an improvement in the ear's ability to follow 
rapid fluctuations in sound intensity since there should be less ringing in 
the system. The ability of a listener to follow these rapid fluctuations 
in sound intensity has generally been referred to as temporal resolution. 
Over the past few years, we have been looking at a number of different 
psychophysical and physiological measures of temporal resolution in 
noise-exposed ears to determine if the temporal processing characteris
tics of the auditory system are altered by hearing loss. Recent results, 
including our own, suggest that temporal resolution is, in fact, impaired 
in listeners with sensorineural hearing loss. The evidence for this comes 
from a number of different psychophysical studies involving gap detection 
and forward and backward masking [12-15J. One goal of this paper is to 
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attempt to link the abnormal psychophysical measures of temporal resolution 
in noise-exposed subjects to the underlying physiological substrate. 

METHODS 

The experimental results presented below come from three different 
classes of experiments: psychophysical, evoked response and single unit 
studies. However, all of the experiments were carried out on the same 
species, the chinchilla, to facilitate a comparison between the different 
measures of temporal processing. The psychophysical experiments on gap 
detection were conducted with a shock-avoidance conditioning procedure 
which has been described previously [15,16]. The animals were restrained 
in a yoke-like apparatus and conditioned to respond to tone bursts (500 ms, 
5 ms rise/fall time), noise bursts (500 ms, 5 ms rise/fall time, low-passed 
filtered at 20 kHz) and silent intervals ("gaps") embedded in a continuous 
noise (0.01 ms rise/fall time, low-passed filtered at 20 kHz). The animals 
registered a response to the stimulus by a slight upward motion of the body 
which closed a microswitch. Each animal's pure tone, noise burst and gap 
detection thresholds were determined using a modified threshold-tracing 
procedure. Psychophysical estimates of forward masking were also obtained 
using a positive reinforcement (food) conditioning technique and the method 
of constant stimuli [11]. The masker (100 ms, 1 ms rise/fall) and probe 
(10 ms, 1 ms rise/fall, 10 dB SL) were at the same frequency, and the in
terval between masker offset and probe onset (DT) was varied from 2-100 ms. 
At each DT, masker intensity was varied so that it just abolished the 
detection of the probe tone. 

Auditory evoked potentials were obtained from another group of 
chinchillas using chronic bipolar electrodes implanted in the inferior col
liculus [18,19]. The animals were awake during testing and restrained in 
the same yoke-like apparatus used for avoidance conditioning. The electri
cal responses were amplified (20,000 X), filtered (30-3000 Hz), and sampled 
(20 kHz, 600 points) by a computer for signal averaging. The evoked re
sponse was elicited by a probe tone (10 ms duration, 1 ms rise/fall time), 
and evoked-response threshold and forward masking recovery functions were 
obtained. The stimulus parameters employed in the evoked-response forward 
masking study were the same as those in the psychophysical experiment dis
cussed above. 

Recordings were also obtained from single auditory nerve fibers in 
chinchillas that were anesthetized (Dial in urethane) and tracheotomized 
[9,20]. A posterior fossa approach was used to expose the auditory nerve 
and glass microelectrodes (3M KCl, 15-40 Mohms) were used to record from 
single auditory nerve fibers. A ball electrode was placed on the round 
window to monitor the whole nerve action potential and the physiological 
condition of the animal. Each unit's spontaneous discharge rate was ob
tained and then a computer-automated threshold tracking procedure was used 
to estimate the tuning curve (50 ms on, 50 ms off, 1 ms rise/fall time). 
Single auditory nerve fiber forward masking recovery functions were ob
tained using a 100 ms masker and a 10 ms probe. The frequency of the 
masker and probe was always at the unit's CF, and the interval between 
masker offset and probe onset (DT) ranged from 2-200 ms. The intensity of 
the probe was fixed at 10 dB above the unit's threshold while masker level 
was varied from 10-50 dB in 10 dB steps. 
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Fig. 1. Left panel shows the mean value of asymptotic threshold shift for 
tone and noise (N) bursts at the four noise-exposure levels. 
Right panel shows the mean gap detection thresholds before and 
during asymptotic threshold shift. Dashed lines connect gap 
thresholds obtained at approximately the same SL. 

RESULTS 

Gap Detection and Hearing Loss 

There are a variety of psychophysical procedures for assessing the 
temporal resolving power of the auditory system, but one of the simplest 
and most popular techniques involves having a subject detect a brief silent 
interval or gap embedded in an otherwise continuous noise [21]. Gap 
detection thresholds presumably provide a way of estimating the minimum 
integration time of the auditory system. Futhermore, in hearing-impaired 
listeners, gap detection performance appears to be linked to poor speech 
perception [12]. In order to evaluate this problem, a series of experi
ments were carried out with chinchillas. Gap detection thresholds were 
first measured under normal hearing conditions and then with two patterns 
of noise-induced temporary hearing loss. In the first case, the animals 
developed a relatively flat hearing loss, while in the second case, a pro
gressive high-frequency hearing loss was induced. The chinchillas in our 
first experimental group (N=5) were exposed sequentially to 4 levels (75, 
85, 95 and 200 dB SPL) of octave band noise centered at 0.5 kHz. Each 
exposure lasted 8-11 days and resulted in a relatively stable and consis
tent asymptotic threshold shift (ATS). After the animals reached ATS, they 
were removed from the noise for audiometric testing for approximately 1 
hour. Fig. 1 (left panel) shows the degree of threshold shift for tone 
bursts and noise bursts. There are two important points to note: first, 
the hearing loss was relatively flat, and second, the amount of hearing 
loss systematically increased with exposure level. The question of inter
est in this experiment is how the degree of hearing loss affects temporal 
resolution. Before discussing these results, it is important to consider 
how gap detection performance is influenced by signal level in normal 
listeners. As shown in the right panel of Fig. 1, the gap thresholds 
approach an asymptotic value of apprOXimately 3 ms at high signal levels, 
but thresholds systematically increase below 40 dB SPL (approximately 40 dB 
SL). These results are virtually identical to those obtained from human 
listeners. The gap detection data from normal and impaired ears can be 
compared either in terms of the SL (dashed lines) or SPL (solid lines) of 
the signal, as illustrated in the right panel of Fig. 1 (The 75 dB 
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Fig. 2. Left panel shows the mean value of asymptotic threshold shift for 
tone and noise (N) bursts. Low-pass cutoff of the noise exposure 
shown in the legend. Right panel shows the gap detection 
thresholds as a function of signal SPL at each of the five 
exposure conditions. 

exposure had no effect on gap detection, therefore, the results are not 
shown.) The simplest way of evaluating the data is ~imply in terms of the 
SPL of the test signal. As shown by the solid lines in Fig. 1, the 30 dB 
of hearing loss caused by the 85 dB exposure elevated the gap thresholds, 
but only at low intensities. The 95 and 100 dB exposures, on the other 
hand, produced significant elevations in the gap thresholds at all 
intensities. A much more conservative way of comparing the data is at a 
constant SL. This can be accomplished using the dashed lines in Fig. 1. 
When the data are analyzed at a constant SL, the gap thresholds are seen to 
increase only at the 95 and 100 dB exposures, i.e., after the hearing loss 
exceeded 30-35 dB. 

Human psychophysical studies carried out with narrow bands of noise 
have shown that gap thresholds are shorter at the high frequencies than at 
the low frequencies [13,14,26]. This improvement in temporal resolution 
with increasing frequency was thought to be related to the increase in the 
width of the critical band with increasing frequency. Since noise-induced 
hearing loss generally involves the loss of high-frequency hearing, it 
seemed important to determine how gap performance was affected by the width 
of the high-frequency loss. This was accomplished by sequentially exposing 
chinchillas to 5 different bands of high-pass noise. The high-frequency 
cutoff of the noise remained at 20 kHz while the low-frequency cutoff was 
lowered from 16 to 1 kHz in octave steps. Each of the 5 exposure condi
tions lasted approximately 2-3 weeks so that the animals were in a state of 
ATS. The noise had an overall SPL of 93 dB between 1 and 20 kHz. Tone 
burst, noise burst, and gap thresholds were obtained from each animal 
before and during the exposure. Fig. 2 (left panel) shows the mean 
threshold shift of the 4 chinchillas. There is a progressive spread of the 
hearing loss towards the low frequencies as the low-pass cutoff of the 
noise is lowered. The first 3 exposures (16, 8 and 4 kHz) increased the 
high-frequency thresholds, but had little effect on either the 
detectability of the noise burst or the test signal used for gap detection. 
Nevertheless, gap detection thresholds systematically increased even when 
only the frequencies above 8 kHz were elevated (Fig. 2 right panel). After 
the 1 and 2 kHz exposures, the hearing loss migrated down to 1 kHz, and the 
gap thresholds increased further. However, this change in gap detection 
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Left panel redrawn from Nelson and Turner [24J. Masked threshold 
plotted as a function of the interval between forward masker 
offset and probe onset. Right panel shows the masked threshold of 
the auditory evoked response plotted as a function of the time 
interval between masker offset and probe onset. Probe and masker 
frequency are indicated in the figure inset. 

may be partly due to a reduct Lon in the SL of the test signal. These 
results, as well as other data obtained with amplitude modulated noise 
[22J, suggest that the high frequency hearing may playa dominant role in 
the detection of temporal gap embedded in a broad band noise. 

Forward Masking and Hearing Loss 

The stimulus paradigm used in gap detection bears a close resemblance 
to that used in forward masking. However, in forward masking the listener 
is asked to detect the presence of a probe stimulus, whereas in gap detec
tion the listener is required to detect the silent interval embedded 
between two test stimuli. Although the test stimuli and detection task are 
somewhat different, Smiarowski and Carhart [23J have shown that there is a 
close relationship between the results obtained with gap detection and 
forward masking. If the two measures are, in fact, related, then one might 
expect the time course of forward masking to be prolonged with 
sensorineural hearing loss. 

One procedure for measuring forward masking is to have a listener de
tect a low-intensity probe tone that is preceded in time (DT) by a masking 
tone of variable intensity. The listener's task is to adjust the level of 
the masker so that it just abolishes the detection of the probe. When the 
procedure is carried out over a range of masker-probe intervals (DT), one 
obtains an estimate of the time course of masking. Since the probe is near 
threshold, it presumably excites a limited region of the basilar membrane 
and therefore provides information about the time course of forward masking 
from a limited frequency region. Nelson and Turner [24J reported changes 
in forward masking recovery functions in human listeners with sensorineural 
hearing loss. Fig. 3 compares the forward masking functions from a normal 
and an impaired listener at 1 kHz. The masked thresholds in the impaired 
ear are higher than those from the normal listener as a result of the hear
ing loss. More important, however, is the fact that the time course of 
forward masking is significantly different for the normal and impaired 
listener. A quantitative index of the time course of forward masking can 
be obtained from the time constant of the equation which was fit to the 
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data in Fig. 3 (left panel). The time constant for the hearing-impaired 
listener is over 300 ms, whereas in normal listeners, it is on the order of 
70 ms. This four-fold increase in the time constant provides further 
eVidence of abnormal temporal processing in hearing impaired listeners. 
Unfortunately, there is relatively little anatomical and physiological evi
dence related to the breakdown in forward masking and temporal resolution. 

Evoked-Response Forward Masking Functions and Hearing Loss 

The abnormal temporal processing characteristics of impaired listeners 
presumably have some phYSiological basis. In order to gain a better under
standing of the physiological mechanism(s) that might be involved, an 
experiment was carried out in which we measured the auditory evoked 
response from the inferior colliculus using a "forward masking" stimulus 
paradigm similar to that used in the previous psychophysical experiments. 
A low-level probe tone was used to elicit the evoked response. Then a 
forward masker was introduced and increased in level until it caused a 50% 
reduction in probe amplitude (i.e., the masked threshold). Fig. 3 (right 
panel) shows a set of evoked-response forward masking functions obtained at 
4 different probe frequencies in one normal hearing chinchilla. In order 
to facilitate a comparison across the 4 frequencies, each function was nor
malized to the masked threshold at 2 ms. Several points are worth noting. 
First, there is very little difference across the 4 probe frequencies. 
Second, the evoked-response forward masking functions from the chinchilla 
are quite similar to those obtained psychophysically from human listeners 
(Fig. 3, left panel). Furthermore, the time constants for the evoked 
response data are comparable to those for the human psychophysical data. 

Because of the inherent difficulties in making cross species compari
sons, we felt that it was necessary to obtain some psychophysical data on 
forward masking in the chinchilla using the same stimulus paradigm that was 
employed in the evoked response study. Preliminary psychophysical forward 
masking data from one chinchilla are compared in Fig. 4 with an evoked
response forward masking function. Note the similarity between the psycho
physical and evoked response data from the chinchilla as well as the 
similarity to the human psychophysical data shown in Fig. 3. These results 
suggest that it may be feasible to use the evoked response technique to 
study temporal processing in hearing-impaired animals. 
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Fig. 5 Left panel shows the pattern of threshold shift resulting from the 
85 dB pure tone exposure. Right panel shows the masked threshold 
plotted as a function of threshold shift before and after 
exposure. 

Some preliminary experiments have been carried out in which we examined the 
effects of noise-induced hearing loss on the evoked-response forward 
masking function. The animals were exposed for approximately two weeks to 
a 2 kHz pure tone having an SPL of 85 dB. The typical pattern of threshold 
shift is shown for one animal in Fig. 5 (left panel). The exposure 
produced as asymptotic threshold shift at the high frequencies, but had no 
effect on low-frequency hearing. Fig. 5 (right panel) shows the pre- and 
post-exposure evoked response forward masking functions. The post-exposure 
function is shifted upward due to the loss in sensitivity. More 
importantly, the time course of recovery is slowed after exposure. The 
time constant that fits the data changed from 91 ms before exposure to 385 
ms after the exposure. The forward masking function was also measured at 
0.5 kHz where hearing was normal; this function was completely normal and 
thus serves as a within subject control. The results indicate that the 
time course of the evoked-response forward masking function can be altered 
by noise-induced hearing 10.3s. 

Auditory Nerve Fiber Forward Masking Functions and Hearing Loss 

In order to determine if the time course of forward masking was being 
altered by changes in the periphery, another series of experiments were 
carried out on single auditory nerve fibers. The first step was to charac
terize the time course of recovery for single auditory nerve fibers in 
normal chinchillas and to determine if there were any systematic 
differences between fibers with different spontaneous discharge rates. The 
stimulus and response parameters are illustrated in Fig. 6. The unit's 
responsiveness was assessed with a 10 ms probe tone that was 10 dB above 
the threshold at the characteristic frequency (CF) of the unit. The probe 
tone was preceded (DT: 2-200 ms) by a 100 ms adaptor tone that varied in 
intensity from 10-50 dB above threshold. Neural recovery was assessed by 
comparing the firing rate to the probe tone when it was preceded by the 
adaptor tone, Rp(dt), relative to the firing rate to the probe in _its 
unadapted state, Rp. Fig. 7 (left panel) shows the mean normalized probe 
rate as a function of recovery time (DT) for an adaptor level 30 dB above 
threshold. It appears that the high-spontaneous rate (> 18 spikes/sec) 
units recover faster than the low- « 0.5 spikes/sec.) and medium-rate 
(0.5-18 spikes/sec) units. The results were evaluated quantitatively by 
fitting the equation in Fig. 7 (right panel) to the data. The time 
constants fit to the data are plotted as a function of adaptor level in 
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Fig. 7 (right panel). It is clear that the mean time constants of the 
high-spontaneous rate fibers are consistently shorter than the time 
constants for low- and medium-spontaneous rate units. This difference must 
be taken into account when evaluating the results from noise-exposed ears. 

Auditory nerve fiber forward masking functions were also obtained from 
a group of chinchillas exposed at 95 dB SPL to an octave band of noise cen
tered at 0.5 kHz. The exposure lasted 5 days and resulted in an asymptotic 
threshold shift of approximately 50 dB across the range of frequencies (see 
Fig. 1). Recordings were made over a period of approximately 12 hours 
after the exposure while there was a significant degree of hearing loss. 
The single unit thresholds were elevated approximately 50 dB, and the 
frequency- threshold curves of the fibers were broadly tuned as reported 
earlier [20]. Fig. 8 (left panel) compares the mean forward masking 
recovery functions from units in normal and noise-exposed animals. In 
order to simplify the comparison, only the results from high-spontaneous 
rate units are shown. The recovery functions obtained at 10 dB above 
threshold are essentially identical for both groups. This was generally 
the case at 20 dB also. However, at 30 dB, slight differences began to 
appear, and by 40 dB, the differences in the time course of recovery became 
quite noticeable. Time constants were fit to the recovery functions as 
discussed above and the results are shown in Fig. 8 (right panel). The 
time constants for the normal and noise-exposed groups are comparable at 
low levels. However, the time constants for the noise-exposed group 
diverge from those for normals at 30 dB and are significantly longer at 40 
and 50 dB. The large difference between normal and noise-exposed animals 
at 50 dB should be interpreted cautiously, however, since few units in the 
noise-exposed group could be studied at this intensity level, i.e., the 
required intensity level exceeded the output of the sound source. 

One factor that could potentially affect the time course and amount of 
forward masking in the noise-exposed animals would be a "recruitment-like" 
change in a unit's input/output function, i.e., an increase in the slope of 
the unit's discharge rate-intensity function. If such a change were to 
occur, then for a specified intensity level above threshold, the firing 
rate to the adaptor tone would be higher in a unit from a noise-exposed 
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animal than in a normal unit. The higher firing rate could in turn cause 
greater adaptation and prolong the time course of recovery in units from the 
noise-exposed animals. It is important to note, however, that this type of 
explanation could only account for our results at sound intensities below 
that needed to drive the unit to its saturation discharge rate. According 
to this view, all intensities that lead to saturation presumably yield the 
same amount of adaptation and the same amount of time to recover. 

In order to examine this issue, the slope of the rate-intensity func
tion to adaptor tone was measured over 10 dB intervals for each unit in the 
normal and noise-exposed animals. Measurements were made at both the onset 
and steady-state portlons of the post-stimulus time histograms to the 
adaptor tone. This allowed us to measure the discharge rate-intensity func
tion between 10 and 50 dB above a unit's threshold. The mean values of the 
slope measurements are shown in Fig. 9 for units in the normal and noise
exposed groups. The onset and steady-state slopes decrease with intensity 
as the units approach their saturation discharge rates. It is important to 
note, however, that the normal and noise-exposed animals have essentially 
the same slope and reach saturation at about the same intensity over the 
range of levels investigated. Thus, one cannot account for the prolonged 
forward masking recovery functions in noise-exposed animals on the basis of 
a "recruitment-like" change in a unit's discharge rate-intensity function. 

DISCUSSION 

Noise-induced hearing loss is a complex phenomenon that results in a 
broad range of psychophysical, physiological and anatomical disturbances. 
In recent years, there has been a growing awareness that auditory temporal 
resolution is disrupted in hearing-impaired ears. However, it has not been 
clear how the extent or pattern of noise-induced hearing loss affects tempo
ral resolution. The two animal psychophysical studies mentioned above 
allowed us to systematically manipulate the degree of hearing loss as well 
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as the band width of high-frequency hearing loss in order to determine what 
effect these two parameters had on temporal resolution. The degree of hear
ing loss was an important factor affecting temporal resolution. Prolonged 
gap detection thresholds were only seen when the animals sustained a noise
induced hearing loss exceeding 25-30 dB (Fig. 2). Smaller losses had no 
effect on gap detection performance when comparisons were made at the same 
SL. This fact may explain why some earlier investigators failed to report 
changes in temporal resolution in hearing impaired listeners [25J. 

It was indicated earlier that noise-induced hearing loss resulted in 
the broadening of psychophysical and physiological tuning curves, and it was 
suggested that this might lead to greater damping and better auditory 
temporal resolution. Our results, however, show the opposite effect, i.e., 
hearing loss results in poorer temporal resolution as well as abnormally 
broad tuning. One issue that needs to be considered is whether the break
down in temporal resolution is closely linked to abnormal tuning. In 
earlier studies, we reported a systematic broadening in single unit and 
evoked-response tuning curves as the degree of hearing loss increased 
[20,26J. However, in the present study, there was an abrupt change in gap 
detection performance only when the hearing loss exceeded approximately 35 
dB. This suggests that tuning is much more vulnerable to acoustic trauma 
than temporal resolution and that the underlying events giving rise to these 
changes may be fundamentally different. 

Our results also indicate that the frequency of the hearing loss has an 
important effect on temporal resolution when broad band signals are used as 
test stimuli. Loss of high-frequency hearing, even frequencies above 8 kHz, 
can result in changes in gap detection performance even though the audibil
ity of the test signal remains normal. These results suggest that the high
frequency region of the cochlea may play a dominant role in processing the 
rapid amplitude fluctuations contained in a broad band stimulus. When the 
high-frequency information is eliminated by a high-frequency hearing loss, 
the auditory system is forced to rely on other temporal cues relayed through 
the remaining low-frequency channels. The results of Fig. 2 suggest that 
the minimum integration time of the low-frequency channels may be longer 
than that of the high-frequency channels. The gap detection data obtained 
with high-frequency hearing loss therefore appear to be consistent with 
earlier human studies of temporal resolution employing narrow band signals 
[27J as well as studies of amplitude modulation detection in listeners with 
high-frequency hearing loss. 

An attempt was also made to relate the changes in temporal resolution 
in hearing impaired subjects to alterations in the underlying pattern of 
neural activity in the auditory pathway. One physiological measure that 
appeared to be closely related to the psychophysical results on temporal 
processing was the evoked-response forward masking function. The evoked
response forward masking functions from normal chinchillas were nearly 
identical to the psychophysical temporal masking functions obtained from 
both humans and chinchillas. Furthermore, when the animals developed 30-40 
dB of hearing loss, there was an increase in the time constants fitting the 
evoked-response forward masking functions; this finding is consistent with 
human psychophysical data on forward masking. Since we did not 
systematically vary the noise exposure level in our study, it is not clear 
what level of hearing loss is required before one sees a change in the 
forward masking functions. 

One aspect of the forward masking paradigm that is important to con
sider is the use of a low-level probe tone to elicit the response. Since 
the probe is presented near threshold, it presumably excites a limited 
region of the basilar membrane. Thus, the forward masking functions should 
provide a metric of the time course of recovery at a relatively specific 
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frequency region. Assuming that the auditory system behaves like a simple 
filter, one might expect temporal resolution to be better at the high fre
quencies than the lows, since internal filter bandwidths increase with 
frequency [28]. This expectation, however, is not supported by the evoked
response forward masking functions shown in Fig. 6. One finds that the time 
course of forward masking is nearly the same across a wide range of frequen
cies. Harris and Dallos [29] also failed to find any significant difference 
in the time course of forward masking in single auditory nerve fibers with 
different CF's. These physiological results, therefore, appear to be in 
conflict with gap detection results that indicate that the minimum integra
tion time of the auditory system improves with increasing frequency [27]. 
Exactly why this difference exists is unclear. 

The forward masking stimulus paradigm was also used to study the time 
course of recovery in single auditory nerve fibers. The results gathered 
from a large sample of normal auditory nerve fibers failed to show any sig
nificant difference in the time course of recovery as a function of the CF 
of the unit. Furthermore, the recovery time constants appeared to increase 
with adaptor level. Both of these findings corroborate earlier results 
obtained from the chinchilla [29]. One new result from our study is that 
the forward masking recovery time constants are linked to a unit's spontan
eous rate. Specifically, the time constants of the high-spontaneous rate 
units are consistently shorter than those low- and medium- spontaneous rate 
units. Previous studies have shown that units with high-spontaneous rates 
have lower thresholds and higher saturation discharge rates than units with 
low-spontaneous discharge rates [30,9]. By using intracellular labeling 
techniques, it has been possible to relate these functional differences to 
the anatomical characteristics of radial afferents in the cat [31,32]. 
Fibers with high-spontaneous rates correspond to large diameter, 
mitochondrion-rich fibers while fibers with low- and medium-spontaneous 
rates correspond to small diameter, mitochondrion-poor fibers. It is tempt
ing to assume that the anatomical and functional differences seen among 
radial afferents develop from somewhat different synaptic or pre-synaptic 
processes. The different forward masking time constants seen among auditory 
nerve fibers appear to be consistent with such a view. However, this issue 
will require further study. 

The auditory nerve fibers in our noise-exposed animals had elevated 
thresholds and broad tuning curves. In addition, there was an indication 
that the time course of recovery from forward masking was prolonged, partic
ularly when the adaptor tone was at least 30 dB above the unit's threshold. 
These results might have been predicted based on earlier anecdotal observa
tions made by Smith [33], who noted that the time course of recovery from 
forward masking was prolonged in auditory nerve fibers from animals in poor 
physiological condition. One would assume that this prolongation in the 
time course of recovery in the auditory nerve would contribute substantially 
to any delay in the time course of recovery seen in the auditory evoked 
response or behaviorally. However, it is unclear if these peripheral 
changes can account for all of the changes that are expressed in the 
psychophysical data. 

The pathological conditions that lead to prolonged forward masking 
functions at the auditory nerve are not yet understood. One mechanism that 
we can appear to rule out is one involving an increase in slope of a unit's 
discharge rate-intensity function. As mentioned earlier, the hypothesized 
increase in slope would have resulted in a higher masker discharge rate in 
pathological units compared to normal units for a given intensity above 
threshold. The higher rate would presumably have caused greater adaptation 
and prolonged the time needed for full recovery. However, we failed to 
detect any change in the slope of the rate-intensity function to the masking 
stimulus (Fig. 9). The prolonged recovery functions might also arise from 
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some type of alteration in the mechanical properties of the hair cell cilia 
(see Saunders et al. this volume) or basilar membrane. Another possibility 
is that the prolonged forward masking recovery functions arise from some 
type of synaptic dysfunction. Several investigators, for example, have 
shown that abnormal vacuolization occurs in the neuropil beneath the inner 
hair cells [34,35] after acute noise exposures. These changes could 
potentially affect synaptic transmission and alter temporal processing at 
the periphery. Clearly, additional work is needed to understand the neural 
mechanisms that underlie the changes in temporal processing seen in 
noise-exposed ears. 

As noted earlier, the acoustic waveform of many natural sounds such as 
speech is complex with considerable information being conveyed through the 
temporal variation in signal amplitude and signal spectrum. The deteriora
tion in speech perception in listeners with noise-induced hearing loss 
undoubtedly has its roots in the altered discharge patterns which flow out 
the cochlea via the auditory nerve into the central nervous system. One 
change that has been recogni7.ed for some time is the loss of frequency 
selectivity. It is now becoming clear that more subtle changes in auditory 
temporal processing may also be linked to poor speech perception as has been 
suggested by recent psychophysical studies. The physiological basis for the 
change in auditory temporal processing needs to be clarified further, at the 
periphery as well as in the central auditory pathway. 
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DISCUSSION 

Shaddock: You mentioned that the animals were exposed from 10-20 
days. Were you looking for a certain threshold shift level before taking 
them out of the noise? 

Salvi: Yes. With long duration exposures, the threshold shift stabi
lizes after approximately 48 hours in the noise. We wanted a long exposure 
so we would have enough time to obtain all the behavioral measurements. 
Therefore, the animals stayed in the noise until all the measurements were 
completed. 

Cody: Your experiments reminded me of some experiments I did with 
Graham Yates. We used the Nl response as the measure of the responsiveness 
of the cochlea. By changing the intensity or duration of the masker, we 
were able to plot the time between masker and probe to get an iso-voltage 
response from the NJ • We were able to show that as the intensity or dura
tion of the masker lncreased, then you changed the recovery time constant. 
That would suggest to us that in those respects, we were actually mimicking 
TTS using a short tone. 

Salvi: There is probably a continuum between your experiments, which 
one might call fatigue or very low-level TTS, and the experiments we are 
talking about here. The point which I wish to make is that when these 
animals have a significant hearing loss, the recovery process seems to be 
altered. We obviously can not say anything about the specific mechanisms 
right now. 

Tyler: I have a question about the interpretation of your gap 
detection experiment with a broad band noise stimuli. Where were your 
progressively impaired lower and lower frequency regions? It is known that 
detection of a gap in broad band noise is probably dependent upon the 
higher frequency components. For example, with a high frequency, narrow 
band of nOise there is a lower gap detection threshold than for a lower 
frequency band of noise. In your paradigm where you use a broad band noise 
as a stimulus, what you probably are seeing is the thresholds become more 
and more dependent upon the lower frequency fibers as you progressively 
impair the higher frequency region. 

Salvi: I would agree with your interpretation of the data. 
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Tyler: I have a question about using sensation level as an 
appropriate measure as opposed to sound pressure level. I have problems 
with sensation level for at least two reasons, one of which is that if you 
take a patient with a 50 dB hearing loss and present a sound at 10 dB above 
the threshold, that will be fairly loud for that patient. If you take a 
normal hearing person and present a stimulus at 10 dB sensation level, that 
will be barely audible to them. So it is not exactly clear that sensation 
level is the appropriate measure. There are other ways of looking at it 
depending upon the questions you want to ask. You may want to know, for 
example, what the equivalent displacement would be at the stapes or, as we 
saw this morning, equivalent motion of the basilar membrane. Certainly 
using a different sensation level is going to cause a difference in the 
actual effect of the stimulus. I do not think it is clear cut what the 
appropriate level ought to be. 

Salvi: This is certainly an area of concern. The reason for using 
sensation level to make our comparisons is that it provides the most 
conservative criterion for saying that there is a change in gap detection 
performance. We can be confident in saying there is a change in gap 
detection performance if the gap thresholds are compared at the same 
sensation level. 

~atuzzi: I think Harris and Dallos showed that a single time constant 
was not a good fit for the forward masking data and that it was more 
complicated. Are the single exponentials a good fit? Second, if you are 
trying to factor out basilar membrane tuning from other processes, have you 
tried the single unit recovery data with frequencies lower than CF? 

Salvi: The single exponential model gives a reasonably good fit to 
the data. However, other models with more parameters might give even a 
better fit. We used the single exponential because we wanted a relatively 
Simple descriptor to characterize our data. The exact time constant that 
you get depends on a variety of parameters such as masker duration, probe 
duration, and probe level. The important point here is that all the 
conditions were held constant for both the normal and exposed animals. 
Under these conditions, we find an increase in the recovery curves of 
noise-exposed animals. 

Concerning your second question, we have not looked at the recovery 
process above of below CF, but based on the work of Harris and Dallos in 
normal animals, there appears to be no difference between forward masking 
functions obtained below or above CF. 
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INCREASE IN CENTRAL AUDITORY RESPONSIVENESS DURING CONTINUOUS TONE 

STIMULATION OR FOLLOWING HEARING LOSS 

G. M. Gerken, R. Simhadri-Sumithra and K. H. V. Bhat 

Callier Center for Communication Disorders 
University of Texas at Dallas 
Dallas, Texas 75235, USA 

Most models of hearing loss explicitly or implicitly assume that 
damage to the hair cells reduces the amount and distribution of input to 
the central auditory mechanisms according to the pattern of damage along 
the receptor surface. Thus, the basis for reduced psychophysical perfor
mance with hearing loss was initially sought in the pattern and distribu
tion of cochlear damage and not in altered central mechanisms. It is now 
apparent that central anatomic changes follow the peripheral changes pro
duced by acoustic trauma [1,2] or auditory deprivation in the young animal 
[3,4]. Central physiological differences between the normal-hearing and 
hearing-impaired animal have also been reported in a variety of prepara
tions [5-9]. The argument is made herein that a contemporary model of 
hearing impairment not only must include impoverished transduction, but 
must recognize altered central processing as well. 

The present paper contributes additional evidence of the central 
consequences of permanent threshold shift (PTS). In addition, we show that 
similar central effects are produced by continuous tonal stimuli of 
moderate intensity (65-80 dB SPL). In other words, there is a similarity 
in the effects of hearing loss and in the effects in the normal-hearing 
animal of sustained acoustic stimulation of moderate intensity. We fur
ther generalize our position by drawing parallels with the corresponding 
variables for vision, damage to the retina, and continuous retinal illu
mination. Overall, we are suggesting the need for a broader model of 
sensory function that links normal and impaired processing. 

ELECTRICAL STIMULATION THRESHOLDS AND PTS 

Relatively little work has been done with electrical stimulation of 
the auditory system apart from the development of auditory prostheses for 
humans. One important advantage of electrical stimulation, however, is 
that the experimental animal can behave normally and is not influenced by 
anesthesia, which can drastically alter auditory system performance [10]. 

A useful approach using electrical stimulation has been to study the 
interaction of an acoustic stimulus with electrical stimuli that are pre
sented at different levels (i.e., different nuclei) within the system [11]. 
An even simpler procedure has proved to be very informative. This is the 
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behavioral measurement of absolute thresholds for the detection of elec
trical stimulation and the contrast of these thresholds with those obtained 
under different experimental conditions -- one being the condition that 
exists in the central auditory system following a PTS. Cats trained in the 
operant behavioral procedures necessary for the measurement of absolute 
acoustic thresholds can also be used to measure absolute thresholds for 
electrical stimulation of auditory brainstem nuclei. The electrical 
stimuli are presented via permanently implanted electrodes, and the 
thresholds can be given in current levels (uA) which, in turn, can be 
specified in dB re 1.0 uA. 

In terms of empirical results, it was found that electrical stimula
tion thresholds for auditory brainstem nuclei decreased after a PTS [11]. 
These threshold decreases have been termed "stimulation hypersensitivity." 
The threshold decreases obtained for electrodes in cochlear nucleus and 
inferior colliculus are illustrated in Fig. 1. The length of the bar below 
the abcissa shows the decrease in the electrical stimulation threshold that 
followed a 20 dB PTS. Electrode locations in individual animals are spe
cified above each bar. The changes shown in Fig. 1 are the difference 
between mean stimUlation threshold just prior to the 48 h exposure (1 kHz 
at 110 dB SPL) and mean stimulation threshold one month after the exposure. 
Stimulation hypersensi tivity, however, was present at the termination of . 
the acoustic trauma. Thus, hearing loss and the stimUlation hypersensi
tivity both occur immediately after PTS, and both are long-term effects. 
Clearly, there was a functional change in the central auditory system as a 
result of the peripheral damage in the cochlea. 
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Fig. 1. Change in electrical stimulation 
threshold following a 20 dB PTS. 
Abbreviations used in Figs. 1 and 2 are: 
AVCN, anteroventral cochlear nucleus; 
DCN, dorsal cochlear nucleus; ICC, 
central nucleus of the inferior 
colliculus; ICP, pericentral nucleus of 
the inferior colliculus; ICX, external 
nucleus of the inferior colliculus; IN, 
interstitial nucleus; PVCN, 
postero-ventral cochlear nucleus. 
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ELECTRICAL STIMULATION THRESHOLDS AND CONTINUOUS TONE 

H-T Chang's work on the evoked responses produced by lateral geni
culate stimulation showed that continuous illumination of the retina 
produced a striking increase in responsiveness at the level of the visual 
cortex [12]. In contrast, the majority of studies in the field of hearing 
that have used continuous sound have been psychophysical works that have 
yielded masking effects. In electrophysiological studies employing con
tinuous sound, or at least long duratiop stimuli, single units from the 
auditory nerve were typically recorded, and the results obtained were 
generally compatible with those of the masking studies. It turns out, 
however, that continuous tone does produce effects within the central 
auditory system that are not compatible with a masking interpretation. 
One such study is summarized below, and others will be described in later 
sections of this paper. 

Electrical stimulation thresholds were measured in a group of three 
normal-hearing animals with electrodes in auditory brainstem nuclei [13]. 
The thresholds for electrical stimulation were measured against a back
ground of quiet or in the presence of a continuous tone of 80 dB SPL. The 
tone was present throughout the five minutes or so required to behaviorally 
measure each electrical stimulation threshold. Frequencies of the con
tinuous tone were 0.5, 2.0, and 4.0 kHz. Threshold measurements with the 
various frequencies of tone and with quiet were made in counterbalanced 
order. 

Generally, the presence of continuous tone resulted in stimulation 
hypersensitivity, and the frequency producing the largest threshold 
decrease varied from one electrode to another. Fig. 2 shows the distri
bution of the 'largest decreases in stimulation threshold for each electrode 
and the corresponding electrode locations. Note that the stimulation 
hypersensitivity produced by this experimental procedure lasts only as long 
as the tone is present. 

Later in the experiment, a PTS of approximately 34 dB was produced by 
exposure to 110 dB SPL white noise for 48 h. Following the PTS, the per
manent stimulation hypersensitivity measured for each electrode correlated 
with the previously measured, transient stimulation hypersensitivity 

Fig. 2. 
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produced by the continuous tone with r=0.8g. Thus, the hypersensitivity 
effects produced by continuous tone correlated highly with the hyper
sensitivity effects that followed PTS. 

EVOKED RESPONSES IN THE HEARING-IMPAIRED CAT 

Normal-appearing evoked responses can be recorded from the auditory 
cortex of totally deaf cats by using electrical stimulation applied to 
cochlear nucleus [14]. This indicates that severe, long-term hearing 
impairment does not render the central system nonfunctional. Hearing 
impairment also occurs in certain strains of mice that are used to study 
audiogenic seizures. To produce the seizures, the mice are briefly exposed 
to an intense sound during a critical age range (priming) which produces a 
PTS. If they are exposed to the same intense sound again at a later date, 
a seizure may result. It is of interest that the auditory evoked responses 
recorded at higher stimulus intensities from inferior colliculus in the 
primed animals are of considerably greater amplitude than those recorded in 
the unprimed animals [15,16]. In one of the studies [16], abnormally large 
evoked responses were also recorded from the cochlear nucleus. 

In the deafness mutant mouse, which acquires a hearing loss through 
cochlear degeneration, the amplitudes of evoked responses recorded from 
inferior colliculus were found to be a function of age [7]. Evoked respon
ses recorded from the inferior colliculus were larger in the deafness 
mutant at all ages in comparison with normal mice but were exceptionally 
large at an age of 5 to 7.5 months. Age, noise exposure, genetics and 
possibly species all interact with respect to evoked response amplitude. 

Evoked responses that are abnormally large for higher intensity 
stimuli suggest a comparison with the phenomenon of recruitment. Salvi et 
al., [17] in seeking a physiological basis for recruitment, reviewed the 
findings concerning cochlea and auditory nerve after sound exposure and 
found no evidence that neurons in the auditory periphery have firing 
patterns that are altered except for reduced sensitivity. 

The study described below used the same animals as the work summa
rized in Fig. 1. Evoked responses produced by acoustic stimuli were 
recorded from cochlear nucleus and inferior colliculus before and after the 
production of the 20 dB PTS. Acoustic stimuli were presented in 10 dB 
increments to determine evoked response thresholds which, in turn, were 
used to evaluate the hearing loss. Once threshold was exceeded in the 
normal-hearing animal, the evoked responses slowly increased in amplitude 
as the stimulus intensity was increased. In the hearing-impaired animal, 
however, evoked responses from some electrodes in inferior colliculus 
increased in amplitude very rapidly as the stimulus intensity was in
creased. The responses in the hearing-impaired animal were frequently of 
much greater amplitude than those in the normal-hearing animal. This 
phenomenon was not seen in any of the evoked responses recorded from 
cochlear nucleus. 

In one animal (305), the intensity series was continued several steps 
above threshold. Also, the hearing loss in this animal was such that an 
overlapping range of intensities was used pre- and post-exposure, thus 
permitting comparison of the evoked responses produced by stimuli of the 
same intensity. Fig. 3 shows the pre- and post-exposure auditory evoked 
responses recorded from electrode 305-8 in left inferior colliculus. The 
Post-exposure evoked responses were recorded approximately one month after 
the acoustic trauma. The acoustic stimulus was a tone burst of 3 ms over-
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Fig. 3. Auditory evoked responses recorded from in
ferior colliculus before and after a 20 dB PTS. 
Calibration: 3 ms and 100 uV. 

all duration with 1 ms rise and fall times. The intensity function for an 
electrode in right inferior colliculus in the same animal is shown else
where [11J. 

In these results, the developmental and genetic factors associated 
with the study uf mutant mice are not relevant. The elevated threshold, 
the rapid increase in amplitude with intensity, and the abnormally large 
potentials would seem to relate to the phenomena of recruitment with 
hearing loss: namely, elevated hearing threshold, rapid increase in 
loudness, and uncomfortable loudness levels slightly above threshold. 

ENHANCEMENT OF EVOKED RESPONSES BY CONTINUOUS TONE 

The original work showing central effects from continuous stimula
tion was done in the visual system [12J. Later studies have suggested that 
the retinal dark discharge produces inhibitory effects at the upper levels 
of the visual system [18-21J. Interruption of the dark discharge by 
retinal ischemia, by enucleation, or by continuous retinal illumination 
produced enhancement of the visual cortical response to electrical stimu
lation of the lateral geniculate nucleus [19,22,23J. 

Chang [12J had reported that for the auditory system, continuous nOise 
produced a small amplitude increase in the response recorded from auditory 
cortex to medial geniculate stimulation. Chang used anesthetized cats, but 
later observations on unanesthetized cats showed very strong enhancement by 
continuous sound of the evoked responses recorded from portions of medial 
geniculate nucleus and auditory cortex [24-26J. Continuous tone proved to 
be a much more effective stimulus for producing evoked response enhancement 
than continuous noise. Recently, Nomotoz [27J has shown in the pigeon that 
evoked responses recorded from Field L, an upper level region of the audi
tory system, were enhanced, unaffected, or suppressed by continuous tone. 

We have begun again to study evoked response enhancement in the cat 
because of the constellation of effects produced by continuous tone and by 
hearing loss. The results presented below indicate several new aspects of 
evoked response enhancement and suggest that the underlying mechanisms 
constitute an important part of normal auditory processing. 
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Fig. 4. Auditory evoked responses recorded from a skull 
electrode over right auditory cortex in cat 
315. Top: background of quiet. Bottom: Same 
tone burst presented during a continuous tone 
of 2.14 kHz, 65 dB SPL. Calibration: 5 ms and 
10 uV with positive up. Arrival of the tone 
burst at the ear is indicated by the short 
vertical lines. 
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As has been indicated above for the auditory system, the presence of 
certain continuous acoustic stimuli can alter the central responsiveness to 
brief stimuli. For example, in Fig. 4 (top) three averaged evoked re
sponses are shown that were produced by 2.83 kHz, 75 dB SPL tone bursts 
with 1 ms rise and fall times and 3 ms overall duration. The responses 
were recorded using a stainless steel screw electrode positioned in the 
skull over auditory cortex. The three averaged responses in the bottom 
half of Fig. 4 were produced by the same tone bursts but in the presence of 
a 2.14 kHz, 65 dB SPL continuous tone. All stimuli were presented free 
field to the unanesthetized, but restrained, cat. 

The evoked responses in Fig. 5 show the summed responses from the two 
conditions in Fig. 4. The letters a through h label the peak to trough (or 
vice versa) measurements that were made on the two waveforms. The bar 
graphs in Fig. 5 show the difference in the magnitude of corresponding 
components such that a positive difference means the evoked response 
component was larger in the presence of continuous tone. It can be seen 
that the major change took place in the vicinity of wave VII. The latency 
of the peak amplitude of wave VII in quiet was 9.4 ms. 

The interaction between the frequency of the tone burst and the fre
quency of the continuous background tone is shown in Fig. 6. Recordings 
were made from the same electrode as in the previous two figures. Three 
frequencies (2.14, 2.46, and 2.83 kHz) separated by 0.2 octave were 
presented in all combinations of tone burst and continuous tone with the 
exception that the two tones could not be of the same frequency. The 
amplitudes of some of the components are affected by the particular tone
burst and background frequencies used. Both component amplitudes and the 
waveform itself were altered. The 2.83 kHz continuous tone was particu
larly effective in producing a marked change in the evoked response wave
form. There is clearly an interactive effect between the frequency of the 
tone burst and the frequency of the background tone. 

QUIET 

214 kHz 
2.46 kHz _--;-_ "\. 

QUIET 

2.14 kHz 
2.83 kHz _____ __ ""' ........ ....,.., 

QUIET 

2.46 kHz 

2.83 kHz 

Fig. 6. Evoked responses to tone bursts in 
quiet and in the presence of 
continuous tone. Tone bursts were 
always 75 dB SPL while all 
background tones were 65 dB SPL. 
Calibration: 5 ms and 10 uV. 

201 



~T 

II 

8 Hz 

Fig. 7. Averaged evoked responses recorded 
from the right skull electrode 
(same as for Figs. 4-6) with 
electrical stimuli applied to left 
cochlear nucleus in cat 315. Top: 
background of quiet. Bottom: 
background of 8.0 kHz, 65 dB SPL 
continuous tone. Calibration: 5ms 
and 5 uV. 

Given that evoked response enhancement can be produced by two acoustic 
stimuli, the next step was to produce evoked response enhancement using an 
electrical stimulus to cochlear nucleus in place of the tone burst. This 
procedure rules out interactions in the cochlea as a source of the enhance
ment. Five evoked response averages are shown in Fig. 7. (top) for 
electrical stimulation of 8.2 uA intensity applied to cochlear nucleus. 
The cathodal pulses were presented to a monopolar electrode with interpulse 
intervals of 200 ms and pulse duration of 0.27 ms. For each evoked re
sponse average, 100 pulses were presented. The same stimulus parameters 
and averaging procedures were also used for all of the remaining figures so 
that electrical stimuli will be specified only in terms of current level. 
In Fig. 7 (bottom), another five averages are shown with the same elec
trical stimulus but with a 8.0 kHz, 65 dB SPL continuous tone present. For 
the averages shown in Fig. 7 and in the following figures, the AID con
verter was not enabled until 1 ms after the presentation of the electrical 
pulse in order to reduce the stimulation artifact. 

To illustrate which components changed when the evoked response was 
produced by electrical pulses, the organization in Fig. 8 parallels that of 
Fig. 5. The top tracing in the insert is the sum of three averaged evoked 
responses recorded from a skull electrode on the right side and produced by 
an electrical stimulus of 11 uA applied to the same electrode as in Fig. 7. 
Note that in Fig. 8 the labeling of components is not the same as in Fig. 5 
because of differences in waveform. The latency of wave VII after a 2.4 rns 
correction for ear, cochlear, and eighth nerve transit time was 10.12 ms. 
The bottom tracing in the insert shows the sum of three averages produced 
by the same electrical stimulus but in the presence of an 8.0 kHz, 65 dB 
SPL continuous tone. The bar graph indicates that there was again a change 
in the components in the vicinity of wave VII, but in contrast to Fig. 5, 
components on the leading side of wave VII also increased. 
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was 11 uA, but otherwise conditions were 
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A comment is appropriate here in regard to representing the changes in 
the amplitudes of the components of the evoked response as absolute changes 
as was done in Figs. 5 and 8. Such a procedure favors large components and 
may underemphasize small components. Expressing the changes as percentages 
of the amplitudes in quiet, components a through e in Fig. 5 changed an 
average of 9.1% (disregarding the sign of the change) while! through ~ 
changed 61.9%. Similarly, components a through d of Fig. 8 changed 10.4% 
while e through i changed 77.5%. Thus~ Figs. 5 and 8 do not misrepresent 
the changes that-occurred in the evoked response wareforms. It is too 
early yet, however, to dismiss the smaller changes that occurred in the 
earlier potentials as not significant. Such small changes could prove to 
be a prerequisite for the large amplitude increased in the vicinity of wave 
VII. 

Frequency of Continuous Tone 

The frequency of the continuous tone proved to be an important vari
able. Sets of averaged evoked responses were obtained for several elec
trodes using backgrounds of qUiet and 16 frequencies spaced at one-third 
octave intervals between 0.5 and 16.0 kHz. The intensity of the contin
uous tone, when present, was 65 dB SPL. The insert in Fig. 9 shows a 
series of summed responses (each response based on six averages) from an 
electrode in left cochlear nucleus (anteroventral division) for octave 
increments in the continuous tone. The electrical stimuli were 33 uA 
pulses. The bottom response (16.0 kHz) in this series also shows the peak 
to trough (or vice versa) amplitudes that are plotted in Fig. 9. The com
ponent designated by the triangle, representative of the early components 
in general, showed little change across the range of continuous tone 
frequencies. 

Wave VII is indicated in Fig. 9 and its latency, corrected by the 
addition of 2.4 ms as in Fig. 8, was 9.84 ms. The amplitude of the leading 
edge of this wave (circle) showed a small but consistent increase in am
plitude in the vicinity of 1.26 kHz and for 4.0 kHz and above. The later 
components, defined by the square and inverted triangle, increased con
siderably in amplitude in the presence of continuous tones of 4.0 kHz and 
above. The maximal effect was at 8.0 kHz. The evoked responses in the 
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insert also show large changes in still later waves which could not be 
measured because the 33.6 ms sweep time was too short. 

Electrical stimuli applied to most of the electrodes positioned in 
cochlear nucleus produced enhancement effects in the presence of contin
uous tone. Typically, there was more than one major peak in the ampli
tude vs. frequency function. Multiple peaks might occur because the 
electrode was sufficiently large (75 urn by 0.5 mm long) that several 
adjacent tonotopic areas in cochlear nucleus were stimulated. Maximal 
enhancement was obtained at different frequencies for different elec
trodes, which is probably also a consequence of the tonotopic organiza
tion of the auditory system. 

Location of Stimulating Electrode 

The effects of the frequency of the continuous tone were also studied 
with stimulating electrodes positioned in inferior colliculus. Fig. 10 
shows the effect of continuous 65 dB SPL background tones spaced at one
third octave intervals. The electrical stimuli were 33 uA pulses applied 
to right inferior colliculus (central nucleus) in cat 314 (electrode 
314-12). The evoked response waveforms in the insert are the sum of six 
averaged responses. The peak to trough (or vice versa) components measured 
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Fig. 11. Interaction of the intensity 
of the electrical stimulus 
and of the intensity of the 
continuous tone. Recordings 
were made from the same 
right skull electrode as in 
Figs. 4-B. Amplitude change 
is relative to the component 
amplitude obtained with a 
background of quiet. The 
continuous tone was B.O kHz, 
65 dB SPL. 

205 



are indicated by the triangle, circle, and square. Latency of wave VII (or 
Pl0 in Farley and Starr) was 9.6 ms after correction by 5.0 ms to reflect 
the electrode position in inferior colliculus. Successive later peaks 
correspond to P17 (15.6 ms corrected latency) and P31 (29.7 ms corrected 
latency) of Farley and Starr [28]. 

The component on the trailing side of wave VII (triangle) showed 
enhancement principally for continuous tone frequencies from 6.35 to 12.7 
kHz. The amount of enhancement shown by this component was not as great as 
for stimulation of cochlear nucleus (see square in Fig. 9 or ~ in Fig. 8). 
A later component (circle) showed a different range of frequencies that 
produced enhancement: namely, from 3.18 to 4.00 kHz. This range was 
flanked at higher and lower frequencies by regions of response reduction. 
A still later component (square) showed a marked enhancement for a con
tinuous tone of 4.0 kHz although enhancement at a number of other 
frequencies was also obtained. It was characteristic of electrodes in 
inferior colliculus that enhancement effects were less pronounced, or even 
absent, in contrast with the more vigorous effects obtained with cochlear 
nucleus stimulation. Our data show differential effects in regard to the 
locus at which the electrical stimulus is applied, but the locus(i) of 
critical events underlying enhancement cannot be determined from these 
results. 

Intensity of Electrical Stimulation and of Continuous Tone 

It might be expected that the intensities of the acoustic and elec
tric stimuli would interact with each other. This, in fact, proved to be 
the case. For several electrodes, four intensities of electrical stimu
lation were presented in conjunction with quiet and three intensities of 
continuous tone. Three evoked response averages were obtained for each 
combination of stimulus intensity and continuous tone intensity. Mea
surements for the results presented in Fig. 11 were based on the sum of the 
three averages obtained from left cochlear nucleus of cat 315 (electrode 
315-17). The insert in Fig. 11 shows the response to 11 uA pulses with a 
background of quiet. Four peak to trough (or vice versa) components are 
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labeled a through d (again, the components are arbitrarily labeled). Fig. 
11 shows-the magnitude of change in each component relative to quiet for 
each combination of intensities. 

The interaction between the intensities of the electrical and 
acoustic stimuli may be seen in this figure. Almost all combinations of 
the intensities used produced some enhancement. Typically, enhancement 
occurred in the components associated with wave VII. The one exception was 
the combination of the weakest electrical stimulus and the most intense 
continuous tone. The result of this combination was a reduction in the 
amplitude of all components; i.e., electrophysiological masking. It may 
also be seen in Fig. 11 that certain combinations of intensities were more 
effective in producing enhancement such as a 14 uA electrical stimulus and 
a 65 dB SPL intensity of the continuous tone. 

Effect of Anesthesia 

For the most part, studies involving evoked response enhancement in 
the auditory system have employed unanesthetized cats, so a brief study was 
performed to evaluate further the effect of anesthesia. It had been ob
served that anesthesia reduces or eliminates enhancement in the medial 
geniculate evoked response [29J. In general, the responsiveness of the 
upper portions of the auditory system is strongly affected by anesthesia. 
Fig. 12 shows several responses recorded from a skull electrode over left 
auditory cortex. Stimulus pulses of 33 uA were applied to right cochlear 
nucleus (junction of dorsal and anterventral divisions) in cat 312 (elec
trode 312-15). The responses obtained in quiet are shown at the top of the 
two columns which represent awake and anesthetized (Nembutal, 32 mg/kg) 
conditions. Enhancement may be seen in the evoked responses recorded from 
the awake animal with all three of the continuous tone frequencies. The 
anesthetized animal, however, does not show enhancement in the presence of 
the continuous tone and may even show response reduction (e.g., 16 kHz). 

CONCLUSION 

Both hearing loss and continuous tone can decrease the absolute 
threshold for the detection of electrical stimulation applied to auditory 
nuclei of the brainstem. Likewise, some of the evoked responses in the 
auditory system are considerably larger in the animal with hearing loss, or 
in the normal-hearing animal during the presentation of continuous tone. 

In our experience, evoked response enhancement effects are seen at the 
level of midbrain or above and primarily in the unanesthetized cat. Fur
thermore, continuous tonal stimuli have proved to be more effective than 
continuous noise in producing enhancement. 

The decrease in electrical stimulation threshold referred to as 
stimulation hypersensitivity could be an effect localizable to the vicinity 
of the electrode tip or it could represent a change at a higher level of 
the auditory system. If the latter situation is assumed with respect to 
the normal-hearing animal in quiet, then the electrical stimulus must still 
activate numerous brainstem neurons at stimulation intensities at or below 
detection threshold. This issue is discussed further elsewhere [11,30J. 
It should be noted that deafferentation results in increased responsiveness 
in other brain systems as well as in the auditory system [31,32J. 

We take the position that continuous tone and hearing loss are vari
ables of consequence in central auditory processing. We hypothesize on the 
basis of the robust stimulation-hypersensitivity effect and the vigorous 
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evoked response enhancement effect that major changes in the single unit 
behavior supporting these phenomena will be measureable. Psychoacoustic 
correlates must also be sought, but these studies may prove particularly 
difficult for the following reason. If the central system is, in fact, 
actively compensating for, or at least reacting to, the degraded input in 
the hearing-impaired subject, it will be very difficult to separate the 
sensory impairment from the altered central responsiveness with psycho
acoustic methods. The use of the stimulation/recording approach in the 
behaving animal should continue to provide a means of studying central 
processing in the normal-hearing and hearing-impaired animal. 
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DISCUSSION 

Tyler: The question I have to ask actually relates to tinnitus. Most 
patients with tinnitus, including those with noise-induced hearing loss, 
seem to have a central component to tinnitus based on psychophysical 
studies. Related to your finding of sensitization, does the baseline 
spontaneneous activity in some of these more central components also 
increase in your subjects with hearing loss? 

Gerken: Since there are several different kinds of tinnitus, I think 
it would be risky to categorically relate our changes to tinnitus. I am 
tempted to think in those terms, but there are just too many exceptions to 
feel comfortable with it. 

Tyler: Did you see any changs in spontaneous activity? 

Gerken: That is a fairly complicated story. We recorded the on going 
activity from the same electrodes that were used for electrical stimulation 
thresholds and also some that were never used for electrical stimulation. 
In general, the spontaneneous activity goes up when there is a hearing 
loss. We tried doing a correlation between the amount of increase or 
decrease in spontaneous activity and the change in electrical stimulation 
threshold. The correlations were insignificant. Consequently, we 
haverejected the notion that the sensitization activity is in some way 
causally related to spontaneous activity. 

Trahiotis: Was the actual location where you got an increase in 
electrical activity the same place where there was sensitization? 

Gerken: Our largest increases did tend to come from AVCN and PVCN or 
the interstial nucleus and central nucleus of inferior colliculus. Areas 
such as the external nucleus showed generally small changes, but the data 
sets are simply to small to do the kind of correlation that I think you 
would like to see. 

Cody: When you implant these electrodes in a normal animal, do they 
not cause trauma? Do you find that the psychophysical detection thresholds 
change in the animals? Secondly, do you monitor the impedance of your 
electrodes over time to determine if you are polarizing the electrode? 
Thirdly, do you know what current you are actually passing? 

Gerken: Let me try to answer these questions briefly. We use a 
monophasic stimulus which could produce electrode polarization, but we 
present them at a very slow rate, 1 every 200 millisecond. We have a paper 
that does examine the polarization question and concluded that it did not 
really produce any observable change. We monitor the currents on each 
presentation with an AID converter running at a very high rate and observe 
the actual stimulus on the monitor screen. It is a constant current 
stimulus to avoid avalanche kinds of conduction. We also check the 
impedance of the electrode. These electrodes remain functional until we 
kill the cat which may be a year later. So, it is a very stable prepara
tion. Of course, we do not start testing until the electrodes have been in 
for several months. We have never been able to detect a change in psycho
acoustic thresholds, as a result of these electrodes. 

von Gierke: How long is your continuous tone and what can you say 
about the time course of the response to the continuous tone? 

210 



Gerken: Well, it takes about five minutes to measure a psychophysical 
threshold in the cat with the methods that we use. So the continuous tone 
would be on for that length of time. We turn the tone on and then start 
the measurement procedure. After the threshold is measured, we turn the 
tone off. In the evoked potential studies, the tone would stay on for 
whatever length of time it takes to present 200 stimuli at 4 per second, a 
couple of minutes maybe. Based on the results of another study that I did 
not mention, we have a suggestion that it might take about 80 milliseconds 
for these effects to occur. 

Patuzzi: I would like to mention the results of Desmedt and Robertson 
done some years ago when they saw that the attentiveness of human subjects 
increased the amplitude of the evoked response. Would it be possible that 
the background noise actually increases the attentiveness of the animals? 
How would you go about factoring that out? 

Gerken: There are a lot of studies involving attention and the evoked 
potentials. Usually in humans, those are the later components like P300. 
This seems to be an automatic kind of response, it does not seem to make 
much difference what the cat is "thinking," if you will permit me to say 
that. Wave 7 in the cat has a latency of about 10 milliseconds. 

Adams: With regard to your suggestion that you are producing dis
inhibition by your lesion. It would be nice to know the relationship of 
the best frequencies of your recording electrode and the audiogram produced 
by the noise trauma. Do you have any information on that? 

Gerken: No. Not only that one might want to know the tuning function 
for the cortical screw electrode because presumably one could locate that 
electrode in different places. 
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ADJUSTMENTS IN CORONARY BLOOD FLOW WITH NOISE STIMULATION 

INTRODUCTION 

V. Colletti, 1 F. G. Fiorino 1 and I. Sheiban2 

ENT Department 1 and Cardiology Department2 
University of Verona 
37134 Verona, Italy 

We are all aware of the damaging action of noise on the auditory 
system; however, loud noises have also been thought to affect other organ 
systems. Among these, the cardiovascular system is considered the most 
involved and therefore has been given the most attention in animals and in 
humans. The cardiovascular system is a "stress strain" apparatus which can 
respond to a wide range of environmental conditions such as temperature and 
exercise. From a clinical point of view, it is well known that cardiovas
cular diseases are the major causes of death [lJ. As shown in Table 1, 
48.5% of the total mortality rate involves cardiovascular diseases. Among 
these, ischemic cardiopathies are the most prevalent cause of death, with a 
figure of 34.9%. Table 2 details the possible risk factors of ischemic 
cardiopathy. Among these hyper-cholesterolemia, smoking and arterial 
hypertension are statistically confirmed causes of miocardial ischemia. 
Other associated factors are sedentary occupations and psychological or 
environmental stress. In spite of the large number of risk factors, it may 
be noted that noise is not included. This may be due to the lack of atten
tion given to the problem or to the negligible effects of this physical 
agent. 

It is possible that noise, as a stress factor, may in fact increase 
the risk of ischemic cardiopathy. That is, noise might directly contribute 
to this disease by causing spasms of the main coronary arteries due to a 
prevalence of alpha-adrenal tone in predisposed subjects. 

Table 1. CARDIOVASCULAR MORTALITY IN ITALY [lJ 

Deaths for all causes 

Deaths for Cardiovascular Diseases 

- Ischemic cardiopathies 
- Cerebrovascular diseases 
- Hypertension 
- Others 

554, 510 

265,539 

80,309 
76,085 
17 ,021 
92,124 

(47.8%) 

(30,3%) 
(28.6%) 
( 6.4%) 
(34.7%) 
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Table 2. Risk factors for ischemic cardiopathy [1] 

-------------------------------
- Age 
- Sex 
- Hereditary factors 
- Hypercholesterolemia 
- Diabetes mellitus 
- Hypertension 
- Stress 
- ECG alterations 
- Alcohol 
- Sedentary occupation 
- Cigarette smoking 

-------------.------

A review of the literature pertaining to noise and cardiovascular 
problems demonstrates that noise has a specific effect on the sympathetic 
tone of the cardiovascular system [2-4]. Nevertheless, few specific 
studies on problems concerned with noise and myocardial disease have been 
done; although some attention has been given to the problem of noise and 
hypertension. Tables 3 and 4 illustrate some of the relevant studies done 
on animals and their respective findings. It has been demonstrated that 
acute exposure to a novel sound (Table 3) causes a redistribution of blood 
from the skin and certain inner organs to muscles [3] as a result of 
peripheral vasoconstriction [2]. Phasic changes in heart-rate and systolic 
pressure have also been detected although the size and direction of this 
change is still a debate. Concerning heart-rate, it may be seen from the 
table that an increase [2,3,5], a decrease [6,7], and a biphasic change [8] 
have been found. 

As shown in Table 4, the most consistent effect of long-term noise 
exposure in animals is an increase in systolic pressure [10-13]. Table 5 
shows a list of studies with the corresponding results of short-term noise 
exposure on several cardiovascular parameters examined in humans. Concern
ing acute exposures, Sokolov [4] observed that low-level sounds (below 
about 70 phons), especially sounds carrying information or novel stimuli, 
can induce vasoconstriction in the finger, vasodilation in the forehead and 
a decrease in heart-rate (i.e., the orienting reflex); high-level sounds 
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Table 3. CARDIOVASCULAR EFFECTS OF SHORT-TERM NOISE EXPOSURE IN 
ANIMALS. 

---------.--
AUTHORS ANIMALS HR SBP DBP PF 

Bolme & Novotny [9] Dogs > 
Caraffa & Braga [3] Dogs > > < 
Hallback & Folkow [5] Rats > > 
Borg [2] Rats > < 
Kneis [8] Guinea Pigs > < 
Bilsing & Schneider [6] Guinea Pigs < 
Turkkan & Al [7] Baboons < > > 

HR = heart-rate DBP = diastolic blood pressure 
SBP = systolic blood pressure PF = peripheral blood flow 

> = increase, < = decrease, > < = biphasic changes 



Table 4. CARDIOVASCULAR EFFECTS OF LONG-TERM NOISE EXPOSURE IN 
ANIMALS. 

"-~-----.-----"--------

AUTHORS ANIMALS HR SBP DBP CO 

Farris & Al [10] Rats > 
Medoff & Bongiovanni [ 11] Rats > 
Yeakel & Al [12] Rats > 
Borg [14] Rats = = 
Turkkan & Al [7] Baboons < < 
Peterson & Al [13] R. Monkeys > > > 

HR = heart-rate DBP = diastolic blood pressure 
SBP = Systolic blood pressure CO = cardiac output 

> = increase, < = decrease, = = unchanged 

Table 5. CARDIOVASCULAR EFFECTS OF SHORT-TERM NOISE EXPOSURE IN MAN. 

-----
AUTHORS HR SBP DBP PF 

----
Steimann & Al [25] > 
Lehman & Al [17] > > < > 
Heinecker [16] > > 
Sokolov [4] > < > < 
Eiff [19] < 
Etholm & Egenberg [23] = 
Jansen [26] < 
Keefe [20] > < < 
Klosterkotter [27] < 
Gerber & Al [15] > 
Mosskov & Ettema [29,30] < > 
Ickes & Al [18] > 
Yamamura [43,30] = = = 
Fruhsthorfer & Hensel [22] > < < 
Singh & Al [21] > < < 
Neus & Al [31] > 
Andren [32] > 

HR = heart-rate DBP = diastolic blood pressure 
SBP = systolic blood pressure PF = peripheral flow 

> = increase, < = decrease, = = unchanged 

give rise to a defense reaction characterized by a generalized vasocon
striction with an increase in heart rate. However, such reactions do not 
always seem to occur as may be seen in Table 5. Heart-rate, for example, 
has been reported to increase [15-18], decrease [19], undergo biphasic 
changes [20,22], or show no significant change [23,24]. 

Cardiac function during acute noise has also been monitored by a 
number of investigators. Yamamura and Aoshima [24] observed significant 
ischemic alteration in the ECG (a decrease in the height of the T wave and 
a depression of the ST segment) during eight hours of exposure to a pink 
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noise having an SPL of 80-85 dB (A). In an epidemiological study involving 
prolonged noise exposure, Knipsheld [33] showed pathological heart volume 
and ECG altera- tions. Similar findings have been reported by Shalatov et 
al. [34]. Since these findings indicate an ischemic cardiopathy, it is 
surprising that direct studies on coronary blood flow have not been per
formed. The aim of this investigation therefore was to study coronary 
blood flow along with other cardiovascular indices by means of cardiac 
catheterization in subjects exposed to short-term noise. For obvious 
reasons, the study was performed on patients suffering from ischemic 
cardiopathy, namely of Variant Angina of Prinzmetal, which is a disease 
caused by spasm of the main coronary arteries, sometimes facilitated by 
exogenous stress stimuli. 

The aim of the study was to ascertain whether a high-level sound 
inducing a defense reaction could temporarily modify coronary flow and 
therefore be considered as an exogenous stress stimuli such as cold or a 
mental task. 

MATERIALS AND METHOD 

Eight normal-hearing male individuals, aged 42 to 60 years (average: 
53.2) participated in the present research. The subjects were in-patients 
admitted for cardiac catheterization, left ventricolography and selective 
coronarography to confirm the clinical diagnosis of Variant Angina of 
Prinzmetal. No subject had suffered from either myocardial infarction or 
any other significant (neurological or pathological) disease. Each patient 
was requested to sign a consent form prior to the procedure. All subjects 
reported negative otological histories. Pure tone audiometry was carried 
out in a sound-proof room using an audiometer. All patients had normal 
auditory function for their age [35] and passed a 20 dB HTL screening test 
on the experimental stimUlUS. 

All drugs, except short-acting nitrates, were discontinued three days 
before the investigation. Administration of 10 mg of Diazepam was adminis
tered 30 minutes before catheterization. The subjects were studied for a 
period of about 25 minutes in a room maintained at 22oC. The background 
noise in the room was approximately 35 dB(A) SPL. During all phases of the 
test, the subjects remained awake. A pig-tail catheter was introduced in 
the femoral artery (according to the Seldinger method). Aided by X-ray, 
the catheter was then guided through the abdominal and thoracic aorta and 
then inside the left ventricle. The catheter was subsequently connected to 
a polygraph (Thomson Telco) which recorded the electrocardiogram and the 
left ventricular pressure curves. 

Coronary blood flow was evaluated by means of the thermodilution 
method. For this purpose a venous catheterization was performed. A cathe
ter (Edward laboratories) was introduced through the right basilic vein. 
The end of the catheter was guided inside the right auricle and then in
serted in the coronary sinus. An opening at the extreme end of the cathe
ter permitted the introduction of sodium chloride 0.9% into the coronary 
sinus. Temperature variations in the mixture of blood and normal saline 
were recorded by means of two thermistors situated at a distance of 20 mm 
from each other. The initial end of the catheter was connected to a poly
graph. A 10cc solution of normal saline at 220 C was injected within 20 
seconds using an automatic injector. Temperature variations were recorded 
simultaneously, being altered according to amount of blood flow through the 
sinus. The procedure used during the investigation was as follows: 
(1) During the first 10 minutes after the catheterization, subjects were 
maintained at rest so that they could adapt to the environment. Subse
quently, coronary blood flow was assessed four times in the basal condi-
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tion. (2) Five acoustic stimuli lasting 30 seconds were then administered 
at intervals of two minutes. The stimuli consisted of 100 dB(A) broad-band 
noise produced by an Amplaid audiometer (Model A 200) and introduced 
through TDH-39 earphones and MX-42/AR cushions. 

The following cardiovascular parameters were evaluated before, during 
and after each stimulus: (1) EGG; (2) heart-rate (evaluated by means of 
EGG registration); (3) left ventricular systolic pressure (LVSP); (4) left 
ventricular and diastolic pressure (LVEDP); and (5) dP/dT max which repre
sents the first derivative of the pressure in a second. The last two 
parameters are related to the contractile efficiency of the left ventricle. 

Each of the intraventricular parameters noted above were measured 
during the 30 seconds before noise stimulus, during the period of noise 
stimulation, and 30 seconds after the termination of the noise. As con
cerns blood flow, it was evaluated in the basal conditions, during the 
initial 20 seconds of noise and during the 20 seconds following its offset. 
The mean value was calculated for five stimulus presentations for all 
parameters. 

RESULTS 

Fig. 1 shows a tracing obtained from the polygraph. The EGG tracing 
is shown at the top. Shown below is the left intraventricular pressure 
curve from which the systolic and the end diastolic pressure may be 
assessed. An additional curve represents the dP/dT max. These two curves 
are also graphically illustrated in Fig. 2. 

01 

ecg 02 
03~~ _________ ~~~ ____________________________ __ 

2OmmHg' 
lVSP'r----.... 

o 
A. 
> .... 

Fig. 1. Actual recordings obtained from one subject at rest. 
EGG tracings (Dl, D2 and D3) are shown at the top. Left 
ventricular pressure curve (LVPG) and dP/dT are shown 
below. The highest value of LVPG correspond to the 
systolic pressure (LVSP), the lowest to the diastolic 
pressure (LVEDP). 
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Fig. 2. Typical morphology of the two intraventricular pressure 
curves (left ventricular pressure curve (a) and dP/dT 
(b» recorded during the present research. 

No morphological variations of electrocardiogram were detected subse
quent to noise. In Figs. 3 to 6, individual values for each cardiac 
parameter are graphically shown during the three periods. All the cardio
vascular parameters were calculated at one second intervals. For each test 
and parameter there were originally go numerical values. These were con
verted to 15 mean values by averaging over every six values. Fig. 3 repre
sents left ventricular systolic pressure, which shows a normal range from 
120 to 170 mmHg. As may be seen, left ventricular end diastolic pressure 
(Fig. 4), dP/dT max (Fig. 5) and heart rate also (Fig. 6) show normal 
values. 

The results from the periods before, during and after stimulation were 
statistically compared by using a Randomized Blocks Analysis of Variance 
(ANOVA) together with Duncan's Multiple Comparison test. A significance 
level of 5 percent was chosen (Table 6). This test permitted the three 
periods to be compared in pairs. The statistical analysis did not show any 
significant differences. The result were also evaluated by using data 
representing four arbitrarily chosen time periods in the test run. These 
periods are described as follows: (A) the first six seconds of noise; (B) 
the median value of six seconds during noise; (C) the last six seconds of 
the noise; (D) the first six seconds after the end of noise (Figs. 3 to 6). 

The assessment of results obtained in the first phase: (A) was 
carried out for brief latenoy (approximately one second), of the vagal 
vegetative response; the evaluation of phase (B) is explained by the 
longest period of latency in the sympathetic vegetative response (approxi
mately 15 seconds). Finally, the presence of habituation (Phase C) and the 
reaction on offset (Phase D) are researched. 

The value of each phase was compared to the mean basal value by means 
of Dunnet's multiple comparison test (Table 7). As concerns heart rate, a 
significant difference would exist only if the value of one phase minus the 
basal value is greater than 1.23 beats per minute (Table 7). As may be 
seen from Table 7, no significant difference is present. Similarly, no 
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Fig. 3. Individual values for left ventricular systolic pressure 
(LVSP). The values are represented averaging over every 
six seconds. Three periods (30 seconds before noise, 30 
seconds of noise administration and 30 seconds after its 
offset) are considered. A, B, C and D represent four 
time periods in the test run (see text). 
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Fig. 4. Individual values for left ventricular and diastolic 
pressure (LVEDP); (time analysis: see legend of Fig. 3). 
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Individual values for heart-rate (HR); (time analysis: 
see legend of Fig. 3). 
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Table 6. RANDOMIZED BLOCK ANALYSIS OF VARIANCE (ANOVA) TOGETHER WITH 
DUNCAN'S MULTIPLE COMPARISON TEST. 

ANOVA 
Parameters (1) (2) (3) F Duncan's T 

Heart Rate 80.5 80.9 80.7 0.6 NS 
LVSP 143.7 144.8 145.2 3.4 NS 
LVEDP 8.9 8.8 8.9 2.0 NS 
DP/DT Max 797 798 801 3.5 NS 

Mean values (X) obtained for the periods before (1), during (2) after 
(3) noise exposure . NS = no-significant 

Table 7. MEAN VALUES CONCERNING HEART-RATE AND INTRAVENTRICULAR 
PARAMETERS EVALUATED IN BASAL CONDITIONS (B.X) AND IN 
PHASES A, B, C AND D (SEE TEXT). THE DIFFERENCE BETWEEN 
EACH PHASE AND THE BASAL VALUES WOULD BE SIGNIFICANT IF 
HIGHER THAN 1.23 BEATS/MIN FOR HEART-RATE, 2.39 MMHG FOR 
LVSP, 0.46 MMHG FOR LVEDP AND 13.9 MMHG/SEC FOR DP/DT MAX 
(DUNNET'S MULTIPLE COMPARISON TEST; SIGNIFICANT LEVEL: 5%). 

b.X (A) (B) (C) (D) 

Heart-Rate 80.5 80.5 81.0 80.4 80.4 
LVSP 143.7 145.4 144.7 144.7 145.8 
LVEDP 8 .9 8.9 8.7 8. 7 8.8 
DP/DT Max 797 795 795 805 808 
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Fig. 7. Individual values for left ventricular systolic pressure 
plotted at one second intervals. 
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Fig. 8. Individual values for heart-rate plotted at one second 
intervals. 

Table 8. T-TEST BETWEEN THE BASAL VALUES RECORDED FOR THE 30 
SECONDS BEFORE NOISE ONSET AND THE VALUES OBTAINED 3 
AND 4 SECONDS AFTER NOISE ONSET. 

Heart-Rate 
LVSP 

X Difference 

3.89 (+1-1.67) 
4.96 (+1-2.11) 

T 

6.67 
6.66 

(p) 

«0.01) 
«0.01) 

differences were seen for systolic pressure, diastolic pressure and dP/dT 
max. 

On the other hand, if the value obtained are plotted at one second 
intervals, a transitory and moderate increase is seen after the onset of 
noise. As shown in Figs. 7 and 8, increase in systolic pressure and heart 
rate with a latency of one to two seconds occurs, but the values return to 
normal limits within five to seven seconds. The maximum values are reached 
within three to five seconds. If we compare the values during this last 
period of time with those recorded in the basal interval, a significant 
mean difference is seen using the t-test method (Table 8). 

Finally, the results of coronary blood flow are shown in Table 9. The 
three mean values (with the standard deviations) are shown before, during 
and after stimulation. The values before the noise are approximately 
99.2mll min/100g, which is within the normal range. Note that very little 
modification occurs as a result of the noise exposure. A statistical com
parison (Dunnet's test) of these values show no significant difference. 
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Table 9. MEAN VALUES (X) WITH THE STANDARD DEVIATIONS (S.D.) FOR 
CORONARY BLOOD FLOW. 

X 
S.D. 

1 = before noise 

99.2 -
12.0 

2 

100.1 -
12.8 

2 = during noise 

3 

98.7 -
11.2 

3 = after noise 

-The comparison in pairs of the three periods (Duncan's Test) 
shows no significant difference. 

DISCUSSION 

In the introduction of this study, we presented the most significant 
data in the literature related to the effects of noise exposure on the car
diovascular apparatus. Different results have been obtained both in humans 
and animals, but little attention has been paid to the effects of noise on 
coronary blood flow, in spite of its importance. In an attempt to fill 
this gap, we performed a study on humans recording direct and indirect 
parameters related to coronary blood flow. The data presented in this 
study show that a high-level, short-term noise exposure does not signifi
cantly alter coronary blood flow. Only transitory variations in systolic 
left ventricular pressure and heart rate were detected. These changes 
consisted of an increase of a few beats per minutes (or few mmHg) for 
approximately 1 to 4 seconds, but disappeared after 5 to 7 seconds. The 
short latency of this reaction, suggests that it is mediated by the para
sympathetic system [36]. Apparently, very moderate and transitory adjust
ments of coronary blood flow do occur. 

One aspect of the methodological procedures used in this research 
needs to be discussed; namely, the technique used for recording coronary 
blood flow. In humans, thermodilution is considered the most accurate 
method available. However, this technique can not be used for long term 
monitoring of coronary blood flow. The thermodilution technique permits 
the recording of the average blood flow corresponding to a duration of 20 
seconds. In order to carry out long term studies of coronary blood flow, 
it would be necessary to permanently implant flowmeters in animals. 

Another possible limitation of the present study is that we have exam
ined pathological subjects and, in theory, the results could be different 
for healthy subjects. However, the group of patients investigated were 
suffering from a disease characterized by a hypersensitivity of coronary 
artery tone to some stressing factor such as those used in the diagnosis of 
their disease (e.g., cold, mental tasks). Therefore, the subjects selected 
for this study might be expected to be hypersensitive to the effects of 
noise. Consequently, the lack of a significant alteration in coronary 
blood after acute noise exposure is somewhat surprising and suggests that 
the same results would be obtained in healthy individuals. 

The lack of significant variations in our cardiac parameters might 
also be due to two other factors. First, the necessary premedication with 
10 mg of Diazepam may have weakened the cardiac reaction in terms of in
tensity and duration. Second, the surroundings and circumstances under 
which the investigation was carried out may have been given secondary 
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importance by the subjects in terms of a stress factor. This could have 
masked out the stress effect produced by the noise. 

In conclusion, the absence of significant variation in coronary blood 
flow with our short duration noise exposures does not imply that cardiac 
alterations are not possible by long-term noise exposure; however, the 
effect seems unlikely. If an effect does occur, it is very likely to be 
caused, not by direct coronary spasm, but indirectly by peripheral circula
tory alteration such as arterial hypertension. 
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DISCUSSION 

Cody: Do you give a sedative to the patient before you insert the 
catheter? 

Fiorimo: For this investigation, it is necessary to administer 10 mg 
of Diazepam. It might be that this drug could have attenuated the response 
to the noise both in duration and magnitude. 

Manninen: What was the ambient temperature level during your experi
ments? 
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Colletti: The temperature was kept at 22 0 C., and the investigation was 
for only a short term noise exposure. It was a direct investigation of 
coronary blood flow. We are, of course, aware that different situations of 
a person working in industry might affect the results, but how much of this 
is from endocrinological effects? Noise, by itself, in our opinion has not 
changed in any significant way the parameters that we have investigated. If 
you are suggesting that there are changes in coronary blood flow resulting 
indirectly from an alteration of adrenergic and noradregenergic systems 
then, I would agree with you. But that is an indirect effect of noise. 

Axelsson: I would like a little more information about the specific 
patients. Did they have coronary disease? Did they have clinical signs of 
arterial spasm in the coronaries? Did you have a careful history of what 
elicited such coronary spasm? Maybe there are emotions involved in this. 
Maybe this noise was not stressful enough to elicit change in coronary blood 
flow. 

Fiorimo: All patients were suffering from variant angina of Prinzmetal 
which is a disease influenced by stress factor. In fact, in this disease, 
some stress tests such as the cold stressor test or performing mental tests 
gave positive results. We selected patients that were positive on cold 
stressor test. 

Patuzzi: How much warning did the patients have that the sound was 
arriving? 

Fiorimo: They were not aware of the arrival of the sound. 
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Deafness in children has deleterious effects on the development of 
speech, language and listening skills [lJ. A large number of factors con
tribute to hearing losses in the perinatal periods. Congenital infections, 
such as toxoplasmosis, rubella, cytomegallo-virus and others [2J have been 
recognized as possible etiological factors of auditory dysfunction. Evid
ence for early conductive and perceptual defjcits of genetic origin has 
been found in experimental models of hereditary hearing impairment [3J. 
Moreover, it has been proposed that early exposures to physical and chemi
cal agents such as noise and ototoxic drugs, which have noxious influences 
on the auditory receptors in adults [4,5J may drastically increase the 
probability of deafness in young subjects [6-8J. This conclusion receives 
strong support from experimental studies, whjch demonstrate critical 
periods of susceptibility to acoustic and ototoxic trauma in young animals 
[9J. 

During these periods, exposure to noise or antibiotic treatment, which 
at other times would have no effect, can damage the cochlea. These periods 
correspond to different stages of cochlear development: the ototoxic action 
of the aminoglycoside antibi.otjcs is maximum at the onset of auditory func
tion [10J while the susceptibility to acoustic trauma appears to be greater 
when the cochlea has just acquired its adult functional properties [11J. 
Another example of a critical period in the developing cochlea is indicated 
by propylthiouracyl-induced thyroid hormone deprivation, which drastically 
alters the first stages of cochlear maturation [9J. 

It therefore appears that during cochlear development there are 
several overlapping critical periods (Fig. 1). Since the combination of 
different agents (for example, antibiotics and noise) exacerbates their 
effects in the adult cochlea [12J, the risk of early auditory impairment 
could be dangerously increased in the developing cochlea [13,14J. 

This chapter essentially concentrates on periods of enhanced sensitiv
ity to acoustic trauma. A brief review of the literature dealing with an 
age-dependent change in susceptibility to acoustic trauma is first pre-
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sented. We then describe experiments which demonstrate a critical period 
for susceptihllity to acoustic trauma in two animal species. Our own 
results are included at this point. These results are finally discussed in 
light of data relative to other critical periods in the developing cochlea. 

AGE-DEPENDENT SENSITIVITY TO ACOUSTIC TRAUMA 

The question of whether there is an age-dependent difference in sus
ceptibility to acoustic trauma was first raised by clinicians who focused 
attention on the noise to whjch premature babies are exposed to in 
intensive care units [6,7]. Experimentally, they reached the conclusion 
that the same sound exposure could be more traumatic in young animals than 
in adults. Falk et al. [15] exposed three groups of guinea pigs, aged 2 
days, 8 days, and 8 months, to 30 continuous hours of white noise at 
119-120 dB SPL. One month later, light microscopy revealed that the 
cochleas of the 2-day-old and 8-day-old groups had been more affected by 
the white noise than the cochleas of the 8-month-old group. 

Similar findings were also reported by Douek et al. [17], Dodson et 
al. [16] and by Coleman [17] in the guinea pig, using as traumatic sound 
exposures, a continuous incubator noise (80 dB SPL, 7 days), a white noise 
(76 dB SPL, 7 days), or a 4 kHz pure tone (119 dB SPL, 2 hours) 
respectively. At the same time, Price [18] demonstrated an age-dependent 
susceptibility to acoustic trauma in the cat using physiological 
techniques. Eight-week-old kittens exposed to a pure tone overstimulation 
(5 kHz, 50 min.) lost significantly more cochlear microphonic (CM) 
sensitivity than did adult cats exposed to the same tone. 

These data on guinea pigs and cats clearly indicate that young animals 
are more susceptible to acoustic trauma than adults. However, no precise 
correlation between the particular sensitivity to noise and the degree of 
cochlear development could be established as a result of these experiments, 
since both neonatal guinea pigs and 8-week-old kittens have an adult-like 
organ of Corti [19]. The existence of a critical period in cochlear deve
lopment, during which young animals are more susceptible to acoustic trauma 
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was first suggested by authors working on the phenomenon of pr1mJng for 
audiogenic seizure in mice [20,21J. Saunders and Hirsh [22J demonstrated 
in the C57Bl/6J strain of mice that 120 seconds of a 110 dB SPL octave-band 
noise (8-16 kHz) produced a 30 dB CM threshold elevation in mice exposed at 
the age of 18 days, whereas mice exposed before or after this date showed 
only minor CM changes. These results were discussed by the authors in 
terms of "disuse supersensitivity," a hypothesis previously proposed to 
account for the physiologi cal effects of prj ming in mi ce [23 J • The exist
ence of a critical period of sensitivity to acoustic trauma in mice was 
recently confirmed by Henry [24J in the CBA mouse. Inbred strains of mice 
are, however, known to exhibit many abnormalities of hearing [25J and it 
was thus important to replicate these observations in a species with no 
genetic hearing defects [26J. Moreover, the data reviewed above did not 
provide any evidence concerni.ng the locus of the developmental changes 
presumably underlying the observed changes in susceptibility [27J. 

CRITICAL PERIOD OF SENSITIVITY TO ACOUSTIC TRAUMA 

The hamster was chosen by Bock and Saunders [27J as an experimental 
model for additional studies. This animal exhibits a more delayed cochlear 
development [28,29J than the mouse [30J. They subjected hamsters of var
ious ages, ranging from 11 to 75 postnatal days to an octive band noise (5 
to 10 kHz) of 125 dB re 20 uN/m2 for 2.5 minutes. Five days after noise 
exposure, the CM responses were measured in the exposed animals and in 
control animals of the same ages. The maximum CM loss was noted in the 
exposed 27-day-old animals. Hamsters exposed at the ages of 11 and 75 days 
showed no signjficant changes in CM sensitivity. Identical findings were 
simultaneously obtained in the same animal species using a similar proce
dure [26J. These results demonstrated the existence of a critical period 
of sensitivity to acoustic trauma in the hamster. It occurs slightly 
before the end of cochlear maturation, but extends well after this date, 
according to anatomical [28,29J and electrophysiological findings [26,27J 
on hamster cochlear maturation. In interpreting their results, Bock and 
Saunders [27J considered developmental changes related to sound transmis
sion through the middle ear: "It might be expected that a given noise 
exposure would not be maximally effective in producing cochlear damage 
before about 20 days after birth. However, given the apparent structural 
maturation of the ear by 20 days, there is no obvious reason to predict 
that the effectiveness of noise exposure in inducing threshold loss should 
decrease between 55 and 75 days of age." The authors made a serj es of 
measurements related to middle ear resonance and the efficiency of the 
acoustic reflex in 40- to 75-day-old hamsters. No developmental changes in 
either the middle ear cavity or ossicular chain could explain the results 
after the 35th postnatal day. Moreover, the CM thresholds were relatively 
stable after postnatal day 27 [31J. Thus, the authors reached the conclu
sion that the locus of the developmental process underlyi.ng the critical 
period of sensitivity to acoustic trauma is in the cochlea. They further 
confirmed this conclusion in experiments demonstrati.ng a critical period of 
auditory fatigue in the hamster [31]. Since the critical period for acous
ti.c trauma extended beyond the apparent maturation of the cochlea, the 
nature of the underlying developmental changes remained to be determined. 

Additional experiments were clearly needed to relate hearing deficits 
to structural damage in the cochlea. For these reasons, Lenoir, Bock and 
Pujol [32J and Lenoir and Pujol [33J i.nvestigated, both physiologically and 
histologically, the effects of loud noise on another species, the young 
albino rat (Sprague-Dawley). This animal has been used for many years as 
an experimental model for investigating postnatal cochlear maturation 
[34,35J. Moreover, the authors consi.dered that more recent studies in this 
species, including electron microscopic observations [36J, as well as 
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measurements of the cochlear action potential (CAP) threshold [37] and 
frequency selectivity [38], could be useful in determining precise correla
tions between an enhanced susceptibility to acoustic trauma and underlyjng 
developmental events. 

The experimental procedures differed from those used in the hamster, 
since the authors used the CAP and not the CM as the criterion for hearing 
functjon. The sound exposure was a 30-minute whjte noise with a total in
tensHyof 120 dB SPL (re 2.10-4 ubar). Six groups of unanesthetized rats 
were exposed to the white noise at 16, 22, 28, 40, 60 or 100 days of age 
respectively. Audiograms were performed 7 and 55 days after the sound ex
posure. The results from each group of exposed animals were compared with 
recordings from control rats. One week after the whjte noise exposure, 
drastic threshold elevations (50 to 80 dB) were noted at hj.gh frequencies 
in the rats exposed at 16, 22 and 28 days of age. The maximum defjcHs 
appeared in the 22-day-old group. The 60- and 100-day-old rats did not 
exhjbit any threshold shjfts (Fig. 2). These results were confirmed in 
other groups of rats 55 days after the traumati-c exposure (Fig. 3), prodng 
that the observed hearing losses were permanent and not temporary. 

In order to determine the nature of the cochlear damage responsible 
for the threshold elevation, the 22-day-old exposed rats were sacrjficed 
and their cochleas were observed with light (surface preparation technique) 
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and transmissi on electron mi croscopy [33]. In anjmals sacd fj ced 7 days 
after the whjte noise exposure, the surface preparatjon technjque revealed 
only restrjcted areas that lacked occasional outer hair cells (OHCs) in the 
basal cojl of the cochleas. However, with transmissjon electron mjcro
scopy, clear sjgns of cytoplasmjc degeneratjon were found at the level of 
the OHCs and thejr afferent and efferent nerve supply (Fjgs. 4, 5, 6, 7) 
along the whole basal coil. Two months after the white nojse exposure, 
these structures, as well as the jnner hair cells and their assocjated 
afferent fibers, had completely degenerated. These results show that no 
jmmediate djsruption of the organ of Corti results from 120 dB whjte nojse 
exposure. On the other hand, djfferent aspects of metaboljc jmpajrments 
may account for the traumatic processes [39]. 

Two kinds of complementary experiment were then conducted by the 
authors (unpubljshed results) to test the validity of the conclusjons pre
sented by Bock and Saunders [27] that changes jn the acoustjc reflex do not 
produce the crjtjcal period. Rats (100 days old) were subjected to 120 dB 
whjte nojse for 30 mjnutes under deep nembutal anesthesja to abolish the 
acoustjc reflex [40]. The results djd not differ from those obtajned in 
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non-anesthetized rats exposed at the same age. The two groups of anjmals 
had no threshold shjft 7 days after noise exposure. Identical findjngs 
were reported by Saunders and Bock [27] i n 75-day-old animals. 

In a second experiment, young (16, 20, and 28 days old) and adult (100 
days old) rats were exposed to a high-frequency band of noise (6 to 16 kHz) 
of 110 dB SPL for 30 minutes; in this case, the acoustic reflex is less 
effectjvely activated than wHh a low-frequency band of noise. One month 
later, an evaluation of hearing funct10n (CAP threshold) showed large 
threshold shifts in the young anjmals (60-80 dB losses), while in adults 
the deficj.ts did not exceed 20 dB. These two sets of complementary 
exper1ments support the conclus1on of Bock and Saunders [27] that the 
period of supra-sensi ti vUy is of cochlear origj.n. 

In summary, a critical peri od for acoustjc trauma also exists in the 
rat, and this 1s probably a common feature of the develop1ng mammaljan 
cochlea. A period such as this could also exist in birds, as suggested by 
recent studj es in ch1ckens [41]. The critical perl od starts slightly 
before the end of cochlear maturation and extends well beyond this time. 
It is thus mi.sleading to refer to an enhanced sens1tivity to acoustic 
trauma duri.ng cochlear development. However, it must be remembered that 
cochlear maturation js classi.cally determined by sensory and neural 
criteria. It may be that the maturational process is longer according to 
other crjteri.a that take into account subtle bi.ochemical [42] and/or mjcro
mechani.cal changes (e.g., coupling between OHCs and tectorial membrane). 

Fi.gs. 4-7. Transmission electron microscoplc aspect of cochlear structures 
(basal con) i.n rats exposed at day 22 to the 120 dB whHe 
no1se and sacri.flced 7 days after. Flg . 4: Aplcal pole of one 
OHC con taj.ning numerous lysosomes (L). Figs. 4-5: Eff erent 
endjngs (E) at the basal porti.on of one OHC. Note vacuoles (v) 
(Flg. 4) and myelin figures (mf) (F1g. 5). F1g. 6: Afferent 
splral fibers between Deiter's cells wHh large vacuoles (v). 
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CRITICAL PERIODS DURING COCHLEAR DEVELOPMENT 

The rat cochlea offers the possibility of comparing different critical 
periods of supra-normal sensitivity. Such a comparison could help to 
clarify the functional j_mplications of these periods and improve our under
standing of the basic mechanisms underlying them [43]. Considering the 
Ume course of the different critical periods (Fig. 1), we observe that a 
given causative agent acts preferentially during a given developmental 
event. However, the periods overlap, implyIng that two factors can simul
taneously influence cochlear maturation. In the rat cochlea, for example, 
the period of development between 10 and 20 days after birth includes the 
end of the sensitive period for thyroid deficIency, the whole critical 
period for anUbiotic ototoxicity, and the beginning of the criUcal period 
for acousti_c trauma. This information, together with what is known about 
human cochlear development [44], indicates that there might be a period of 
hejghtened sensitivity to trauma during the second half of human pregnancy 
(Fig. 1), as well as during the perinatal perIod in premature infants. 
Special control of antibiotic treatment and acoustic environment is there
fore advisable In premature infants. 

Another jssue is raised by data on the period of jncreased sensitjvity 
to thyroid deficiency in the young rat [9]. It has recently been shown 
[45] that during this time more than one critical period is involved. With 
regard to the corrective effect of thyroxjne injections, each cochlear 
structure has a slightly different critical period correspondjng to the 
tjme at which the structure undergoes its main morphological changes. It 
can be hypothesized that multiple periods also underlie the supra-normal 
sensitjvity to ototoxic and acousUc trauma. This notIon could be of par
ticular interest in understandjng why the period of prIming for audiogenic 
seizure overlaps the critical period for acoustIc trauma [22,24,26]. 

Finally, we note the related findings on the supra-normal sensitjvity 
of the cochlea to antibiotic ototoxjclty wjth agjng [46]. Anatomical and 
physiological studjes [47-50] show that there is also a period of change 
within the cochlea with aging. Thus, as in the case of the developing 
cochlea, changes with aging could well be influenced by environmental 
factors that may result in an acceleratjon of the "normal" degenerative 
process. 
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DISCUSSION 

Borhgrevink: What jf a pregnant mother was exposed to noise levels 
below 100 dB. Would that by any chance harm the hearing of the baby in 
utero? 

Lenoir: I think that noise by itself is unlikely to impajr the 
cochlea of babies in utero. 

Cody: When you have an air, water interface, then something like 99.5 
percent of the acoustic energy i.s reflected. So I would suggest for levels 
less than 100 dB, there is not any chance of hearing loss. 

Bock: There have been a number of studies looking at hearing in 
babies who are born very prematurely. The main problem here is likely to 
arise with incubator sounds, and the evidence here is very confusing. 
Other studjes suggest that these babies have a hjgher probability of having 
a hearing loss. Some studies show no difference. But I suspect that this 
is an impossible problem to resolve because a premature baby is exposed to 
a lot of other risk factors besides incubator noise, including toxic anti
biotics and of course all the other perinatal risk factors. 

Olena: I work in the audiology department at Turin Uni versi.ty. We 
have performed about 10,000 audiological evaluations in babies after birth, 
and we have followed the babies for several years. We have never found any 
noise-induced hearing loss in these babies. Also, we have never found 
noise-induced hearing loss in babies followed up in our clinic. 

Lenoir: Perhaps the hearing losses cannot be detected by the normal 
approach. Perhaps some subtle impairments will be reflected later in the 
understanding of language or frequency selectivity. These changes may not 
be detected with the audiogram. 

von Gierke: Did you say that in animals, the period of maximum 
sensitivity to noise is the same as the maximum sensitivity to ototoxic 
drugs? 

Lenoir: No. The time courses of those two factors are different. 
But the critical period for antibotics in rats overlaps the critical period 
for noise for a short period of time. 

von Gierke: Is there any indication in humans that there is a period 
of increased sensitivity to ototoxic drugs. 

Lenoir: It is very difficult to determine if there is a critical 
period for drugs in humans. Unfortunately, we are faced with having to 
extrapolate from animal studies. 
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THE ACOUSTIC REFLEX IN INDUSTRIAL IMPACT NOISE 

Roland Nilsson 

Research Department 
Projekt Lindholmen 
Goteborg, Sweden 

SOUND ENERGY AND TRANSMISSION 

The purpose of the transmission system of the ear (outer and middle 
ear) is to receive and transmit the sound waves to the inner ear (Fig. 1). 
From the viewpoint of energy, this is done by means of a number of trans
formations; from the acoustic energy of the air to a mechanical motion 
energy on the part of the eardrum and the chain of auditory bones. Then, 
the hydro-mechanical motion of the inner ear is converted into bioelectri
cal energy in the hair cells and the auditory nerve. At low and moderate 
sound levels, the transmission characteristic of the sound transmission 
system is primarily linear and the amount of energy transmitted to the 
cochlea is determined by the resonance of the outer ear and the amplifi
cation of the middle ear [1]. At higher sound levels, the acoustic middle 
ear reflex (AR) is activated causing the impedance of the system to in
crease and the transmission of the sound energy to decrease. 

It can be assumed that relati vely small i ndivi dual di fferences in the 
energy transmission may significantly contdbute to variations in sensi
tivity to noise injury. A transmission loss with the magnitude of 10 dB is 
regarded as being of no importance so far as actual hearing ability is 
concerned. At noise levels which may be injurious, e.g., 100 dB(A), a re
duction by 10 dB down to 90 dB(A), however, is of considerable importance. 
According to ISO R 1999, the number of noise-injured persons in the 10-
year-exposed population is decreased from 29% to 10% with such a reduction. 

~YDftDM!CUllIUL 
• EIUGY 

Fig. 1. Energy transformation in the 
auditory periphery system. 

237 



THE PROTECTIVE EFFECT OF TRANSMISSION LOSS IN THE MIDDLE EAR 

Transmlssion losses caused by damage to the middle ear provide an 
example of a sound reduction which may reduce the degree of a nojse injury. 
Observations have also shown that persons with chronic conductive loss have 
received a certaln protective effect [2]. Results to the contrary, how
ever, have also been reported; the sensori-neural component has been 
reported as greater in ears with conductive hearjng loss [3]. A compU
cating factor is that acute and chronic infections in the mjddle ear, as 
well as otosclerosjs, by themselves, can cause sensori-neural hearing loss 
[4]. It also seems that ears wlth chronic purulent otitjs medja or 
otosclerosls are more vulnerable to noise than non-infected ears. 

In order to be able to draw any conclusions as to whether conductlve 
hear1ng loss has a protecUve effect In noise which is hazardous to hear
Ing, U is necessary to make a strict selecUon of the population studied 
and, in so doj.ng, exclude other potential reasons for the i.mpaired hearlng 
than noi.se. With that i.n mind, a retrospecUve study of shjpyard workers 
was carrled out using individuals wUh one-si.ded transmisslon loss [5]. 
Eight persons were selected from a large population of workers who had been 
exposed to nolse. The persons selected had one-sided conductive loss, 
estabUshed prlor to the noise exposure perlod without repeated episodes of 
acute or chronic infecUon or cli ni cally diagnosed otosclerosi.s. Fig. 2 
gives examples of the appearance of the audjogram from one of the trlal 
subjects. In the left ear where there 1s no transm1ssjon loss, there is a 
pronounced sensorl-neural reducUon, while the bone conducUon of the right 
ear 1s rather ins1gnHlcantly affected. All elght trlal subjects showed 
slmjlar results, with a pronounced sensori-neural loss at 4 kHz in ears 
w1th a normal middle ear funcUon. Thus, the results show the value of a 
transm1ss10n loss as regards protecUon against noise injury. A direct 
compar1son between the protective effect of chronic transmission loss and 
the protecUve effect of AR is, of course, not possible. The chronic 
conductive loss const1tutes a static reduct10n in the energy transmission, 
without reaction time, adaptation, and dynam1c adjustment as is the case 
with AR. 

In order to evaluate the protective effect of AR in industr1al impact 
no1se, 1t is necessary to criUcally study results where the di.fferent 
parameters of the AR have been determined by means of cli nical methods. 
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Fig. 2. Pure tone audiograms of a welder exposed to shi.pyard noise for 30 
years. The left-hand audlogram shows air and bone thresholds of 
the ear wlth conductive hearing loss; the right-hand audiogram 
shows the ear without conducUve heari.ng loss [5]. 
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THRESHOLD VALUES IN AR 

If the acoustic reflex is to give any protective effect, it must be 
activated at sound levels which are well below the levels hazardous to 
hearing. If, for instance, a person is exposed to a noise environment with 
levels of about 95 dB(A) and is to have a maximal contraction, the thresh
old value should be 70-75 dB(A). The normal values given in the literature 
for contralateral AR thresh (ART) are in the range 70-90 dB(A) SPL for 
broad-band sound stimuli [6]. It should be noticed, however, that these 
values refer to monaural presentation via earphones. In the case of 
industrial situations, lower ART values may be expected, as the activating 
noise most often is presented binaurally in a pseudo-free sound field. 
Moller [7] has shown that the ipsilateral reflex threshold may be 2 to 14 
dB lower than the contralateral reflex, and that binaural stimulation may 
give an additional reduction in the ART by 3 dB. There are practical 
complications when measuring the ART under realistic noise conditions, but 
it can still be assumed that the ART in most persons with normal hearing is 
sufficiently low. 

REDUCTION 

In order for the AR to be an important protective factor, its reduc
tion is of great significance. At the same time, it is probably the 
parameter which is most difficult to evaluate. In animals, the effect of 
the middle ear muscles on sound transmission in the middle ear has been 
studied using direct methods, e.g., cochlear microphonic (CM) determina
tions [8]. It has been found that frequencies up to 2-4 kHz are reduced by 
20 dB in cats and rabbits [9]. 

In humans, however the reduction has been investigated mostly by using 
indirect methods. Borg [10] studied the AR in patients who had one-sided 
acute facial paresis, so-called Bell's palsy, with concomitant paresis of 
the stapedius muscle. The AR response was determined on the contralateral 
side before and after the recovery from the paresis. The reduction was 
determined by comparing the stimulus response curves, i.e., the growth 
function of the reflex. At 500 Hz, the reduction was about 20 dB. At 
higher frequencies, the reduction was lower and at 1.5 kHz, only a small 
reduction could be observed at maximum muscle contraction. Similar results 
have been reported by Rabinowitz [11] and Zakrisson [12]. Brask [13] ob
tained reduction on values up to 30 dB in patients wi th Bell's palsy. 
Morgan and Dirks [14], on the other hand, evaluated the reduction and found 
it to be only 8 dB. All reports seem to agree that AR does not give any 
reduction at high frequencies in the range where the noise injury is most 
pronounced. The development of a reliable method to determine the AR 
reduction in individual persons in an unselected population would be 
valuable. 

TIME PATTERN 

The long latency time in AR is a characteristic which has caused many 
authors to consider AR to be of no importance in the case of impulse sound 
exposure. Attempts to alleviate this limitation have been made, however. 
In humans, Fletcher and Riopelle [15] succeeded in obtaining a significant 
reduction in the TT8 after exposure to impulse sound. They introduced a 
"protective tone" 200 ms prior to the impulse, sufficient to activate the 
AR during the course of the impulse sound. Fletchen's experiments were 
reproduced by Hilding [16], who worked with cats. He exposed his animals 
to the same type of impulse noise as Fletcher. The protective effect in 
the middle ear muscles was demonstrated with eM-recordings. 
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On the whole, latency time is regarded as a measurement of the nerve 
transmission time in the reflex arch. When it is determined directly by 
means of electro-myography, the results show the nerve transmission speed 
and the delays in the synapses. When the latency time is based on deter
minations of the impedance of the ear, other mechanisms are added, e.g., 
the muscle contraction time and mechanical delays in the middle ear. From 
the viewpoint of protection, latency time determinations based on impedance 
changes are the most relevant ones. Thls Is fortunate, as most avaHable 
data has been obtalned by means of impedance recordings. These determlna
tlons show that latency time is of the magnUude 50-100 msec. The maximal 
contraction is obtained after an addHional 100-200 msec. [17,18]. The 
rise time of an impulse (e.g., the striking sound of a sledge-hammer) is of 
the magnitude 50-100 microseconds. Thus, a single impulse can pass through 
the middle ear without any activation or with a delayed activation of the 
AR. With such stimulation, the AR cannot bring about any protective effect 
for the inner ear. 

On the other hand, the impulses present in industrial noise often 
occur in series and often they are superimposed on a noise background. The 
relaxation time or the fall time in AR can in such cases be of importance. 
The relaxation time of the reflex is longer than the contraction time. 
Based on impedance determinations, the relaxation time is reported to be in 
the magnitude of 100-500 msec for the maximal ampUtude response to de
creased by 50%; in many cases, more than 1 sec. is required for total 
relaxation. These observations show that if the pulse frequency is 
sufficiently high, the stimulation can be affected by a contraction of the 
stapedius muscle. The importance of such mechanisms is relatively unknown 
so far. 

FATIGABILITY 

A great deal of interest has been focused on the stabHUy and fa
tigabillty of the stapedlus reflex using constant, pure tones and noise 
Signals [19-23]. All these stUdies show very rapld fatigabilUy in the AR. 
The obvlous conclusion on the basis of these studies Is that for durations 
that commonly occur in industrial nolse exposure, (e.g., a typical 8-hour 
working day), the actual protectlve function of the AR is Inslgnjficant 
because of fatigablllty. It has also been shown, however that the AR can 
be reactivated after a short pause [24-26] or after a change in the 
intensity or frequency of the sound [27]. 

Industrial noise varies with respect to frequency and Intensity, but 
has a conslderably longer duration than the stimuli used by Luscher [24]. 
It is therefore difficult or imposslble, on the basls of these data, to 
predict how the AR will react durlng a working day in an industrlal 
environment. 

In order to investigate this, two fatigabilHy studies have been 
carried out [28,29]. In the flrst study, 18 trial subjects with normal 
hearlng were exposed monaurally to a 30-minute-long sequence of taped 
shipyard noise. Fig. 3 shows the recorMng from one of the trlal subjects. 
The first and the last minute of the exposure were identical, in order to 
make possible a comparison between the reflex activities. The results 
showed that the AR is conspicuously reslstent to fatigabHUy during 
exposure to a representatlve Industrial noise. The Inter-individual 
difference was considerable, however; some trial subjects showed a great 
deal of fatigablUty whHe others showed improvement after the exposure. 

The results after exposure for about 30 minutes, however, do not pro
vide an answer to the question of what would happen after exposure during a 
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full working day. Therefore, a field study was performed. Eleven young 
shipyard workers with normal hearing were exposed approximately 7 hours at 
their regular work places. One ear was protected by means of an ear plug 
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and served as control. Changes in the AR were evaluated using ipsilateral 
and contralateral reflex determ1nations and by compari ng the stimulus 
response functions prior to and after the exposure. The mean values of the 
changes are shown in Fig. 4. The average displacement of the stimulus 
response curves was 3.5 dB on the exposed side while, on the whole, the 
protected ear was unaffected. Thus, a relatively small fatigue effect was 
shown. Furthermore, all the trial subjects showed reflex activHy after 
the working day, although several of them had been exposed to noise up to 
105 dB(A), (Leq = 7 h). These observations mean that the AR may provi.de a 
protective mechanism for the inner ear during noise exposure. It should be 
poInted out that shipyard noise exposure is extremely complex. In addHi.on 
to the profuse presence of impulse noise from sledges and hammers, there is 
a low-frequency background noise and intermittent, intensive high-frequency 
noi_se from pneumatic hand tools. If the noj se exposure consists only of 
contlnuous tones or broad-band noise, one cannot expect any endurance on 
the part of the AR. One way of improving such a working sUuation and of 
reaching optimal AR activity may be to introduce variations 1n the expo
sure, e.g., by tak1ng short, silent interm1ssions. 

In some pUot investigations, we have examined the importance of short 
intermissions. In the first investigation, we exami.ned 9 trial subjects 
who were exposed both to a 10 minute long continuous broad-band noise (107 
dB(A» and to a 10-minute-long intermHtent broad-band noise wUh 10-second 
lntermissions every 50 seconds (109 dB(A». Each trial subject partici
pated four times. On two occasions, the reflex fatigab1Uty was determined 
by means of contralateral stImulus response functions. On the other two 
test occasions, TT3 was determi_ned by means of sweep frequency audlometry. 
Both exposures give, on the average, a certain AR fatigability effect, but 
there was no significant di.fference between continuous and intermittent 
exposures. Fig. 5 shows the TT3 results. A certai.n displacement of the 
maximal TT3 has occured, presumably caused by the i_nfluence of AR on the 
middle ear resonance. The intermittent exposure also gives a si.gnificant 
decrease of TT3 in thIs range. 

PROTECTIVE EFFECT 

It appears that the AR under special condUions can reduce injury to 
the inner ear. On the other hand, it is questionable whether the hearing 
loss caused by industrial noise is really affected by the AR. 

Arguments which have been presented against the AR as a protective 
functi_on are: (1) The AR is quickly fatigued at high noise levels; (2) The 
AR reduces only low-frequency sound whereas the Injuries appear pri_marily 
in the hi.gh-frequency region; (3) The AR reducUon is too small to have a 
protective effect, even at low frequenci.es (4) The reaction time 1n AR is 
too long to affect impulse noise. If impulse noise i.s the main cause of 
lmpalred hearing, the AR, cQnsequently, would have a negUglble effect. 

TT3 experiments have been performed 1n man [30J and PT3 experiments in 
rabbH [31J In order to evaluate the protective effect of the AR dudng 
exposure to lndustrial nolse. The noise used 1n the exposures was simllar 
to the nolse used 1n the previ.ously di.scussed fatigabi Hty stud1es. The 
original recordIngs were made us1ng a microphone placed near the ear of a 
plater who worked 1n the welding shop of a shipyard. Noise from different 
hand tools, such as nut tighteners, pneumati.c chisel hammers and hand 
sledges, contributed to the character1stic feature of the noise. The 
background level fluctuated between 85 and 95 dB(A) and also contained a 
great deal of Impulse noise at very high levels. TT3 was determ1ned 1n 10 
trai.l persons after exposure to taped shipyard noise. These subjects had 
acute one-slded faci.al paresi.s (Bell's palsy). Thus, the patients had no 
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middle ear reflex in the affected ear. On the non-affected side, the 
ipsilateral reflex threshold was normal. In order to participate, the 
trial subjects had to have normal hearing thresholds, i.e., a threshold 
within 15 dB HL (1S0-389-1975) between 0.125 and 8 kHz. They were exposed 
for 15 mi.nutes via earphones. On one test occasion, the affected ear was 
exposed; a few days later, the normal ear was exposed. The noise dose was 
102 dB(A) or Leq (15 min). The hearing thresholds were determined by means 
of sweep frequency audiometry (type Bekesy) before and immediately after 
the exposure to noise. 

The mean values of TTS as a function of frequency are illustrated in 
Fig. 6. The TTS was greatest in ears which lacked the middle ear reflex. 
The frequency of maximum TTS reduction shifted from about 4 kHz (3.750 kHz) 
to the important speech frequency range (2.075 kHz). TTS became broader 
with an expansion primarily toward the lower frequencies. In order to get 
an idea of the total reduction, the TTS surface was evaluated. This sur
face was significantly larger in the affected ears than in the normal ears. 
Summarizing the TTS test, TTS increases and expands downward in frequency 
after exposure to shipyard noise when there is no AR. 

The PTS studies were performed in a total of seven adult rabbits. A 
15-minute-long portion of the taped shipyard noise was used for exposure at 
three different levels: 120, 125, and 130 dB(A), Leq (15 min). Electro
physiological hearing thresholds were obtained by means of brainstem 
audiometry for narrow band sti mulL The AR acti vi ty pri or to the exposure 
was determined in non-anaesthetized trial animals. Bilaterally normal 
reflex thresholds were considered as an indication of normal middle ears, 
symmetry of the inner ear function and normal hearing. In one of the trial 
animals, the stapedius muscle was denervated by destroying the facial nerve 
on one side. 

Since both the stapedius muscles and the tensor tympani muscles can be 
triggered acoustically in rabbits, and since their common effect has a re
duction whi ch is similar to the reducti.on brought about by the stapedi us 
muscle alone in man, it was desired to have a trial model with both muscles 
denervated. This was accompli-shed by means of anaesthesia (Nembutal, 40 
mg/kg), as middle ear surgery should be avoided. Thus, most of the trial 
animals were anaesthetized on one side during the exposure. The normal and 
the "deactivated" ears were exposed in random order. The contralateral ear 
was exposed about one month after the first exposure. This was done to 
minimize possible interaction effects. During the noise exposure, the AR 
was recorded in the non-anaesthetized animals. This recording gives 
information about the function of the inner ear (TTS and PTS) and about the 
fatigability of the middle ear reflex. Finally, the inner ear specimens 
were examined by means of scanning electron microscopy. 

In all cases, PTS was greater in ears without the AR than in those 
with an intact AR. At higher exposure levels, the difference was pro
nounced. Fig. 7 shows the threshold changes in brain stem audiometry in 
the protected and the non-protected ear in one of the trial animals where 
the stapedius muscle has been denervated on one side. A pronounced dif
ference in PTS can be observed. PTS exceeding 25 dB at any test frequency 
in the protected ear could not be observed in any of the test animals. 
There was no clear 4 kHz dip on any side. In the unprotected ear, there 
was always a broad change in the brainstem audiometric thresholds. On the 
whole, the change corresponded to the spectrum of the noise but was about 
one octave higher in frequency. Logical and pronounced morphological 
differences between the ears were also observed. In summary, it can be 
said that the PTS results in trial animals were similar to the TTS in man. 
PTS appears in the frequency range which corresponds to the energy distri
bution of the noise exposure in individuals who lack a normal AR. 
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DISCUSSION 

Patuzzi: Studies by A. Cody and later by Rajan suggests that there 
may be a crossed cochlear effect which might be a confounding influence in 
some of your work. For example, in the Bell's palsy case, where the mi.ddle 
ear reflex is absent, there ls still the possibility of a cochlea-to
cochlea reflex that might afford a certain degree of protection. 

Nilsson: I agree, but I have no more comments about that. 

Henderson: Eric Borg reported on an animal who developed a large 
amount of TTS and large reflex sh1fts. Eventually, sensi.tivity recovered 
but the acoustic reflex never recovered its normal sensltivlty. Have you 
ever found similar results in any of your experiments or can you see any 
indication of permanent change of reflex sensitivity without a change in 
cochlear functlon? 

Nilsson: There is a difference between man and rabbit. We can use 
the acoustic reflex threshold measurement as an lndication of permanent 
noise-induced hearing loss in the rabbit, but not the case in man. Also, 
Barit Engstrom analyzed the cochleas and found the lesions to be almost 
exclusively to inner hair cells. I would like to give that question to 
BarH. 

Engstrom: I think those animals, we later found out, had more or less 
pure inner hair cell damage. At the time you heard about them, they were 
not analyzed morphologlcally. 
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NOISE HISTORY, AUDIOMETRIC PROFILE, AND ACOUSTIC REFLEX RESPONSIVITY 

INTRODUCTION 

V. Colletti and V. Sittoni 

ENT Department 
University of Verona 
Policlinico, Borga Roma, 37100 Verona, Italy 

For several years there has been a debate in the literature on the 
effectiveness of the stapedius reflex in attenuating the acoustic input to 
the cochlea and its potential for reducing the amount of noise-induced 
hearing loss [1-10J. Several features of the acoustic reflex seemed to 
suggest that the attenuation provided by the stapedius contraction is 
irrelevant for protection of the inner ear to acoustic overstimulation: 
(1) the long latency and rise time of the stapedius reflex would allow 
single transient sounds to pass through the middle ear without being atten
uated by the reflex [lJ; (2) the attenuation resulting from the stapedius 
reflex is quantitatively too small to protect the inner ear from high sound 
levels and is effective outside the frequency range where noise-induced 
hearing loss primarily occurs [2-6J; (3) the response decays rapidly in the 
presence of continuous stimulation and thus the reflex is practically in
active for most of the exposure time [7-11J. Most of these conclusions had 
been derived from studies that had utilized simple acoustic stimuli (contin
uous pure tones and noise) and experimental laboratory conditions (low 
levels of background noise), which differ from the actual noise situation in 
industrial environments. Most frequently, noise encountered in industry is 
fluctuating with respect to both frequency and intensity. In addition, 
during the work period the noise may fall to levels below the stapedius 
reflex threshold between periods of high noise exposure. Given the profound 
differences between the stimuli encountered in laboratory and industrial 
situations, it is difficult to predict how the stapedius reflex would act in 
an industrial noise environment. 

When studies on the acoustic reflex were performed in industrial 
environments or with experimental designs simulating industrial noise condi
tions, quite different conclusions were obtained. It was observed that the 
acoustic stapedius reflex was resistant to fatigue when stimulated by sounds 
which varied in spectrum over time [8-11J. It could be demonstrated that 
impulses are in fact attenuated by the acoustic reflex [12J in some experi
mental conditions and in many industrial noise environments where high 
levels of background noise result in acoustic reflex activity [13J. In 
addition, a series of impulses may be superimposed on the background noise 
and since the stapedius reflex has a slow onset-offset latency and slow 
rise-decay time, apart from the first impulse, all the subsequent impulses 
in a series will be attenuated. In fact, each of the impulses, except the 
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first, will find the stapedius in a state of contraction. In addition, if 
the worker is paying attention to what he is doing and thus expecting the 
impulse, a preparatory or anticipatory contraction of the stapedius muscle 
is to be expected. Thus, even the first impulse might be attenuated. 

Several studies with humans have shown that the attenuation of sound by 
the stapedius reflex is high (20 dB) in the low frequency range and small or 
absent at high frequencies [4,5,14,15]. Both animal (PTS) and human (TTS) 
experiments have furnished evidence that the amount of hearing loss due to 
noise exposure is larger and the range of frequencies affected is broader 
when the stapedius reflex is absent [15]. These results are in agreement 
with the opinion of Girolamo Fabrizi d'Acquapendente [16] who, in his work 
"De visione, voce et auditu," published in 1600, wrote that the middle ear 
muscles provide a protective function during exposure to loud sounds. 

If the stapedius reflex protects the inner ear against acoustic over
stimulation, the amount of the attenuation in a normal population must 
follow a Gaussian distribution, as many other biological phenomena. Thus, 
there will be some individuals in whom the stapedius reflex exhibits a low 
threshold, and is very active and resistant to fatigue. Conversely, others 
will have stapedius reflexes with high thresholds, and which are weak and 
adapt rapidly. If this is the case, it might be expected that in a popula
tion of workers, subjects with strong reflexes will develop less permanent 
noise induced hearing loss than subjects with weak reflexes. 

A universal finding of all the studies in noise induced hearing loss is 
a significant variation in susceptibility among people exposed to noise. 
The fact that some individuals suffer from severe hearing impairment while 
others retain a fairly normal hearing function even when working in the same 
noise environment for an equal length of time has been known since the 
earliest studies on occupational hearing hazards [17,18]. The reasons for 
individual variability or susceptibility are still unknown, although several 
anatomical and functional variables from the outer to the inner ear 
contribute to the total variability. Certainly one such variable is 
represented by the sound transmission characteristics of the middle ear. It 
is likely that small differences in the resonant frequency (300-500 Hz) or 
in the sound transformation (5-15 dB), which have no practical implications 
at normal threshold levels, may have a significant effect and dramatically 
influence the noise dose reaching the inner ear over the long term. In this 
context, differences in the amount of attenuation provided by the reflex may 
also play an important role in individual susceptibility. 

To investigate the possible relationship between stapedius reflex 
function and susceptibility to noise induced hearing loss, a systematic 
retrospective study of stapedius reflex parameters was performed in a popu
lation who had been exposed to a specific noise for a known number of years. 
Two different comparisons were made. The first comparison involved two 
groups of subjects, matched for age and for noise exposure time, but pre
senting significantly different audiometric profiles. The second comparison 
was made between two groups of subjects with similar audiometric profiles, 
but resulting from significantly different noise exposure time. This exper
imental design was considered necessary in order to circumvent the possible 
interference of hearing sensitivity on the dynamiCS of the stapedius reflex. 

METHOD 

Subjects 

From a total population of 503 employees of a metallurgic and mechanic 
industry in Verona, we selected 85 subjects with exposure times of approxi-
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mately 15 years (from 149 to 181 months). The age of this group ranged from 
38 to 54 years. The hearing thresholds of each subject were analyzed and 
mean and standard deviations were determined (Fig. 1). On the basis of 
these measurements, two small subgroups were selected: Group A consisted of 
subjects (N=13) whose hearing thresholds were between 1 and 2 standard devi
ations below the mean, and Group B consisted of subjects (N=15) whose hear
ing thresholds were between 1 and 2 standard deviations above the mean. A 
third group of subjects (Group C, N=13) consisted of individuals with hear
ing thresholds equal to those of Group A, but with a noise exposure time 
limited to 5 years (58-63 months). After the first selection, all subjects 
available to participate in the present study were submitted to physical and 
otological examination and impedance testing. As a result, 18 subjects had 
to be excluded: 5 subjects for tympanometric abnormalities, 3 subjects for 
previous head injury and the remaining 6 subjects due to some minor general 
physical diseases. This selection reduced the 3 groups to the following 
figures: Group A, 7 subjects; Group B, 8 subjects; and Group C, 8 subjects. 
Since all of the subjects included in the present study worked in the same 
environment, it was reasonable to assume that all subjects within each group 
had received the same type of exposure to noise over the experimental 
period; i.e., 5 or 15 years. 

groups A, Band C were Fig. 2 shows the noise conditions to which 
exposed during the course of a typical workday. 
stationary noise with levels ranging from 92 to 
125 Hz and a roll-off of approximately 6 dB per 

The noise level is nearly 
104 dB(A), with a peak at 
octave. 
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Fig. 1. Mean hearing threshold (± 1 standard deviation) 
of 85 subjects with exposure time of 15 years; 
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thresholds between 1 and 2 standard deviations 
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Equipment 

Hearing threshold determination was performed by Bekesy audiometry 
(Amplifon Model 270). Thresholds were obtained by using pulsed tones (250 
msec with 50% duty cycle) at the frequencies of 500, 1000, 2000 and 4000 Hz. 
Stimuli were transmitted to the ear via TDH-39 earphones and MX-41/AR 
cushions. 

Impedance audiometry was carried out with a modified commercial appara
tus (Madsen ZO 70) equipped with a TDH-39 earphone, and MX-AR/41 cushion for 
elicitation of contralateral reflexes. The modifications were adopted in 
order to minimize temporal distortion and filtering artifacts. The time 
constant of the instrument was 25 msec. The acoustic stimuli for eliciting 
the reflex were generated by a commercial audiometer (Amplifon 300). The 
two outputs of the impedance bridge were connected to a two channel electro
nystagmograph (Galileo C 2a); one recorded the pressure values in the ear 
canal and the other registered the modifications of compliance. The reflex
eliciting stimuli were tone bursts at 500, 1000, 2000 and 4000 Hz. Two and 
five dB steps in intensity were used. Signal duration was 1000 msec (rise
fall time of 2.0 msec.) for the evaluation of the time domain parameters of 
the reflex and 30 sec. for the determination of peristimulatory adaptation. 

Protocol 

Threshold, onset latency, rise time, amplitude, offset latency, decay 
time and peristimulatory adaptation of the stapedius reflex were examined 
according to the following definitions (see Fig. 3) [19]: 1) threshold: 
impedance changes equal to 10% of the maximum individual amplitude; 2) onset 
latency: time interval between stimulus onset and 5% of the maximum ampli
tude of the response; 3) rise time: time required for the response to rise 
from 10% to 90% of its final value; 4) amplitude: height of the response at 
steady state (after damped oscillations) expressed in percentage of maximum 
individual variation of impedance; 5) offset latency: time interval for the 
response to fall to 95% of its value after stimulus off-set; 6) decay time: 
time interval between 90% and 10% of the amplitude of the response after 
stimulus offset; 7) peri stimulatory adaptation: percentage of reduction of 
amplitude in relation to the steady state value during acoustic stimulation 
lasting 30 sec. 

Onset-offset latency, rise-decay time and peristimulatory adaptation 
values were determined at 10 dB SL (reflex threshold). Amplitude was evalu
ated as a function of intensity from below threshold to maximum stimulation 
to determine the slope of the input-output function and to determine the 
satu- ration level. The static pressure in the external ear canal was 
continuously monitored during testing in order to check for pressure 
variations. Pres- sure value may in fact change during a test session and 
values in the ear canal have to be adjusted in order to examine the reflex 
at the point of maximum compliance. 

Results 

Individual values of the stapedius reflex threshold, along with aver
ages, standard deviations and ranges observed in Groups A, Band C are shown 
in Tables I, II and III. Group A (Table I) exhibits normal values at each 
frequency. Table II shows reflex threshold values in Group B. The thresh
old is normal in each subject at 0.5 kHz; it is normal in 25% of the 
subjects and elevated in 75% at 1 kHz; it is elevated in 94% and absent in 
6% at 2 kHz; it is elevated in 19% and absent in 81% at 4 kHz. The values 
for Group C are shown in Table III. Frequencies of 500, 1000 and 2000 Hz 
display normal threshold values. The threshold is elevated in 88% and 
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absent in 12% of the cases at 4 kHz. The statistical analysis (student 
t-test) shows significant differences between group A and B at 1, 2 and 4 
kHz (p < 0.01) and between group A and C at 2 (p < 0.05) and 4 (p < 0.01) 
kHz. 

TABLE I - Mean, standard deviations and range of acoustic reflex threshold 
as a function of frequency for Group A (N=7). Noise exposure 
duration equals 15 years. 

Hz 500 1000 2000 4000 

X 81.2 82.9 85.0 87.6 
3D 2.7 3.2 2.8 3.3 
Range 78-89 76-91 78-92 80-93 

Normal 100% 100% 100% 100% 
Elevated 0% 0% 0% 0% 
Absent 0% 0% 0% 0% 

TABLE II - Mean, standard deviations and range of acoustic reflex threshold 
as a function of frequency for Group B (N=8). Noise exposure 
duration equals 15 years. 

Hz 500 1000 2000 4000 

X 84.5 100.5** 104.5** 116.0** 
3D 3.7 4.1 2.8 2.9 
Range 78-90 95-108 100-110 113-120 

Normal 100% 25% 0% 0% 
Elevated 0% 75% 94% 19% 
Absent 0% 0% 6% 81% 

** (p < 0.01 ) 

TABLE III - Mean, standard deviations and range of acoustic reflex 
threshold as a function of frequency for Group C (N=8). 
Noise exposure duration equals 5 years). 

Hz 500 1000 2000 4000 

X 82.6 83.1 87.7* 101.5** 
3D 2.7 2.7 2.7 3.1 
Range 79-90 79-90 82-94 97-108 

Normal 100% 100% 100% 0% 
Elevated 0% 0% 0% 88% 
Absent 0% 0% 0% 12% 

** (p < 0.01) 
* (p < 0.05) 

252 



- --- ST IMULUS DURATION ---_ 

OvershOOI 

l 001-------------~~~~c=:.--~----_r--_r----~~------------------------
90 

10 
5 

Amplitude 

Under 5hoot 
Offset 
la tencv Onset 

la tencv 

Sert ling 
time 

Fig. 3. Stapedius reflex parameters examined according to Colletti [19]. 

m .ec 

250 

200 

150 

100 

50 

o 

Onaat Latancy 0.5 t< Hz 

10dBSL 

· A · s o C "., aac 

250 

200 

150 

100 

eO 

. !+q -r-+--.---t-I --r-+--"'I -+-1 - 0 
Is o 100 120 daHL 

- A -

Onaal: L atency 

10 dBSL 

.A · s o C 

II . . I I I 
l ao 1DCI 

- B -

1 KHz 

daHL 

Fig. 4. Individual onset latency values at 0.5 (A) and 1 kHz (B) for Group 
A, Band C at 10 dB SL. Latency intensity functions (~ 1 SD) 
previously obtained in normal hearing subjects are represented 
to facilitate comparison of the results among groups. 

253 



Fig. 4 shows the onset latency values at 0.5 and 1 kHz for Groups A, B 
and C. The mean input-output functions along with the standard deviation 
obtained in a previous study on normal hearing subjects [19] are represented 
for each parameter under investigation. Group A (Fig. 4A) shows normal 
onset latency values at 500 and 1000 Hz. Group Band C present sig
nificantly prolonged values at both frequencies, i.e., outside 2 standard 
deviations at 1 kHz and outside 3 standard deviations at 0.5 kHz. Fig. 5 
shows individual onset latency values at 2 and 4 kHz in the 3 groups. The 
values are included in the normal range for Group A at both frequencies. 
Group Band C show systematically prolonged latencies with values ranging 
from 2 to 3 standard deviations at 2 kHz and exceeding 3 standard deviations 
at 4 kHz. The latency values at 4 kHz for group B are not displayed due to 
the abnormally elevated thresholds and the large amplitude reductions at 
this frequency. The statistical analysis (Fig. 6) showed significant 
differences between Group A and Group B and between Group A and Group C at 
all frequen- cies (p < 0.01 except for the comparison between Group A and B 
at 2 kHz (p < 0.05». 

Fig. 7 shows the rise time values of the 3 groups at 0.5 and 1 kHz. 
This figure also includes the input-output functions previously calculated 
in normal subjects [19]. The values obtained for Group A are within one 
standard deviation of the normal values at both frequencies. The figures 
for Group Band C, although definitely prolonged are still located between 2 
and 3 standard deviations of normal. The rise time values for the 3 groups 
at 2 and 4 kHz are shown in Fig. 8. Group A presents normal values while 
group Band C display prolonged values which are two and three standard 
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deviations from normal. The statistical analysis (Fig. 9) of rise time 
values shows a significant difference between Group A and B and between 
Group A and C at 0.5 and 1 kHz (p < 0.01). At 2 kHz, only Group A and Group 
C show a statistically significant difference (p < 0.01). 

Figures 10 and 11 show the amplitude intensity functions (range of 
distribution) for the 3 groups. The amplitude is expressed as a percentage 
of the highest value found in each subject at 1 kHz. In addition, both 
figures display the range of amplitude values previously obtained in a group 
of normal subjects [19]. Fig. 10 (B) shows that the values for Group A are 
within the normal range; the functions have a linear range of 20-25 dB which 
is followed by saturation- (around 105 dB HL). The amplitude intensity 
function for both Group C and B are outside the normal range (shifted to the 
right) and do not exhibit saturation even at the highest intensities. The 
value of 50% of amplitude is reached at significantly different intensities 
for the three groups: 85-90 dB in Group A, 105-110 dB in Group C and 
115-120 dB in Group B. 

Fig. 10 (A) shows the input-output function at 0.5 kHz. Group A is 
inside the normal distribution whereas both Group Band C are shifted 
significantly to the right with different slopes. At this frequency, the 
50% amplitude is obtained at quite different intensities: 92-96 dB for 
Group A, 105-115 dB for Group B, and 112-120 dB for Group C. 

Fig. 11 shows the amplitude values at 2 and 4 kHz. Again, Group A is 
within the normal range while Group Band C are shifted to the right. The 
intensity needed to reach 50% of maximum amplitude occurs at significantly 
different levels in the 3 groups. At 2 kHz, this value is in the range of 
98-102 dB in group A and 110-120 in Group C. The amplitude function for 
Group B is so depressed that the 50% amplitude is never reached and is even 
absent at 4 kHz. 

The statistical analysis (Fig. 12) performed for amplitude values at 10 
dB SL shows highly significant values at 0.5 and 1 kHz for both Group A and 
C (p < 0.01). It is interesting to note that at 2 kHz the amplitude of 
Group B is higher than that of Group A. This discrepancy is, however, only 
apparent since the amplitude values were obtained at remarkably different 
absolute intensity values. For the same reason, the amplitude values for 
Group A and C appear to be equal at 4 kHz. 

Fig. 13 shows the values of offset latency at 0.5 and 1 kHz. The 
values at 2 and 4 kHz are not shown due to abnormal amplitude depression. 
In addition, the mean and + 1 standard deviation of the offset latency and 
the decay time previously obtained in the normal group [13] are shown. It 
may be observed that the individual values of offset latency at 0.5 kHz are 
homogeneously distributed in the normal range for all the groups. At 1 kHz 
(Fig. 13 B), Groups A and C are within the normal range and Group B is 
located between 1 and 2 standard deviations below the mean. The statistical 
analysis for offset latency at 10 dB SL (Fig. 14) shows significant values 
only between group A and C at 1 kHz (p < 0.01). 

The decay time values at 0.5 and 1 kHz are represented in Fig. 15. 
Group A is distributed in the normal range, whereas the values for Groups B 
and C are reduced. The data for Group C fall between the mean and + 2 
standard deviations while for Group B the data are between 1 and 2 standard 
deviations below the mean. The statistical analysis of the decay time 
values at 10 dB SL displays significance at 0.5 kHz for Groups A and Band 
for Groups A and C (p < 0.01) (Fig. 16). At 1 kHz, the significance level 
is reached in the comparison of Groups A and C (p < 0.01). It should be 
recalled that decay time values were collected at quite different intensity 
levels so this representation of the data may be somewhat misleading. 
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Fig. 17 through 19 show the peristimulatory adaptation values (mean and 
standard deviation) obtained at 0.5, 1 and 2 kHz in the 3 groups along with 
mean and standard deviations previously observed in a normal population 
[13]. The 3 groups (Fig. 17) display normal values at 0.5 kHz. At 1 kHz, 
(Fig. 18), Group A exhibits normal values and Group Band C are both located 
between the mean and 2 standard deviations below the mean. Fig. 19 repre
sents peristimulatory values at 2 kHz for the 3 groups. The distribution 
for the 3 groups is quite similar to the one previously described at 1 kHz. 

DISCUSSION 

Experimental studies designed to evaluate how the middle ear muscles 
affect the degree of permanent noise-induced hearing loss have, for obvious 
ethical reasons, been primarily carried out in animals. The investigations 
on cats [20] and rabbits [21] demonstrated that when the stapedius muscle is 
inactive, permanent threshold shift is more pronounced and extends over a 
wider range of frequencies. Interspecies differences must, however, be 
taken into account when transferring the data from animals to humans. Apart 
from different audibility curves, it is known that in most experimental ani
mals both the stapedius and tensor tympani muscles are activated by acoustic 
stimulation, whereas in man only the stapedius reflex is involved. There
fore the observations on animals cannot be easily transferred to human 
studies. 

In order to gather detailed information on the relationship between 
stapedius reflex activity and noise induced hearing loss, we performed a 
retrospective investigation on a population that had been exposed to a 
specific noise for a known number of years. The rationale for the investi
gation is as follows. If the stapedius reflex protects the inner ear from 
long term noise exposure, it should be reflected in the values obtained for 
stapedius reflex parameters. 
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In order to examine this issue, two groups of subjects were selected 
from a population of workers exposed to industrial noise for the same number 
of years. The two groups, matched for age, were characterized by signifi
cantly different degrees of noise induced hearing loss. Since the behavior 
of the stapedius reflex is dependent on the hearing sensitivity, it was nec
essary to control for the effects of hearing loss by comparing two groups of 
subjects presenting equal audiometric profiles resulting from significantly 
different noise exposure times (15 versus 5 years). To reduce the well 
known variables and biases inherent with retrospective procedures, subjects 
with hearing losses possibly due to causes other than noise were excluded. 

The results of the present study indicate a significant difference in 
most of the investigated parameters between and among the three groups. 
Group A, characterized by a mild hearing loss resulting from 15 years of 
noise exposure, presented normal values of the stapedius reflex parameters 
at all test frequencies (0.5 - 4 kHz). Group B, with a moderate to severe 
hearing loss in the high frequencies resulting from 15 years of noise expos
ure, was characterized by important abnormalities of the stapedius reflex 
for both threshold and suprathreshold time domain parameters. Group C, 
exposed to industrial noise for only 5 years and with an audiometric profile 
similar to that of Group A, displayed abnormal stapedius reflex parameters 
mainly at suprathreshold values. 

Thus, the outcomes of the present investigation indicate that the sta
pedius reflex may be an important factor contributing to the hearing loss in 
the three groups. If the different values of threshold, latency, rise time, 
amplitude, offset latency, decay time and peristimulatory adaptation of the 
stapedius reflex are taken into consideration, it can be seen that the 
amount of attenuation provided by the stapedius reflex differs considerably 
between the groups. It is not easy to specify exactly how the different 
parameters affect the process of attenuation. Results of this study sug
gests that three main factors may play an important role in this attenuation 
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process: threshold, amplitude and peristimulatory adaptation. It is 
known that the attenuation provided by the stapedius reflex starts at 
threshold and grows linearly at a value of 7 dB for a 10 dB increment in 
stimulus intensity, reaching a maximum at 20 dB [22]. Since the mean 
difference in stapedius reflex threshold between Group A and Group B is 
18.4 dB, it is clear that Group B has a loss of attenuation at threshold 
equal to 12.8 dB. 

The input-output functions of the reflex show a pronounced difference 
between groups. The amplitude functions were represented as a percentage 
of the maximum amplitude for each subject and not in absolute imittance 
values to reduce the spread of data (due to the influence of shunting 
impedance of the inner ear canal and the middle ear). This does not allow 
us to quantify in absolute terms the value of each individual amplitude 
function and therefore only relative calculations can be performed. 
Since, however, it is known that the reflex has a linear behavior of 
approximately 25-30 dB at supra- threshold values, the midpoints (i.e., 
50%) of the amplitude function for the three groups can be used for 
comparison. The intensity needed to reach 50% of maximum attenuation is 
approximately 85-90 dB for Group A, 105-110 dB for Group C and 115-120 dB 
for Group B. Thus, for a given intensity level, groups Band C would show 
much less attenuation of the input signal than normals. Furthermore, the 
results of peristimulatory adaptation at 1 and 2 kHz indicates that the 
reduction of reflex amplitude by 50% of its original value would require 
only 9 sec for Group B, and 11 sec for Group C, whereas Group A would 
require nearly twice as long (23 sec) for the reflex to adapt. On the 
basis of the above mentioned considerations, we suggest that the sta
pedius reflex plays an important role in protecting the inner ear against 

265 



PerleClmulaCary AdepCaClan AT 30 •• 0 - 2 KHz-

10 

~, ,,', 
\ "

\ "-
\ "-

"\ , 
\ "-

\ "-
\ "-

!SO _____ '-

\ 
40 \ 

OL-______________ -. ______________ __ 

30 .eo 
Fig. 19. Range of peristimulatory adaptation values at 30 sec 

for 2 kHz in Group A, Band C. Mean (continuous line) 
and standard deviations (dashed line) previously 
obtained in normal hearing subjects are included to 
facilitate comparison among groups. 

noise and is probably also one important factor in the complex phenomenon of 
individual variability or susceptibility to noise induced hearing loss. 

Several investigators have shown that the stapedius reflex threshold 
exhibits considerable intersubject variation on the order of approximately 
20 dB. This amount of variability is found not only in a commonly defined 
normal population, but also in young subjects carefully selected for having 
normal hearing threshold, normal tympanometric functions and no history of 
otological or neurological disorders [23]. 

Fig. 20 reports the distribution of amplitude as a function of inten
sity in a normal population [24] and clearly shows the spread of threshold 
values calculated at 10% of maximum amplitude. It may be seen that the 
amplitude/intensity function of the stapedius reflex also shows a wide range 
of intersubject variability at 50 and at 90% of maximum ampliture, on the 
same order of magnitude as for threshold [17]. In a few reports, the inter
subject variability for amplitude has been quantified in acoustic ohms 
during acoustic reflex contraction at different suprathreshold intensities 
[9,25-27]. The standard deviations values ranged from 1/3 to 2/3 of the 
mean impedance change. Furthermore, it is a common observation that sub
jects with low thresholds for the acoustic reflex are characterized by 
greater impedance changes as a function of stimulus intensity and with 
earlier saturation phenomena than subjects with elevated thresholds [19]. 

In some investigations the acoustic reflex activity following exposure 
to noise has been studied [28,29]. It was demonstrated that both reflex 
threshold and dynamic properties (temporal features) can be temporarily mod
ified (deteriorated) with exposure to noise. Borg et ale [28] measured an 
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average of 4 dB of reflex threshold shift in industrial workers after a 
typical work-day. In addition, changes in the amplitude of the reflex were 
also described. More recently Gerhardt and Hepler [29] reported temporary 
changes in acoustic reflex threshold (5 dB) and amplitude along with behav
ioral temporary threshold shift (12-15 dB) in normal hearing subjects 
exposed to a 95 dB SPL octave band of noise centered at 1 kHz for 4 hours. 
Both studies reported large intersubject variability with some subjects 
showing a large depression and some a potentiation of the reflex after the 
noise exposure. Thus, it is apparent that noise exposure may depress both 
hearing sensitivity and stapedius reflex parameters such as threshold and 
amplitude. It would be interesting to know if the changes in hearing and 
the reflex arise from the same anatomical and physiological sites within the 
auditory pathway. 

The observation reported by Borg et al. [28] and by Gerhardt and Helper 
[29] are interesting, but at the same time surprising, since we were accus
tomed to consider that damage to the cochlea by noise exposure does not 
alter the stapedius reflex threshold until the hearing loss exceeds 50-55 dB 
HL. However, for the present issue, it is important to realize that tem
porary stapedius reflex abnormalities induced by noise exposure are linked 
with a high degree of variability. Thus, two types of variability can be 
described in the stapedius reflex. (1) a general physiological variability 
and (2) a noise related variability. How these two are linked together and 
playa role in susceptibility to noise induced hearing loss can only be 
evaluated in prospective or longitudinal studies. 
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DISCUSSION 

Tyler: How can you tell in contrasting Groups A and B whether Group A 
has a lower threshold because they have a stronger stapedius reflex or if 
Group B has a weaker stapedius reflex as a result of their noise induced 
hearing loss? 

Colletti: That is why I analysed Group C, since I might have run into 
the possibility that what I observed on the reflex was exactly a function of 
hearing threshold. 

Salvi: Were there any acute differences between Groups Band C? 

Colletti: They were matched for age. That is very important, especi
ally for subjects above 50 years old. 

Nilsson: I think the relaxation time is not important for individual 
susceptibility because if you have a series of impulses, the first impulse 
can trigger the system, then you will have increased impedence during the 
time for the series. 

Colletti: Theoretically, I agree, but as you saw in Groups Band C, 
both displayed shorter values or both offset latency and decay time. 
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The middle ear muscle reflex may be described as a feedback process 
which reduces the sound transmission in the middle ear when the level 
detected in the brain is too high. The effect of this reflex is an in
crease of the stapedius muscle stiffness, resulting in a change of the 
stapes response. The contraction process of the stapedius muscle results 
in a reduction of the middle ear transmission, but also in an increase of 
resonance and of the cut-off frequency of the middle ear. Both effects, as 
predicted by the model, appear to be similar to those reported for animals 
and inferred for humans. The model is implemented in a feedback process, 
starting from the brain, where a threshold detector elaborates the con
traction command and sends it back to the stapedius muscle through a 
low-pass filter. 

Our aim in the present study is to establish a mathematical model of 
the acoustic reflex as part of the complete human auditory system, includ
ing threshold detection in the brain and feedback to the middle ear muscle. 
Most authors have considered that the acoustic reflex is limited to the 
middle ear. We are convinced that a model of the acoustic reflex should at 
least involve the spectral analysis of sounds carried out in the inner ear 
by the basilar membrane. We may indeed assume that the electrical charges 
transmitted to the brain along the nerve fibres are proportional to the 
displacements of the basilar membrane. In this case, the inner ear re
sponse is necessary to evaluate the neural phenomenon resulting in the 
acoustic reflex and fixing its magnitude. 

MODEL OF THE MIDDLE EAR ACOUSTIC REFLEX 

Experimental Description of the Muscle Reflex 

The middle ear muscles (the stapedius and tensor tympani) have been 
the subject of interest for many years. Contraction of these muscles under 
high level sound stimulation leads, under certain conditions, to a reduc
tion of the vibrations of the middle ear ossicles. This effect, known as 
"acoustic reflex," suggests that it may act to protect the inner ear from 
damage due to excessive acoustical stimulation such as high intensity 
industrial noise; although it is unlikely to be its primary function. 
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Fig. 1. Spectral response of the middle ear. (a) 
transfer function of the "spring-like" 
muscle system for increasj.ng cut-off 
frequency (0 dB, 6 dB and 12 dB 
attenuation); (b) experimental [2] 
(---)curve, as observed on rabbits for a 
moderate reflex and computed (--- ) 
spectral response derived from (a) for a 
maximum reflex. 

Experiments on animals [1] have shown that the main effect of reflex 
contraction of the middle ear muscles is the attenuation of sound trans
mission at frequencies below 2 kHz. Maximum attenuation values are about 
20 to 30 dB. At higher frequencies there 1s Uttle attenuatton or sUght 
amplification, as shown 1n Fig. 1. In addition, onset of the acoustic 
reflex is not immediate but progressive, and takes about 100 milliseconds, 
due to reflex latency and contraction time. It is a low-pass filter effect 
with cut-off frequency equal to about 5 Hz [1]. This effect corresponds 
approximately to an exponential decrease. 

The acoustic reflex for humans, although similar to that for animals, 
d1ffers by two main properties. Firstly, the maximal attenuation is lower, 
in order of 12 dB; secondly, the reflex only appears for high sound levels, 
higher than 75 dB. The maximal attenuation is obtained for stimuli of 
about 110 dB. The small attenuation for high frequencies and the slight 
amplification which were recorded for animals have also been observed [2] 
for humans above 1.5 kHz. 

The block d1agram of the acoustic reflex is shown in Fig. 2. The 
sound pressure pet) at the eardrum is transmUted through the middle 
and the inner ear to the brain. Separation into different spectral 
components occurs in the cochlea according to the character1st1c fre
quency, which appears in the transfer function of the 1nner ear. The 
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Fig. 2. Functional diagram of the ear reflex 

internal process initiating the acoustic reflex is not yet known. How
ever, it seems logical to assume that the most intense component reach
ing the brain is compared to an internal threshold; the magnitude of the 
reflex command is therefore a function of the overshoot above threshold. 
This command is then transmitted to the middle ear through a low-pass 
filter having a cut-off frequency of a few Hertz. The complete acoustic 
reflex thus involves three functions: two of them are located in the 
feedback chain - a threshold detector and a low-pass filter; the third 
function, being the contraction of the stapedius muscle, is located in the 
direct chain and is the first one to be studied hereafter. 

Action of the Muscle on the Stapes 

The ossicular chain of the middle ear acts as an impedance transformer 
between air in the ear-canal and the liquid in the inner ear. The malleus 
(hammer), which is shaped like a small one-sided hammer, has its handle 
embedded in the eardrum and its head attached in the incus (anvH). The 
incus, acting like a lever is connected by its long arm to the stapes 
(stirrup). The foot plate of the stapes rest on the oval window and trans
mits its movement to the inner ear. The transformer ratio of the middle 
ear involves the ratio of the effective area of the eardrum to those of the 
footplate ("-15) and the lever ratio (iv1.3), producing [2] a value of about 
20. 

A mathematical model of the middle ear is found in Flanagan [3] Eq. 
(1) giving the transfer function of the middle ear (ratio of stapes dis
placement to pressure at the eardrum): 

c 
G(s) 

(1) 

In Eq. (1), s is the complex Laplace variable; the ratio of the cut-off 
frequencies (a/~) is equal to (5)-'/2. This ratio is also equal to the 
resonance factor of the second order term. Flanagan [3] failed in deter
mining accurately the numerical value of the cut-off frequency F = o(/2fi; 
however, he found that the lower and upper limits for this frequency were 
1650 and 3300 Hz respectively. The inaccuracy of this model will be 
discussed below. 
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Neglecting the first order term in Eq. (1), we may observe that the 
second order term is exactly the Laplace transform of the "spring" equa
tion. We shall thus note the motion of a unit mass of the stapes by means 
of the equation of a damped spring whose stiffness K is due to the stape
dius muscle contraction: 

d2x(t) + F dx(t) + K x (t) = C pet) (2) 

dt 2 dt 

In Eq. (2), x(t) is the displacement of the stapes, F is the damping co
efficient and the term C pet) is the force applied by the eardrum to a unit 
mass of the ossicular chain. Comparison of Eqs. (1) and (2) shows propor
tionality between stiffness K and squared angular frequency~ as well as 
between damping coefficient F and twice the angular frequency a. 

According to Eq. (1), 12 dB attenuation can easily be obtained by 
quadrupl i ng the stiffness, or by doubling the cut-off frequency fa<: On 
the other hand, it seems logical to assume that the damp:ing coefficient 
F, (and thus the angular frequency a) remains constant. In this case the 
resonance factor is halved, resulting in a doubling (+ 6 dB) of the tuning 
at the frequency f~. Fig. 1a shows the spectral responses according to 
Eq. (1) for different values ofc{ , starting from 1650 Hz at rest and going 
to 3300 Hz when the contraction is complete. These limi. ts are exactly the 
uncertainty limits stated by Flanagan [3]. This variation can thus be 
explained by the fact that the cut-off frequency is not constant, but 
varies with muscle stiffness. 

It must be noted that hearing loss produced by exposure to high level 
noise is maximum in the vicinity of 3 kHz. This effect, mainly due to 
resonance of the ear canal, is also due to the higher resonance C+ 6dB) of 
the middle ear (wHh eBcHed reflex) at this frequency. 

One should be careful when discussing the acoustic reflex in terms of 
the .transfer function of the spring. We conclude, indeed, that attenuation 
is obtained in the mi.ddle ear by increasing the cut-off frequency of the 
filter, leading to a description of thi.s effect by a linear differential 
equation with variable coefficients. Eq. (1) is therefore not appropriate, 
because a transfer function is only valid for a linear system with constant 
coefficients, which is not the case here. Spectral analysis is, however, 
qualitatively useful in understanding this phenomenon because the non
constant coefficients are varying at a very low rate, compared with the 
lowest frequency involved in the hearing process. 

The differential equation completely describing the function of the 
middle ear is then obtained by making the stiffness K(= ~2) from Eq. (2) 
variable wHh time; this coefficient is given as K(t). This yields: 

d2x(t) + 2 a dx(t) + K(t)x(t) C pet) 

dt2 dt 

In Eq. (3), K(t) varies with time, between K at rest and a value K 
depending on the magnitude of the acoustic reflex. The maximum value of 
Ks' noted KM' is equal to 4 times Ko (ratio equal to 12 dB). 

Threshold Detection Magnitude of the Acoustic Reflex 

In the analogue model previously proposed by Lutman and Martin [7], 
the contraction command is an input data of the system. In order to 
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describe the complete process, it is necessary to account for the nerve 
reaction in order to close the feedback loop. Although the detection 
mechanism is not very well known, it seems logical to suppose that the 
brain acts as a logarithmic detector, the detected value being an energy 
parameter. The brain records this value for each of the different bands. 
The greatest value recorded is then compared with the threshold. The ratio 
between this maximum value and the threshold determines the magnitude of 
the acoustic reflex. 

Low-pass Filtering 

The low-pass filter which is present in the feedback loop causes a 
gradual start of the ear reflex. The muscle contraction can be described 
by the step response of the low-pass filter to a step function with value 
(Ks -Ko ). However, this input signal is a function of time, starting from 
zero and reaching a stable value after a certain delay. The change in 
muscle stiffness can be numerically expressed by a first order difference 
equation which corresponds to the effect of the low-pass filter: 

K + K (TISi) 
i-1 si-1 

\+ T/h (4 ) 

In Eq. (4), index i denotes the value at the time i T, T is the time 
interval between two numerical computations;,)' is the latency of the 
reflex. 

RESULTS OF SIMULATION 

Numerical Integration 

Modeling of the ear reflex requires, as stated before, the knowledge 
of the inner ear response. The chosen model (Eq. 4.1) in Flanagan [3] is a 
transfer function of the fifth order. Finally, the transfer function of 
the ear canal was established (see Appendix) in order to obtain a complete 
simulation of the entire human auditory system. The standard Runge-Kutta 
method of fourth order has been used in solving these differential equa
tions. This method is known to be one of the most powerful ones in the 
sense of numerical stability and accuracy. 

The numerical constants of the model have been chosen for a pure tone 
at 1000 Hz in order to fit the detection range of the acoustical reflex at 
sound pressure levels between 80 and 106 dB at the entrance of the ear 
canal. There is a good agreement between the model and experimental 
results. Fig. 3 shows the stapes response for some characteristic stimuli. 

Effects of Impulse Noises from Weapons 

The computational model has been applied to the set of impulse noises 
used as samples in a previous study, which statistically analyzed the 
hazard to hearing. For these signals, simulating weapon noises, the 
acoustical reflex entails a mean loudness reduction of about one decibel 
with regard to the previous results (without reflex). The largest varia
tion does not exceed 3 dB for the longest impulses (20 ms). These results 
show that impulsive noise is not significantly attenuated by the acousti
cal reflex; this is due to the fact that the processed impulses contain 
spectral components higher than 2 kHz, and their durations are very much 
shorter than the latency of the muscle reaction. Consequently, it can be 
said that impulse noise produced by weapons results in muscle contrac-
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tion, but this reflex is far too slow to produce an effective attenuation 
of the impulse noise. These conclusions fully agree with the experiments 
[4] on twelve small arms. For these weapons, firing single shots, the 
average attenuation due to the acoustic reflex is equal to 0.4 dB; the 
maximal attenuation remaining less than 0.8 dB. 

Effects of Burst Fire 

It is stated in the damage-risk criteria (DRC) for impulse noise [5] 
that only the first round of a burst has to be taken tnto account for 
evaluating risk to hearing. This implies that the impulses produced by the 
other rounds of a burst are sufficiently attenuated by the acousUc reflex; 
consequently, these rounds are neglected by the DRC. Thts rule is only 
applicable for short bursts (3 to 4 rounds) and provided the repetition 
period is greater than 100 ms (repetition rate less than 600 rounds per 
minute). The loudness of a burst can be computed by the usual rule for 
loudness addition: all rounds following more than 100 ms after the first 
round are identically attenuated by the middle ear. This is the case for 
all classical weapons whose repetition rate is less than or equal to 600 
rpm. It is easily verified that one should add 16 identical rounds 
attenuated by a factor of 4 for having a loudness 3 dB higher than the 
loudness of the single shot. These figures .are given for tnformation, 
because they are only based on the attenuation effect, without any spectral 
change. In this simplified case, the loudness increase remains lower than 

~. 
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rr~ ~ , ~ ,--

-i 
c 
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i~ .. d 

~ ~, r 
Fig. 4. Bursts of three rounds from high rate automatic 

weapons: (a) two-barrels AA Gun, (b) rifle 
G-ll, (c) quad Mi.50 AA, (d) six-barrels 
"Vulcan". 

.. 
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1 dB when the burst does not exceed 4 rounds, and the approximation 
contained in the DRC is reasonable. 

Some recent weapons, however, do have higher repetition rates. Thts 
is the case for anti-aircraft multi-barrel guns firing 600 rpm per barrel 
such as the Vulcan (6 barrels), quadmachine gun and two-barrel 30 or 35 mm 
guns. Thi.s i.s also the case for the novel German rifle G 11 using caseless 
cartridges and firing 3-round bursts at a htgh rate of 2000 rpm. 

For each weapon, we have simulated a 3-round burst as illustrated on 
Fig. 4 and computed the theoretical loudness using the complete simulation. 
The single shot is attenuated by 0.7 dB by the ear reflex. For the classi
cal single-barrel weapon, the loudness i.ncrease produced by the second and 
third rounds of the burst is equal to 0.75 dB. This value results from an 
overall attenuati.on of 10 dB for the two last rounds and confirms, on a 
theoreti.cal case, the practical rules contained in the present DRC. For 
the high-rate weapons, however, the loudness increase is more important for 
the three rounds burst; the AA guns y:i.eld a loudness increase of 2.5 dB, 2 
dB and 1.5 dB respectively; for the G 11 rifle, the increase is equal to 
1.7 dB with regard to the single shot. These high vari.attons, due to the 
two last rounds of these short bursts, may not be neglected. These values 
are higher than what ~i.ght be predicted, due to spectral components at 2 to 
3 kHz which are not attenuated, but amplified by the acoustic reflex. The 
number of rounds occurring within the 100 ms appears to be an important 
parameter for assessing the risk to hearing produced by bursts. Modern 
weapons with high burst-rates are more damaging to hearing than predicted 
by the present damage-risk cr:i.teria. 

CONCLUSIONS 

The middle ear model developed in the present study describes the most 
basic properties of the acoustic reflex. The contraction process of the 
stapedius muscle results in a reduct:i.on of middle ear transmission, but 
also in an increase of resonance and of the cut-off frequency of the middle 
ear. Both effects, as predicted by the model, appear to be similar to 
those reported for anImals and :Inferred for humans. The computattonal 
model has been appli.ed to forecast the loudness of impulse noise produced 
by bursts of gun fire. The high burst-rate for the new weapons and the 
presence of high frequency components ln the spectrum of the jmpulses 
results in rather poor attenuation of the rounds following the first one. 
The present damage-risk cri.teria lead to an underestlmate of the risk to 
hearing produced by this kind of impulse noise. 

APPENDIX 

Transfer Functlon of the Outer Ear 

The earcanal can be represented by a uniform tube closed at one end by 
the eardrum. If we note u(x,t), the dlsplacement of the air partlcles on 
the x-axis of the tube and p(x,t) the alr pressure, we obtain the fol
lowing system of partlal dlfferential equations ( f is the specific mass 
of air and c the sound veloclty): 

- R .) u (An 

Jt 
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p ( x , t ) = - 5':> c2 '0 u 

,)x 

The initial condition is the pressure at the entrance of the earcanal: 
p(O,t) equal to the acoustical stimulus. At the eardrum (x = L), there is 
no displacement of the air particles: the boundary condition is thus 
u(L,t)=O. Applying a Laplace transform to this set of equations leads to a 
more simple system; capitals P and U are used for the transform of 
functions p and u respectively; this yields; 

(s2 + R s)U 

(A2) 

Solving this system is rather simple: the transfer function B(s) of 
the outer ear is obtained by computing the ratio B(s) = P(L,s)/ P(O,s). 
This yields: 

B(s) = cosh- 1 
(A3) 

It can be easily shown that resonances are present for odd harmonics 
of the fundamental frequency f = c/4L = 3 kHz. A 14 dB-resonance is ob
tained at the fundamental frequency for value of R equal to 4800 s-'. 

REFERENCES 

1. P. J. Dallos, Dynamics of the acoustfc reflex, ~. Acoust. Soc. Amer. 
36:2175 (1964). 

2. A. R. Moller, Function of the middle ear, The acoustic middle ear 
muscle reflex, in: "Handbook of Sensory Physiology - Auditory 
System" Vol. V/"-;- Springer-Verlag, Berlin, Heidelberg, New York 
(1974). 

3. J. 1. Flanagan, "Speech analysis, synthesis and perception," Springer 
Verlag, Berlin (1965). 

4. G. o. Stevin, Spectral analysis of impulse noise for hearing conser
vation purposes, J. Acoust. Soc. Amer. 72:1845 (1982). 

5. W. D. Ward, Proposed-damage-risk criterion for impulse noise (gun
fire), Report of Working Group 57, National Academy of Sciences -
National Research Council, Committee on Hearing, Bioacoustics and 
Biomechanics (CHABA), Washington DC (1968). 

6. F. Pfander, "Das Knalltrauma," Springer-Verlag, Berlin, New York 
( 1975 ) • 

7. G. o. Stevin, A computational model of the acoustic reflex", Acustica 
55:277 (1984). 

279 



DISCUSSION 

Pfander: We have some field data that is revelant to your theoretical 
analysis. One hundred soldiers were exposed to gunfire, six shots fired 
quickly (presumably the reflex activated for all sjx shots) and a second 
exposure to six shots with 10 seconds between each shot (no reflex action). 
In the field study one group has the reflex and the other is without the 
stapedius. The results show that 55 persons had no TTS with the interval 
of 10 seconds and 54 persons had no TTS with the reflex. This field study 
really does not show that the reflex offers any protection. 

Henderson: The data that Pfander shows does not necessarily 
contrad:tct Dr. Stev:lns' hypothesis. An unrecogntzed and unappreciated 
variable :tn many noise studies is the pattern or delivery rate of acoustic 
energy. We have seen many times that the traumatic effects of an exposure 
are influenced by the rate of flow of acoustic energy. This:ts especially 
true for impulse and impact noise. It appears that a single impulse causes 
a state of vulnerability in the cochlea and if a second impulse (or more) 
"hit" the cochlea during this period of vulnerability, then the traumatic 
effects of that impulse will be greater. Going to Professor Pfander's 
data, it is poss:tble that the slow presentation rate 1/10 sec. was an 
adequate amount of time for the cochlea to recover while the faster rate 
left the cochlea vulnerable to even the partially attenuated impulses (by 
the reflex). In a sense, the variable of reflex attenuation and period of 
vulnerabU tty may be working i.n opposition. 
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CHANGES IN AUDITORY THRESHOLD DURING AND AFTER LONG DURATION NOISE 

EXPOSURE: SPECIES DIFFERENCES 

INTRODUCTION 

Donald W. Nielsen, Mary Jane Bauman and Diane K. Brandt 

Otological Research Laboratories 
Henry Ford Hospital 
Detroit, Michigan 48202, USA 

Because noise exposure causes physiological changes within the cochlea 
which cannot be investigated directly in humans, animal models must be used 
to study the effects of noise on human hearing. However, in choosing an 
animal model, one must be aware of species differences in the reaction of 
the cochlea to noise exposure. These differences are reflected in the 
behavioral temporary threshold shifts (TTS) which result from the noise 
exposure. 

In this chapter we will discuss the growth, frequency spread, and 
recovery of behavioral TTS, with implications for the study of the physio
logical processes in the cochlea and with emphasis on species differences. 

BACKGROUND 

The chinchilla is the most popular animal for noise research in North 
America. However, all studies of noise-induced hearing loss (NIHL) using 
the chnichilla have shown that this animal has more hearing loss in response 
to a specific nOise exposure than humans do. Its increased sensitivity 
cannot be accounted for on the basis of lower absolute thresholds for fre
quencies below about 8 kHz; and the chinchilla is slightly less sensitive 
between 500 Hz and 8 kHz [1]. Nor can the differences in NIHL sensitivity 
be accounted for on the basis of the acoustic properties of the chinchilla 
external and middle ear [2]. In fact, von Bismarck states that the 
"similarity between the sound pressure transfer function ••• for man and 
chinchilla (zero middle ear pressure) is striking" [2]. Thus, the differ
ence in response to noise exposure must occur in the inner ear or possible 
more centrally in the nervous system. Since NIHL is most evident in damage 
to the cochlea, we believe that these differences in sensitivity are due to 
basic differences in the way in which the inner ear of the two species 
reacts to noise exposure. In our efforts to find a more suitable animal 
model, we decided to investigate the squirrel monkey. 

Squirrel Monkey Versus Human Absolute Auditory Sensitivity 

The first step in evaluating the squirrel monkey as a model for the 
effects of noise on human hearing was a comparison of the free-field 
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absolute sensitivity curves of the two species (Fig. 1). Below 6 or 8 kHz 
the squirrel monkey is less sensitive than the human, whereas above that 
point the squirrel monkey is more sensitive. 

Squirrel Monkey External and Middle Ear Transfer Function 

The next step was to determine the effect of the external and middle 
ear transfer function (EMTF) for the squirrel monkey in order to equate 
noise exposures for humans and squirrel monkeys in terms of the amount of 
sound energy reaching the inner ear. Using a probe microphone, we measured 
external ear resonances in squirrel monkeys. In addition, we measured the 
cavities of the external ear, modeled them as tubes closed at one end, and 
calculated the predicted resonances. These two independent sets of mea
sures agreed. Finally, we calculated the transfer funotion of the middle 
ear from squirrel monkey Mossbauer data supplied by W. S. Rhode of the 
University of Wisconsin. 

The combined EMTF for the squirrel monkey was oompared with the 
behaviorally measured threshold ourve (Fig. 2). While the location of the 
inverted transfer function is arbitrary with respect to ordinate, the 
agreement in the shape of the two curves below about 8 kHz is apparent. 
Even the fluotuation in the threshold ourve between 2 and 7 kHz was 
predicted by the transfer function. 

Thus, the differences in absolute sensitivity of the squirrel monkey 
and the human are most likely aocounted for by acoustic charaoteristics 
resulting from the smaller size and mass of the external and middle ear of 
the monkey. 

Since most comparisons of the auditory sensitivity of the two species 
involve exposure stimuli with frequencies below 8 kHz, the agreement 
between the two curves in that frequency range is especially important. It 
provides evidence that the shape of the behavioral auditory threshold curve 
is determined by the transfer function. That is, for stimuli below 8 kHz, 
the transfer function determines the complete sound pressure transformation 
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between the free sound field and the vestibule in the vicinity of the 
stapes. Numerical values for the transfer function may be interpreted as 
the sound pressure levels in a free field that are required to produce a 
constant sound pressure in the vestibule. Zwislocki [3] found similar 
results for humans. Thus, we can equate the sound pressure reaching the 
inner ear of the two species by allowing for their differences in absolute 
sensitivity at the frequency used. 

TTS Results for Long Duration Noise Exposures 

Previous research [4] with long duration noise exposures using the 
chinchilla as the experimental animal has shown that the TTS increases with 
the length of time in the noise up to about 24 hours, after which it remains 
constant for a long period of time. The level of TTS reached and maintained 
after 24 hours of exposure, which is called the asymptotic threshold shift 
(ATS), is thought to reflect a balance between the fatiguing and recovering 
processes in the cochlea. 

Such chinchilla ATS studies raised the question as to whether human TTS 
would reach an asymptote after 24 hours of exposure. Results of experiments 
[5-7] in which humans were exposed for 24 hours or, in a few cases, 48 hours 
demonstrated that TTS growth functions did reach a plateau after about 24 
hours. Since these exposures with human subjects were limited in duration, 
it was never established whether this plateau was a true asymptote in the 
mathematical sense. However, in our investigations with squirrel monkeys 
exposed for as long as four days, an ATS was not demonstrated [8,9]. The 
monkey data yielded TTS growth functions in which TTS grew at the same rate 
as the human TTS and which, like that of the humans, reached a plateau at 
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about 24 hours of exposure. However, after this plateau, the TTS continued 
to grow. In contrast, chinchillas have a faster rate of TTS growth, reach a 
higher level of TTS, and their TTS reaches an asymptotic level within 24 
hours. The squirrel monkeys also showed slightly less TTS than the humans, 
because comparatively less sound energy reached their inner ear at these low 
frequencies, due to the smaller size and mass of their external and middle 
ear. 

Only one previous study has used monkeys in noise exposures longer than 
four days. As summarized by Moody et al. [10] in 1976, a study by Schieb et 
aL [11] using Old World monkeys found that "3 of 4 animals showed similar 
growth functions typically reaching 'asymptote' of 19 to 21 dB of loss after 
8 to 12 hours of exposure." However, they go on to state that "it is read
ily apparent that the 'asymptote' observed after 8 hours of exposure is not 
a true asymptote at all, but rather a plateau in the function." Beginning 
at about 15 days of exposure, the threshold shift begins to be variable and 
eventually stabilizes at a new level about 10 dB above the original plateau. 
The fourth animal reached its first plateau of 56 dB TTS only after 200 
hours of exposure. Therefore, their data show that Old World monkeys do not 
reach ATS in 24 hours, as chinchillas do, but instead reach ATS after about 
15 days. 

It is difficult to compare our four-day exposure TTS growth curves for 
squirrel monkeys to Schieb's data on Old World Monkeys, because data from 
only one animal were published. In that instance, ATS was reached by about 
15 to 20 days of exposure. The TTS growth function for that Old World 
monkey is a step function consisting of an initial 11 dB step in the first 
hour which was maintained until about 6 hours of exposure. Between 6 and 9 
hours there was a rise to 21 dB of TTS, which was maintained until about day 
15 or 20 when the TTS rose to 31 dB. The other two animals also showed this 
step function [12]. These discrete 10 dB steps maybe due to the use of 10 
dB attenuator steps in determining threshold. The growth function could 
actually be more gradual as we found when we used smaller attenuation steps 
for the squirrel monkeys. 

Recent long duration exposures in the gerbil [13] have also shown that 
ATS is not reached in 24 hours. Those data, together with the data from the 
Old World monkey, raised the question of when TTS would reach asymptote for 
the squirrel monkey and by implication for the human. To investigate this 
question, we initiated some longer exposures of 60 to 90 days. 

METHODS 

We used six squirrel monkeys (Saimiri sciureus), 4 males and 2 females, 
approximately seven years of age as subjects. The behavioral testing was 
carried out under free field conditions using single-bar avoidance and a 
tracking procedure, with attenuation steps as small as 2.5 dB. Thresholds 
were determined by interpolation to 1.25 dB. Details of our testing proced
ure have been previously published [9,14]. 

The monkeys were exposed free field in a small reverberant room using 
an octave band of noise centered at either 500 Hz or 4 kHz and durations as 
long as 90 days. Procedural details of these studies and more detailed 
results will be published elsewhere. 
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CHANGES IN SQUIRREL MONKEY TTS TO LONG DURATION NOISE EXPOSURE 

TTS Growth to an Octave Band of Noise Centered at 500 Hz 

Our initial experiments used an octave band noise exposure centered at 
500 Hz. In the first experiment, six squirrel monkeys were exposed to an 89 
db SPL noise for 60 days; in the second experiment, the same six monkeys 
were exposed to a 95 dB SPL noise for 70 days. 

During exposure, the thresholds were measured approximately 4.5 minutes 
following removal from the noise (TTS4 ). The resulting TT8 growth 
functions (Fig. 3) indicate that TTS gr3ws linearly when time is plotted 
logarithmically. ATS was reached after about 15 to 20 days of exposure. 
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at 500 Hz and presented at 95 dB SPL measured early in 
the exposure (16-25 days) and later in the exposure 
(41-50 days). 

Thus, it appears that for this non-human primate, like the Old World monkey, 
the balance between fatiguing and recovering processes in the cochlea is 
reached in 15 to 20 days rather than in 24 hours as with the chinchilla. 

TTS Frequency Spread to an Octave Band of Noise Centered at 500 Hz 

During the 70-day exposure, we made two sets of threshold measurements 
at other frequencies to study the spread of fatigue along the cochlea and to 
determine whether other frequencies had reached their maximum shift by 20 
days of exposure. Threshold measurements for each frequency were made 12 
hours apart. Since each measurement required only five minutes out of the 
noise, TTS growth was not affected [10]. Test frequency selection was 
random, so that no two animals were tested at the same frequency during the 
same test period. Thus, it took nine days to make each set of measurements. 
In Fig. 4, TTS measurements made between exposure days 16 and 25 are com
pared to measurements made on days 41 to 50. No statistically significant 
differences between the curves were found at any frequency. Therefore, for 
this exposure, ATS is reached by about 15 to 20 days for all frequencies. 

Recovery from an Octave Band of Noise Centered at 500 Hz 

This long exposure experiment gave us a unique opportunity to study the 
effects of exposure duration on TTS recovery. The recovery from this 70-day 
exposure was compared to the recovery curve resulting from the same noise 

286 



.. 
% 
0 
10 .... .. 
ID 
'C 

rn 
I-
l-

.. 
% 
0 
0 
10 .. 
ID 
'C 

rn 
l-
I-

35 

N.8 Squirrel Monkeys 

30 D-Q 10tdB SPL for 14 hours 

0-0 tOt dB SPL for 48 hours 

25 ..... 95dB SPL for 70 days 

20 

15 

10 

S 

0 

-5 
.075 1 2 4 8 12 16 24 48 72 

HOURS AFTER EXPOSURE TO 500 Hz cf OBN 

35 

N.6 Squirrel Monkeys 

30 
)t--J( 95dB SPL for 70 days 

25 Ir--6 101 dB SPL for 14 hours 

20 

15 

10 

5 

0 

-5 
075 1 2 4 8 12 16 24 48 72 

HOURS AFTER EXPOSURE TO 500 Hz d OBN 

Fig. 5 Recovery of TTS from an octave band noise exposure cen
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presented at a higher level but a shorter duration; so that the shorter 
exposure resulted in about the same level of TT3. 

After 70 days of exposure, the animals were removed from the noise and 
TT3 recovery was measured. The recovery rate of the 750 Hz threshold from 
the 70-day exposure was compared with the recovery of 750 Hz from two other 
higher exposures (101 dB 3PL), but shorter durations of 48 and 14 hours 
(Fig. 5). From these data, all collected on the same group of animals, it 
is obvious that whether the exposure is 14 hours or 70 days, the rate of 
recovery is the same and is linear when recovery time is plotted on a log
arithmic scale. We had similar results from the 70-day and the 14-hour 
exposures for recovery at 500 Hz (Fig. 5). These data demonstrate that, for 
the squirrel monkey, the rate of recovery is not related to the length of 
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time the ear is exposed to noise. For low frequency exposures of 14 hours 
or longer, the rate of recovery is independent of the length of the expos
ure. This conclusion is also consistent with the human data of Mills et al. 
[6] who concluded that "the magnitude of the TTS determines the time 
required for complete recovery" and that the "duration of the exposure was 
apparently not significant." 

Furthermore, the linear recovery rate demonstrated for the squirrel 
monkey differs from the delayed recovery seen when chinchillas are used as 
the experimental animal. When chinchillas are removed from noise exposure, 
they tend to maintain a constant threshold shift for a period of time before 
recovery begins. Thus, TTS recovery as well as growth rates can differ 
significantly between species. In investigations of NIHL where one wishes 
to generalize to humans, and where the length of exposure and recovery time 
are consequential variables, it is important to choose an animal model with 
growth and recovery rates similar to those of humans. 

TTS Growth to an Octave Band of Noise Centered at 4 kHz 

After these studies using low frequency exposures were completed, we 
investigated the same effects with a high frequency exposure to determine if 
the fatiguing and recovering processes in the cochlea were similar across 
frequency. The exposure used in these experiments was an octave band of 
noise centered at 4 kHz and presented at an SPL of 87 dBA for go days. 

The resulting growth of TTS at 4 kHz and at 5.6 kHz is shown in Fig. 6. 
At 4 kHz, TTS reaches an asymptote after about 20 days in a manner compar
able to the 500 Hz exposure data in Fig. 3. That is, the growth of TTS at 4 
kHz is linear (Fig. 6, top) where the time scale is logarithmic. By con
trast, the 5.6 kHz TTS continues to grow up to about 65 days, where it 
appears to reach an asymptote close to the 4 kHz TTS. At 5.6 kHz, the 
growth of TTS is better described as linear in linear time (Fig. 6, bottom). 
Thus, the fatiguing processes in the high frequency region of the cochlea 
have different rates of growth for these two different test frequencies. 

TTS Frequency Spread to an Octave Band of Noise Centered at 4 kHz 

To study these differential frequency effects in more detail, we mea
sured TTS at 17 additional frequencies at several times during the 87 dBA, 
gO day exposure. When earlier measures made at 16 to 27 days of exposure 
were compared to later measures at 72 to 83 days, TTS at 5.6 kHz and at 6 
kHz continued to grow after TTS growth at all other frequencies had reached 
its maximum (Fig. 7). The growth of TTS at 5.6 and 6 kHz between these two 
sets of data was statistically significant, whereas the differences at other 
frequencies were not. 

Thus, for high frequency exposures, TTS must be measured at several 
frequencies in order to have an accurate estimate of the growth of hearing 
loss across frequency. 

TTS Recovery from an Octave Band of Noise Centered at 4 kHz 

We also measured recovery at 4 kHz and 5.6 kHz from the gO-day, 87 dBA 
exposure (Fig. 8). Both frequencies demonstrated a linear recovery in log
arithmic time, as was seen with recovery from the low frequency exposure 
(Fig. 5). Surprisingly, the rate of recovery was identical for these two 
test frequencies, although they had different growth functions. 

Since we had earlier established that the duration of the exposure did 
not affect the TTS recovery, it was reasonable to compare the squirrel mon
key recovery data to human recovery data from an octave band noise exposure 
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TT8 measured between 16 and 27 days and between 72 and 
83 days after exposure to an octave band of noise 
centered at 4 kHz and presented at an 8PL of 87 dBA. 

monkey recovery data to human recovery data from an octave band noise expos
ure presented at 88 dB for 24 hours (Fig. 8). It is obvious from these data 
that when the humans and the squirrel monkeys have the same amount of TT8, 
the recovery rate is amazingly similar, both being linear when time is plot
ted logarithmically. Again such linear recovery differs from the delayed 
recovery seen in the chinchilla. 

Experiments are underway in our laboratories comparing the recovery 
curves from this long duration, high-frequency exposure to recovery curves 
from short duration, high-intensity exposures of the same frequency. Future 
investigations will study permanant noise-induced hearing loss in the squir
rel monkey and the resulting histopathology, in the manner described in the 
chapter by Liberman and with emphasis on the stereocilia abnormalities. 
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presented at an SPL of 87 dBA for go days. Human TTS 
recovery data from an octave band noise exposure cen
tered at 4 kHz and presented at an SPL of 88 dB for 24 
hours are also shown for comparison (open circles). 

Our experiments have shown that: 

1. For squirrel monkeys, as for humans, the rate of the recovery pro
cesses in the cochlea is independent of the length of time the cochlea is 
exposed to noise, at least for low frequency exposures of 14 hours or 
longer. 

2. For the squirrel monkey, fatiguing processes in the high frequency 
region of the cochlea have different rates of growth for different frequen
Cies, but similar rates of recovery. 

3. Both Old World and New World monkeys, reach ATS at the maximally 
affected frequency after 15 to 20 days of noise exposure. 

4. There are differences between primate and non-primate species, not 
only in the amount of hearing loss resulting from a given exposure, but also 
in the rate of growth and recovery of TTS. 

Furthermore, we suggest that in investigations of noise-induced hearing 
loss where one wishes to generalize to humans and where the length of expos
ure and of time to recovery are consequential variable, it is important to 
choose an animal model with growth and recovery rates similar to those of 
humans. Finally, we also suggest that in studying physiological processes 
underlying noise-induced hearing loss, one must be cautious about general
izing from one species to another, especially between primates and non
primates. 
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DISCUSSION 

Henderson: Will you comment on the relationship between the rate of 
growth to ATS and the exposure level? In the chinchilla, the the rate of 
growth to ATS increased with stimulus level. 

Neilson: I would suspect just looking at the data at 500 Hz (Fig. 3) 
that the same thing is true for the squirrel monkey. But we do not have 
enough data to answer that question more precisely. 

Salvi: The work of Carder and Miller in the chinchilla showed that for 
many ATS exposures, there was a 10 or 15 hours period where there was little 
or no recovery. Thus, recovery is not linear in log time. Could you 
comment on the differences between the chinchilla and monkey in terms of 
recovery? 

Neilson: We do not see the delayed recovery period in the monkey, and 
can not explain the differences between primates and chinchillas. 

Henderson: PTS seems to depend on the amount of time in the noise. 
Thus, even though chinchillas may reach a stable level of ATS, those that 
remain in the noise for a longer period of time develop larger cochlear 
lesions. Also you mentioned, the rate of recovery stays essentially the 
same in your exposures; however, this seems unusual given that the longer 
exposures may lead to PTS. Could you comment on this in relationship to 
your results? 

Neilson: We do not have data on PTS, but it is striking how fast these 
squirrel monkeys recover when they are taken out of the noise. 

von Gierke: I think the main difference between your data and other 
human data is that in human data the recovery depended on the length of 
exposure. 

Neilson: As far as I am aware, I do not believe we have recovery data 
from humans exposed to these long duration exposures. The longest ones I 
know of for humans are 48 hours. 

von Gierke: Chuck Nixon exposed people for 48 hours and 24 hours and 
there were definite differences in recovery times even though both groups 
had the same TTS. From a practical point of view, this is extremely 
important. 
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THE CURIOUS HALF-OCTAVE SHIFT: EVIDENCE FOR A BASALWARD MIGRATION OF THE 

TRAVELING-WAVE ENVELOPE WITH INCREASING INTENSITY 

INTRODUCTION 

Dennis McFadden 

Department of Psychology 
University of Texas 
Austin, Texas, USA 78712 

Following exposure to an intense tonal stimulus, there may be no tem
porary threshold shift (TTS) at the exposure frequency, even though there 
is considerable hearing loss at a higher test frequency. This effect-
commonly known as the half-octave shift in TTS--is among the oldest, best 
known, and most widely cited facts of psychoacoustics, yet it stands with
out a generally accepted explanation. This paper has three primary 
purposes: (1) to review the physiological findings apparently relevant to 
this upward shift of maximum effect; (2) to demonstrate that half octave
like shifts are not unique to TTS experiments, but rather, they can be 
found in data obtained in a wide array of psychophysical tasks not involv
ing auditory fatigue; and (3) to present a possible explanation of the 
upward shift which accounts for many of the existing facts, and thus 
appears worthy of serious consideration by both theorists and experimenta
lists. 

By way of historical perspective, the first reports of the maximum 
temporary hearing loss being shifted upward in frequency from the exposure 
stimulus were apparently made by Rawdon-Smith [1] and Ewing and Littler [2] 
(see Perlman [3] for a review and additional data). The fact was then 
well-documented and popularized by Davis et al. [4] in their classic 
monograph on auditory fatigue. Specifically, the effect is this: when 
narrow-band or tonal waveforms of high intensity are used as exposure 
stimuli, the test frequencies showing the greatest TTS are typically 
0.5-1.0 octave above the exposure [4-6]. Indeed, Davis et al. [4J--and 
many others since--sometimes measured essentially no hearing loss at the 
exposure frequency, even though sensitivity at higher frequencies was 
reduced 15-20 dB or more. Upward shifts of maximum hearing loss are 
evident in measures of permanent threshold shift (PTS) as well as in TTS. 
Looking across studies and paradigms, there are some indications that the 
mechanisms producing the upward shift of effect may differ somewhat in the 
frequency regions above and below about 1000 Hz. Below about 1000 Hz, 
shifts are sometimes absent, small, or in the opposite direction [4, 7-10], 
or they appear to behave in accord with rules different from those above 
1000 Hz [11]. If confirmed, this difference may prove to be a reflection 
of the apparent change in the characteristics of the cochlear partition in 
that region (at least in humans) that also produces linear rather than 
logarithmic frequency spacing below about 1000 Hz [12J. 

295 



Over the years, this upward displacement of maximum hearing loss has 
universally come to be called the half-octave shift in TT3; however, it 
must be emphasized that the term is merely descriptive, not explicit--the 
maximum TT3 can occur at the half-octave frequency, at the octave fre
quency, or above or below either of these. But while there may be nothing 
particularly magical about the half-octave frequency itself, the effect the 
term denotes is truly curious, and it is surprising that the half-octave 
shift has received so little experimental and theoretical attention during 
the 50 years it has been known. 

The student seeking an explanation of the upward shift in maximum 
hearing loss following exposure is naturally drawn to look for possible 
structural bases for the effect. In this regard, the auditory periphery 
appears to offer a wealth of possibilities. For example, there are two, 
mutually dependent populations of transducers--inner and outer hair cells-
which (1) have different gross and ultrastructural morphologies and differ
ent patterns of distribution along the cochlear partition; (2) synapse with 
different populations of primary afferents; (3) have different patterns of 
innervation, both afferent and efferent; (4) are thought by some to be 
stimulated by different modes of shearing; (5) are known to be different
ially sensitive to such insults as anoxia, reduction in blood supply, and 
drug toxicity; etc. In addition to differences between the two populations 
of hair cells, the shift of maximal effect to adjacent frequency regions 
might be attributed to factors such as possible changes in the mechanics or 
micromechanics of the cochlear partition [13,14], and surely there are 
various metabolic, biochemical, or other nonstructural features that might 
also be suggested as relevant to the half-octave shift. 

But even though the cochlear partition offers numerous possible candi
dates for the basis of the upward shift in hearing loss following exposure, 
to my knowledge none of these has ever been proposed or investigated. 
Indeed, as far as I can determine, only one explanation of the half-octave 
shift has received repeated mention over the years, and even these mentions 
have often been somewhat off-handed; certainly no one has attempted to 
systematically examine the various implications of this explanation, or to 
test it directly. The essence of this recurring idea is that the peak of 
displacement of the traveling-wave (TW) envelope may not occur at the same 
point along the cochlear partition for all stimulus intensities, but rather 
the peak may gradually move basally as intensity is increased. If the peak 
of displacement of the TW envelope does move basally along the cochlear 
partition as intensity is increased, that is tantamount to having a multi
plicity of intensity-dependent tonotopic maps of the cochlear partition-
the map for each successively higher intensity being displaced slightly 
toward the base. Thus, the cochlear location maximally "fatigued" by a 
high-intensity exposure would be basal to the point at which the exposure 
tone produced its maximal displacement when presented at a low intensity. 
That is, at threshold intensities, the frequencies activating the maximally 
fatigued portion of the partition would be ones higher than the exposure 
frequency--which would itself maximally activate a slightly more apical 
region. This point is illustrated in the left panel of Fig. 1. 

Place theorists of pitch perception long ago suggested such changes in 
position as an explanation of the claim that high tones get higher in pitch 
and low tones get lower in pitch with increasing intensity [15]. In recent 
times, the basic idea has been mentioned in various contexts [8, 16-26]. 

Davis [27] recently advanced a "conceptual model" of cochlear mechan
ics that suggests a possible mechanism for the basal ward migration of the 
peak of the displacement envelope with increasing stimulus intensity. 
Davis argued that the total envelope of membrane displacement produced by a 
tonal stimulus is always the point-for-point sum of two components. First, 
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Fig. 1. Schematic representation of migration of the traveling
wave envelope with increasing intensity. Shown at the 
left, on the dimension of cochlear position, are the 
top halves of the displacement envelopes for five tones 
at each of three intensities. For each intensity, a 
neural tuning curve is shown above the TW envelopes, 
and then is shown again in the right panel, now cor
rectly located on the frequency dimension. The bar 
marked TTS at the bottom left is meant to indicate the 
region of "fatigue" produced by tone F2 at the highest 
intensity shown; at "threshold" intensities, F2 itself 
would show little or no aftereffect of the exposure, 
but frequencies above the exposure frequency would. 

there is the mechanical TW of displacement that is the result of the physi
cal properties of the cochlear partition, and which has a relatively broad 
peak of displacement; this is the classical TW envelope described by von 
Bekesy and which Davis regards to be basically a passive response to the 
input signal. Second, there is a steeply rising, horn-shaped pattern of 
displacement located at the apical foot of the classical TW that is the 
product of active elements residing in the cochlea which Davis refers to 
collectively as the cochlear amplifier (CA). In Davis' model, the CA is 
subject to a saturating non-linearity, so its relative contribution to the 
total envelope of membrane displacement is greatest at low intensities; 
thus, at low intensities the peak of the total envelope of displacement 
lies 2-3 mm apical to the peak of the classical, mechanical TW envelope. 
As intensity increases, the contribution of the apically located CA to the 
total envelope of displacement continuously diminishes, and the relative 
contribution of the basal, mechanical TW grows, with the result that the 
peak of the total envelope of displacement gradually migrates basally. In 
exposure situations, then, the "elements" maximally "fatigued" or "injured" 
are those located near the peak of the mechanical envelope of displacement
elements tuned to frequencies higher than the exposure tone when measured 
at low stimulus intensities. 
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While appealing in many ways, Davis' conceptual model does appear to 
contain a limiting condition that seems not to exist in the data. Namely, 
once the stimulus intensity reaches the point that the total displacement 
envelope coincides with the mechanical envelope, there can apparently be no 
further upward shift. Yet, there are numerous physiological and psychophy
sical demonstrations of the maximum effect being upward in frequency by an 
octave or more and apparently growing without bound [4,6,28]. 

As we shall see, there is considerable evidence in support of the idea 
of a basalward migration of the point of peak displacement with increasing 
intensity, but there are also some gaps and contradictions in the story. 
One point to remember during the following summary of the evidence is that 
even when some physiological or psychophysical measure does migrate in the 
correct direction for our purposes, the magnitude is seldom adequate to 
account for a half-octave shift--which corresponds to approximately 2 mm 
along a human cochlear partition [29]. (On the other hand, it is also rare 
for these measures to cover the 90-100 dB range typically covered in TTS 
paradigms.) In addition, it is important to remember that there is no 
intent here to suggest that migration is the sole explanation for any fact 
considered; surely most of these effects are at least partially the result 
of other aspects of cochlear behavior. Thus, in the following we will be 
emphasizing qualitative, not quantitative, agreements. 

PHYSIOLOGICAL AND ELECTROPHYSIOLOGICAL EVIDENCE 

By now, most auditory scientists are sufficiently familiar with the 
twin concepts of the spatial pattern of the TW envelope and the tuning 
characteristic of a single point along the cochlear partition that they can 
easily alternate their thinking between them. However, when one adds the 
factor of basal ward migration of the TW envelope, the potential for confus
ion grows. One fact for the reader to remember is that if the maximum of 
the TW envelope does migrate basally with increasing intensity, then any 
measurements obtained from a fixed position along the membrane (e.g., 
tuning curves obtained from the basilar membrane, a hair cell, or a primary 
fiber) should appear displaced 90wnward in frequency as intensity is 
raised--reference to Fig. 1 should make this point clear. (Note that the 
same downward shift is also expected in these various measurements follow
ing any manipulation that reduces or eliminates the cochlear amplifier 
segment of the TW envelope, but that type of shift is different from an 
intensity-dependent one.) It is sometimes helpful to think about this 
downward shift in tuning in terms of the input/output functions underlying 
it. If the input/output functions are parallel for all individual frequen
cies within the passband of a fixed point on the partition, then the tuning 
curves associated with that point would have both the same nominal charac
teristic frequency (CF) and essentially the same shape at all intensities. 
But if, for any reason, the input/output functions are not parallel, the 
nominal CF will be different at different intensities. Now, migration of 
the peak of the TW envelope ought to produce non-parallel input/output 
functions for frequencies located in different regions within the passband 
of the cochlear position being studied. The reason is that input/output 
functions for frequencies on the high side of the "actual" CF (the CF mea
sured at near-threshold intensities) should be relatively shallow because 
the peaks of membrane displacement for those frequencies are gradually 
sliding basal ward, "out from under" the membrane location being measured; 
in contrast, the input/output functions for frequencies on the low side of 
the actual CF ought to be steeper since their points of maximal displace
ment will remain apical to the membrane location being studied. (Again, 
this is not to argue that factors other than migration might not also 
contribute to these different input/output functions.) 
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Early data on basilar membrane mechanics did show some of the expected 
characteristics described above [30,31], but since early data have become 
suspect in light of findings about the effects of inadvertent damage to the 
delicate structures in the cochlea [32], we shall concentrate upon data 
obtained under procedures designed to minimize cochlear damage. Using 
Mossbauer techniques, Sellick et al. [33] obtained non-parallel input/out
put functions of the sort suggested above. For data they felt were among 
their best (their Fig. 5a), the CF for the location of their Mossbauer 
source was 19 kHz at low displacement amplitudes (actually velocities); it 
dropped to 18 kHz at higher amplitudes and to 16 kHz at the highest dis
placement amplitudes. Rough estimates indicate that the rate of migration 
was about 0.07 octave/l0 dB in this 16-19 kHz region. The basilar membrane 
data of LePage and Johnstone [34] also indicated shallow input/output func
tions at frequencies above CF. Thus, an expectation that follows directly 
from the idea of basalward migration of the peak of the TW envelope is 
confirmed--the apparent CF for a fixed basilar membrane location decreases 
with increasing stimulus intensity. 

Similar effects on input/output functions and tuning curves were ob
served by Russell and Sellick [35] in their studies of high-frequency inner 
hair cells, but while the magnitudes of the effects appear large, estimates 
of migration rate are not possible from their published figures. The inner 
hair cell data of Dallos [10] do not show these effects as strongly as the 
above data do, but interestingly, he was studying hair cells located in the 
800-Hz region of the cochlear partition, where half-octave effects are 
sometimes problematic. 

While cochlear microphonic (CM) data do provide weak support for a 
basal ward migration of the displacement peak with increasing intensity 
[36], Dallos [18] has clearly shown that the non-linear input/output func
tions of CM can produce the appearance of a basal ward migration without 
there actually being a translation of the displacement peak along the 
cochlear partition. Thus, we shall ignore CM data. 

Not surprisingly perhaps, the primary fibers show the same downward 
shift in tuning that Russell and Sellick [35] observed in the inner hair 
cells. At high intensities, the peak firing rate often moves to a lower 
frequency [7], as does the CF of the tuning curve [37-39]. Again, the 
1000-Hz region appears to be a dividing line; Evans [37], Liberman and 
Mulroy [38], and Liberman and Kiang [39] all reported downward shifts for 
cells with CFs above 1000 Hz and upward shifts for cells with CFs below 
1000 Hz. Sachs and Abbas [40] showed that the slopes of the functions 
relating primary-fiber discharge rate to stimulus intensity are increas
ingly less steep as the test frequency is raised above CF, and Abbas and 
Sachs [41] showed that two-tone suppression is less at high levels of 
excitor and suppressor than at low levels when the frequency of the sup
pressor is above CF. Both of these outcomes are in accord with a basalward 
migration of the TW envelope with increasing intensity. 

Kim and Molnar [42] attempted to gain inSight into the pattern of 
excitation along the cochlear partition for different intensities by stimu
lating about 1400 primary fibers with identical sets of tonal stimuli and 
then plotting the population response to each stimulus. Unfortunately, 
this interesting procedure is hindered by the problem of saturation in 
neural firing rates, so that as the intensity of the tone was increased, 
the peak of activity in the population response first broadened and then 
simply flattened, and while Kim and Molnar [42] did report hints of a 
basalward shift, the evidence is not unequivocal. Also relevant, perhaps, 
is that the stimulating tone used by Kim and Molnar was 1000 Hz. 
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Physiological Aftereffects of Intense Stimulation 

Of the various phystological measurements that have been made durtng 
and followtng exposure to intense sounds, only a few are relevant to the 
idea of a basalward migration of peak displacement with increasing sti.mulus 
intensity. Lonsbury-Martin and Meikle [8J obtained post-exposure measures 
in primary fibers after exposures of one minute to moderately intense tones 
of d1.fferent frequencies--at CF, one-half octave below CF, and one-half 
octave above CF; they monitored both dr1.ven and non-driven f1.ring rates. 
For our purposes, the principal result was that exposure to a tone one-half 
octave below CF produced the greatest, and the longest lasting, post-expos
ure depress1.on :I.n firing rate (measured at CF). The second most effective 
exposure was the CF stimulus itself, and the least effective was the stimu
lus one-half octave above CF. Cody and Johnstone [43J repeated the 
Lonsbury-Mart1.n and Meikle [8J experiment using more exposure frequencies 
at more intensities, with the same general outcome. Cody and Johnstone 
alluded to mechanical explanations of the effect, without specifying or 
embracing a particular one. Since the exposure duration was only one 
minute 1.n both the Lonsbury-Martin and Meikle and the Cody and Johnstone 
experiments, both can be thought of as analogous to TTS experiments. These 
results clearly square with the explanation being considered here; expos
ures with frequencies at and above the CF of the fiber produced maximal 
displacement of the cochlear part1.tion, and thus maximal "fatigue," at 
points basal to the one served by the fiber being monitored, whereas the 
po1.nt being served by that fiber was maximally displaced, and fatigued, by 
exposures to frequencies somewhat below CF. 

Results parallel to those of Lonsbury-Martin and Meikle and to Cody 
and Johnstone have been obtai.ned with the whole-nerve action potential 
(AP). The AP shows greater aftereffects above the exposure frequency than 
at it [44-46J, and there is a tendency for the maximum effect to shift to 
h1.gher frequencies wi.th increasing exposure intensity [45-48J. In a 
related paradigm, Abbas [49J used the AP to obtain tuning curves before, 
and soon after, presentation of adapter tones of varying intensity and 
duration. In accord with the idea of a mtgrating peak of displacement in 
the TW envelope, he found greater post-adaptat1.on decrements in the AP at 
frequenc1.es above the adapter than at it, and this effect was greater for 
the more intense adapters. 

Other phys1.ologtcal f1.ndtngs obtained followtng exposure to intense 
sounds will be menttoned for the sake of completeness, even though they 
reveal little about the posstbtl1.ty of a basalward migratton with increas
ing intensity. To my knowledge, no experiment on basilar membrane 
mechanics has ever systematically manipulated the exposure variable, but as 
noted above, it is now believed that many early experimenters--including 
von Bekesy himself--inadvertently stud1.ed noise-damaged cochleas [32J. The 
effects of noise damage, and of numerous other sorts of damage, are less
sharp tun1.ng and a downward shift in the measured CF [28, 32, 33, 50]. It 
is ·comforting to those seeking parstmony that essentially identical changes 
are believed to occur in hair cells and primary ftbers followtng damage 
and/or exposure [26, 51-53]. Cody and Johnstone [47] monitored stngle 
primary fibers during prolonged exposures to intense tones one-half octave 
below CF. Beginning about one minute after the onset of the exposure, 
there was a downward shift in the nominal CF that continued and progressed 
for about the first hour of exposure. In that time, sensitivity had 
declined by about 60 dB on the average, and nominal CF was approximately 
half an octave below original CF. As the exposure continued, the tuning 
curves became increastngly flatter and less senstttve, and somewhere 
between 2-3 hours of continuous exposure, all cells failed to respond to 
test tones of 110 dB. Thts experiment clearly involved both TTS and PTS, 
but there 1.s no tnformation as to the div1.dtng line between them. Ltberman 
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[26] worked with a PTS-like paradigm and also found a downward shift in 
apparent CF (of as much as 0.66 octave) in primary fibers following noise 
exposures that induced varying degrees of localized damage to cochlear 
structures. Averaged across neurons of differing sorts (his Ftg. 2), the 
downward shift in CF was at a rate of about 0.08 octave/lO dB of PTS, but 
the variability was high. Finally, Van Heusden [54] has obtained downward 
shifts in nominal CF of nearly two octaves i.n the tuning curves of cells in 
the anteroventral cochlear nucleus following exposure to intense noise. 

COMMENT 

The preceding section revealed that there are considerable phystologi
cal data in qualitative agreement with the idea of a migration of the peak 
of displacement of the TW envelope with increasing stimulus intensity. In 
the following secUon, a comparable array of psychophysical evi.dence is 
presented in support of the idea. However, most of the psychophysi.cal 
demonstrations we wi.ll examine differ in an important way from most of the 
physiological demonstrations just considered, and the difference points up 
an important feature of the migrati.on effect not yet mentioned. 

The physiological experiments discussed above typically involved mea
surements made using single tones as stimuli. In contrast--with the excep
tion of TTS paradigms--psychophysical manipulations capable of establishing 
whether or not a slightly different segment of cochlear partition is being 
stimulated by different intensities always require the presence of a second 
tone, or set of tones; logically, one cannot hope to measure a tuning curve 
or filter characteristic psychophysi.cally with single-tone stimuli. This 
necessity raises an i.nteresting and potentially difficult problem. Clearly, 
if both the signal and the auxiliary tones were subject to mi.grati.on, and 
thei.r rates of migration were the same, no psychophysical experiment could 
possi.bly reveal evidence of that migration, even if it were substantial. 
As the following sections will show, a number of psychophysical tasks gg 
provide evidence for mtgration of the TW envelope with increasing inten
sity, implying that--under some conditi.ons at least--the signal and 
auxiliary tones are either not both migrating, or not both migrating at the 
same rate. Let us consider two general possibi.liti.es for the form of the 
migration. First, below some "critical intensity" there may be no migra
tion of the di.splacement peak with increasing stimUlus intensHy, and above 
that critical intensity, migration may proceed in the same linear manner 
for all frequencies (tllustrated at the top in Fig. 2). For the sake of 
the example, let us consider the i.mpli.cations of this alternative for a 
tone-on-tone masking situation. Increases in the intensity of a relatively 
weak signal--necessitated by increases in the intensity of the 
masker--cannot erase the evi.dence for a migration in the masker tone as 
long as the signal stays below some critical value of intensity. Once the 
intensity of the signal also exceeds the critical value, however, migration 
will appear to cease, and the masker wi.ll appear to have migrated less than 
it actually has. 

Alternatively, it might be that mtgration occurs over the entire range 
of intensity, but that the rate of migration is greater at high intenstties 
than at low (illustrated at the bottom in Fig. 2). According to this ver
sion, a relatively weak signal ts itself subject to some migratton, but as 
long as there is a reasonable difference in the intensities of the signal 
and the masker(s), mtgration wi.ll be revealed. Note that in this case the 
magnitude of migration will be underestimated by psychophystcal measures, 
but that, unlike the first version, the apparent magnitude will (correctly) 
increase continuously over the entire range of intensities studied. From 
this consideration of these two possibilities, it should be clear that-
unlike physiological measures--psychophysical procedures can, at best, 
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Fig. 2. Schematic representations of two simple 
versions of the process of migration of 
the traveling-wave envelope. The curves 
shown describe the loci of the peaks of 
the displacement envelopes for each of 
three tonal stimuli. In the top panel, 
the peak of displacement does not migrate 
along the partition until the intensity 
reaches some "critical" value; above that 
value, the peak migrates basally at a 
fixed rate. In the bottom panel, the peak 
of displacement migrates over the entire 
range of intensity, but, for a unit change 
in intensity, the magnitude of the basal
ward shift is greater at high intensities 
than at low. Psychophysical measures 
necessarily reveal only differences in 
rate of migration. 

measure differential rates of migration of stimuli, and thus, it would be 
remarkable indeed to find good quantitative agreement between physiological 
and psychophysical results. 

PSYCHOPHYSICAL EVIDENCE 

Masking 

If different intensities of the same frequency do maximally activate 
different portions of the cochlear partition, one might expect this fact to 

302 



be revealed in tone-on-tone masking experiments in which maskers of differ
ent intensity and test tones of varying frequency are used. The expectation 
would be that at low and moderate masker intensities, the masking pattern 
would peak at the masker frequency, whereas at high masker intensities, the 
peak of masking would be displaced toward higher frequencies. The classical 
data of Wegel and Lane [55] and of Egan and Hake [56] naturally come to 
mind in this context, and while there are no marked shifts of the masking 
peak in those data--just a general broadening of the extent of masking with 
increasing masker intensity--Fig. 3 of Egan and Hake does show more masking 
at 1000 and 1400 Hz than near the 400-Hz masker at high masker intensity 
[57]. While this evidence is obviously not compelling, simultaneous mask
ing procedures using two tones are known to be plagued by the problem of 
beats. When this problem is circumvented, more satisfying evidence for 
migration is obtained. 

Zwislocki developed a simultaneous contralateral masking procedure for 
use in his studies of central masking. Zwislocki et al. [58] used a fixed 
signal frequency in one ear and a slowly varying masker frequency of fixed 
intensity in the other; the subject adjusted signal intensity for thresh
old. If there were migration, this fixed-signal procedure should yield a 
downward shift in the maximally effective masking frequencies, and the 
peaks of the masking functions obtained by Zwislocki et al. (their Figs. 
9-11) do show a displacement downward in frequency with increasing masker 
intensity. The rate was about 0.04 octave/l0 dB. 

Vogten [22] minimized the problem of beats in simultaneous presenta
tions of tonal signal and masker through the use of a phase-locking 
technique that obviates uncontrolled intensity fluctuations. He has 
reported experiments conducted in two ways: with the signal level held 
constant and the masker level adjusted at a number of masker frequencies 
(yielding what is commonly known as a psychophysical tuning curve or PTC; 
see his Fig. 6) and--like Zwislocki et al. above--with the masker level 
held constant and the signal level adjusted at a number of masker frequen
cies (see his Fig. 7). Both methods reveal a monotonic decrease in the 
"peak" frequency of the masking function with increasing intensity. In a 
second article, Vogten [59] argued that the shift in the peak seen at low 
intensities is due to a contribution from a suppression mechanism, but he 
accepted the possibility that the shifts at higher intensities may be 
related to a migration in the peak of displacement along the cochlear par
tition. He estimated the migration to be about 0.04-0.07 octave/l0 dB in 
the 1000-Hz region. In related research, a rate of migration similar to 
that reported by Vogten [59] was obtained by Florentine and Houtsma [60] in 
a single impaired ear; the simultaneous PTCs of Carney and Nelson [61] also 
showed a downward shift of the "peak" at higher signal intensities; and 
while the simultaneous masking data of Zwicker and Jaroszewski [62] contain 
no obvious shifts, perhaps this is owing to the use of weak maskers only. 

Temporal masking is the most commonly used procedure for avoiding the 
unwanted interactions between signal and masker that occur in tone-on-tone 
experiments. If the frequency of a forward masker were fixed, the migra
tion idea would lead us to expect that at moderate and high masker 
intensities, the signals most masked would be slightly higher in frequency 
than the masker. The classical data of Munson and Gardner [63] confirm 
this expectation (their Figs. 8 and 18)--the peaks of the forward-masking 
patterns they obtained migrate from their 1000-Hz masker frequency toward 
1500 Hz as masker intensity is increased. The results of a forward-masking 
experiment by Zwislocki and Pirodda [64] were similar; for two of their 
three subjects, the maximum of the masking function moved upward in fre
quency by about 1000 Hz as the intensity of their 3150-Hz masker was 
increased from 60 to 100 dB SPL (about 0.11 octave/l0 dB). In the inter
vening years, numerous investigators have published temporal masking 
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patterns or PTCs that contain shifts which are in accord with the idea of a 
basal ward migration of the peak of the TW envelope with increasing inten
sity, and which are often substantial [65-71]. Abstracting across studies, 
it does appear that shifts of reasonable magnitude are most reliably 
obtained in the frequency regions above 1000 Hz. McFadden and Yama [9] 
obtained shifts of about 0.10-0.15 octave/10 dB, and they suggested that 
shifts are more likely to be seen when the signal duration and masker-to
signal interval are longer than typically used nowadays (at least 50 msec). 

We saw, in our earlier consideration of tuning curves for fixed basi
lar membrane locations, that there is a necessary relation between tuning 
curves and the input/output functions measured for individual frequencies 
within the passband of the point of interest, and this is no less true for 
PTCs than for basilar membrane tuning curves. The migration idea predicts 
relatively steeper growth-of-masking functions for masker frequencies below 
CF, and relatively flatter ones at and above CF, because in the latter case 
the maskers are "moving away" from the signal as masker intensity is 
increased, necessitating greater increases in level to achieve a fixed 
increment in masking. Results of this sort have been reported by Widen and 
Viemeister [69], among others. In related, unpublished measurements, 
Pasanen used forward masking to determine the psychometric function for a 
20-msec, 6500-Hz tone of 12 dB SL masked by preceding 200-msec tones of 
higher or lower frequency and variable intensity. In accord with the idea 
at hand, the psychometric function obtained with the higher frequency 
masker was less steep than that with the lower frequency masker--approxi
mately 9 dB of change in the masker was required to cover the range from 
60% to 90% correct with the high-frequency masker, and only about 3 dB with 
the low-frequency masker. 

Lateral Suppression 

Were the migration idea under examination here correct, one might 
expect to see manifestations of it in lateral suppression data. Specific 
predictions are made difficult by the complex of possible interactions 
between suppression, masking, and migration, but there are indications that 
effects compatible with the migration idea do occur [22]: suppressors on 
the high-frequency side of the signal become decreasingly effective with 
increasing level [21]; the asymmetry of lateral suppression toward the 
high-frequency side of the signal which is seen at relatively low suppres
sor intensities appears to reverse at high suppressor intensities [72]; 
and, as noted previously, the effects on two-tone suppression in primary 
fibers are different when suppressor level is varied for frequencies above, 
versus below, cell CF [41]. 

Pitch Shifts 

The initial reaction of nearly everyone meeting the migration idea for 
the first time is, "But if that were right, pitch ought to shift upward 
with increasing intensity, and it doesn't." In fact, there now appears to 
be general agreement that the pitch of high-frequency tones does get higher 
(and the pitch of low-frequency tones gets lower) with increasing intensity 
[73-75], but it is necessary to qualify this fact as it pertains to the 
migration idea. First, the pitch shifts observed typically amount to only 
a small percentage change in frequency (although Kim reported data for 
several subjects who showed upward shifts of 10-15%, about 0.04-0.06 
octave/10 dB, at 5000 Hz [19]). Second, the middle frequencies (about 
1000-4000 Hz) typically show little or no pitch shift with intensity; the 
effect is restricted to more extreme frequencies. These qualifications are 
generally unnecessary for the various other psychophysical and physiologi
cal effects described above that are in accord with the proposition at 
hand. Thus, the relative constancy of pitch unquestionably stands as the 
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most troublesome fact to rationalize wUh the other evidence pertaining to 
migration. To paraphrase an old saw, "pitch is a witch." (Perhaps the 
relative invariance of pitch across wide ranges of intensity is evidence 
that pitch constancy has had great evolutionary value and--since the 
"problem" of migration has presumably existed for a long time--that the 
nervous system has developed ways to achieve constancy despite migration.) 

Aftereffects of Intense Stimulation 

Given that the half-octave shift was first noticed in TTS research, it 
is natural to expect to find considerable detailing of the effect in the 
TTS Hterature. Surprisingly, and unfortunately, this is not the case; the 
half-octave shift has itself not been the object of much research. In the 
vast majority of TTS experiments, hearing loss and/or recovery are measured 
at only one or a few test frequencies, and these are chosen with the pre
sumption that there will be a half-octave shift rather than to test for Us 
presence. But while the TTS literature i.s not packed wUh crucial informa
tion relevant to the possibility of migration of the peak of the TW en
velope with increasing intensity, some facts are worth menti.oning. 

As already noted, the data of Davis et al. [4], Ward [5], Cohen and 
Baumann [6], and others, do show more TTS above the exposure frequency than 
at i.t. Also, the finding by Reger and Lierle [76], Hirsh and Bilger [77], 
Selters [78], and Young and Sachs [79] that a low-intensity exposure tone 
produces more TTS at the exposure frequency than does a high-intensi. ty 
exposure comes into accord with the migration idea once it is appreciated 
that this decline is accompanied by increasing TTS at higher test frequen
cies as exposure intensity increases [19,20,77,80]. Note that at very high 
exposure levels--above about 115-120 dB--there is evidence of a different 
sort of decline in TTS with increasing exposure intensity [5]; this decline 
can exist across a wide array of test frequencies, and thus i.t appears to 
be due to mechanisms quite different from migration of the TW envelope. 
For the sake of completeness, we note that there is at least one report of 
the peak of TTS moving toward the exposure band with increasing exposure 
intensity [81]. 

Following exposure to an intense tone, McFadden and Plattsmier [25] 
measured changes in both detection threshold and in suprathreshold loudness 
at both the exposure and the half-octave frequencies. In accord with past 
research, there was little or no TTS at the exposure frequency, even though 
there was as much as 15-20 dB of TTS one-half octave higher. But interest
ingly, there was as much as 15 dB of loudness change at the exposure 
frequency, even though its threshold was unchanged. An outcome of this 
sort is expected if the peak of basilar membrane displacement migrates 
basalward with increases in intensity, because absolute sensitivity for the 
exposure frequency would be mediated via a relatively apical and unaffected 
segment of the partition, whereas the loudness measures--involving as they 
do a match to a stimulus of suprathreshold intensity--would be mediated 
over a slightly more basal segment of the cochlear partition, one including 
the (more basal) region of maximal "fatigue" (Fig. 1). 

If there were a gradual basalward migration of the peak of displace
ment along the cochlear partition with increasing intensity, the TTS 
induced by a relati.vely weak exposure stimulus should all be at, or close 
to, the exposure frequency, whereas the TTS induced by more intense sti.muli 
should gradually move toward increasingly higher frequenci.es as exposure 
intensity increases. As noted previously, the TTS data of Hirsh and Bilger 
[77] support this idea, but they only monitored post-exposure performance 
at two frequencies-- the exposure and the half-octave frequencies. Hood 
[80] and Kim [19,20] did test at several frequencies other than the expos
ure frequency, and both did find evidence for a gradual upward shift of the 
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peak TTS frequency, but both used exposures of only 30 sec, and as a conse
quence, obtained only small amounts of TTS (less than 4 dB in most cases). 
Since both experimenters used tracking procedures to estimate post-exposure 
sensitivity, such small values of TTS are problematic. Ward [5] reported 
TTS for a series of exposure intensities, but the weakest was sufficiently 
intense (115 dB) that migration was already well-established. McFadden and 
Plattsmier [24] described experiments in which frequency patterns of TTS 
were obtained for a number of intensities of the exposure tone; the 
intensities were less extreme than Ward's, and longer and more intense than 
Hood's and Kim's, and data were collected for more test frequencies than is 
typical. The expectation was that the peak in the TTS pattern would grad
ually migrate from the exposure frequency at low intensities toward higher 
frequencies with increasing exposure intensity, but the results were not 
this simple. These detailed TTS patterns did not have single, well-loca
lized peaks that just shifted upward in frequency with increasing exposure 
intensity. Instead, the patterns had at least two, apparently reliable, 
local maxima whose relative sizes changed with exposure intensity (calcu
lated "centers of balance" for these TTS patterns shifted upward at a rate 
of about 0.03-0.12 octave/10 dB). Indications of a two-peaked pattern of 
effect can also be seen in the data of Hood [80], Munson and Gardner [63], 
Zwislocki and Pirodda [64], Zwislocki et al. [58], Kim [19,20], and Pirodda 
and Ceroni [67]. Perhaps these complex patterns are reflections of the 
transition envisioned by Davis [27] from an overall TW envelope dominated 
by the cochlear amplifier component to one dominated by the mechanical TW 
component. If so, detailed TTS patterns may be providing us with more 
information about cochlear mechanics than has previously been appreciated. 

It is well-known that there can be substantial shifts in pitch induced 
by exposure to intense sound [82]. Davis et al. [4] did not even begin 
their pitch measurements until 60 minutes following the exposure, yet they 
often measured shifts of 40-80%. For our purposes here, perhaps the most 
important fact about these pitch shifts is that they were minimal or non
existent for test frequencies below and at the exposure frequency, and they 
were maximal for frequencies a half to a full octave above the exposure 
frequency. This locus of maximum effect is exactly what the migration idea 
predicts, of course, especially when it is recalled that Davis et al. used 
quite intense exposures. Also of interest is that the direction of the 
pitch shifts was always upward in the Davis et al. experiment, which is in 
accord with what is now known about the neural aftereffects of exposure. 
Following exposure, a primary fiber loses its sensitive tip and is thereby 
"re-tuned" to a lower frequency. Thus, presenting a test tone in the 
region of maximal post-exposure "fatigue" will lead to greatest activity in 
fibers whose actual CF is higher than the test tone, and since those fibers 
are presumably still "labeled" by the higher neural centers as being higher 
in pitch than the test tone, a higher frequency is needed contralaterally 
to achieve a pitch match [46]. The pitch of the tonal tinnitus that is 
often induced by narrow-band exposures is also located well above the 
exposure frequency [83]. 

Form of the Migration Process 

Now that the psychophysical data have been presented, we can return to 
the questions raised previously about the form of the migration process-
specifically, whether there exists a "critical intensity" at which migra
tion begins, and whether migration proceeds at the same rate for all 
intensities once it has begun. 

In the data of Hirsh and Bilger [77], the upward shift in TTS appears 
to begin somewhere between 60 and 80 dB SL. In the Kim [19,20] data, there 
are hints of an upward shift of TTS beginning at 45 dB SL for some sub
jects. (In the McFadden and Plattsmier data [25], there appears to be an 
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upward displacement of the TTS pattern even for the lowest exposure inten
sity used--82 dB SPL--so they are uninformative on the issue of a critical 
intensity.) In the forward-masking data of Zwislocki and Pirodda [64J, the 
earliest evidence of an upward shift in the masking pattern is for maskers 
of about 80 dB SPL; the same is true for Pirodda and Ceroni [67J. For 
Munson and Gardner [63J, a shift first appears between 70 and 90 phons. 
The observations of Selters [78J further muddy the waters; Selters moni
tored the growth of TTS at 1000 Hz as a function of the intensity of a 
1000-Hz exposure tone (of 10-sec duration, so adaptation may be a better 
term than TTS--but no matter). After growing continuously for exposures of 
5-30 dB SL, TTS plateaued from 30-60 dB SL, and from 60-80 dB SL, TTS de
clined from its value at lower exposure intensities before rising again at 
exposure intensities of 90-100 dB SL. The plateau and the decline are to 
be expected if there is a "critical intensity" for migration, but the final 
rise is not. A similar plateau is also present in the forward-masking data 
of Munson and Gardner [63J. In contrast, at the physiological level, the 
basilar membrane input/output functions for frequencies above CF are 
shallow, with no obvious inversion point, from the lowest intensities 
tested [33J. It is obviously difficult to generalize across these dispa
rate studies, but--recalling the earlier observation that psychophysical 
measures have the potential to obscure the details of the migration process 
--it may be prudent to side with the still-sparce physiological data, and 
tentatively conclude that migration exists over the entire range of audible 
intensities. 

The psychophysical data also provide a blurred picture of how migra
tion proceeds once it does begin. Recall that, were the parallel version 
at the top of Fig. 2 correct, migration should appear to cease once the 
weaker of the two test tones begins to migrate, but if the non-parallel 
version were correct, migration should (correctly) appear to grow contin
uously with increasing intensity. There is precious little experimental 
evidence available on this point, and what little does exist unfortunately 
goes in both directions. There are some indications that maximum TTS moves 
continuously upward in frequency with increasing exposure intenSity [4,25J, 
but in other cases, maximum TTS appears to remain in the vicinity of the 
half-octave frequency in the face of large increases in exposure intensity 
[5J. At this time, the available physiological data are of little assist
ance with this question. 

SUMMARY 

Over the years, numerous investigators have suggested that the dis
placement peak of the TW envelope may migrate basal ward with increasing 
intensity and that this migration is the basis of the so-called half-octave 
shift in TTS, as well as of other effects. Recently, the physiological 
evidence relevant to this issue has become less contradictory, and it now 
stands in qualitative agreement with the migration idea. Considerable 
psychophysical data have been in qualitative accord with it for years, so 
the migration idea carries the strong attraction of being a parsimonious 
and unifying concept covering a broad spectrum of effects. To be sure, no 
single piece of evidence examined can yet be viewed as conclusive, and the 
magnitudes of the various effects are not in perfect agreement, but taken 
together, the evidence is impressive. Not to be ignored is the fact that 
there is presently no alternative explanation with anything like the 
breadth of coverage possessed by the migration explanation. Perhaps an 
implication of this argument requires emphasis--half octave-like shifts 
appear to be normal consequences of the basilar membrane's response to 
increasing intensity; they are not just the result of over-driving and 
fatiguing the system as in TTS paradigms. At the very least, the migration 
explanation deserves to finally be put under the microscope of experimental 

307 



investigation, so that its future acceptance or rejection can be based on 
more than hints and trends extracted by looking across experiments, 
paradigms, and decades. 
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NOTE ADDED TO WORKSHOP 

In the above paper, much of the physiological evidence cited in sup
port of a migrating TW envelope was necessarily indirect. In the absence 
of direct measurements of basilar membrane motion made over a wide range of 
intensity, and made with the required fine grain in frequency. I was 
forced to make inferences about the behavior of the cochlear partition from 
tuning curves and input/output functions taken from hair cells and primary 
fibers. While I hope this evidence was adequate to convince most readers, 
new direct evidence was presented at this Workshop that should help to 
convince skeptics as well. In his Fig. 3, Dr. Patuzzi shows measurements 
supporting Davis' suggestion that the broad, and more basally located, 
mechanical component of the TW envelope should come to dominate the more 
apical cochlear-amplifier component at high stimulus intensities, with the 
result that peak displacement will migrate basally with increases in 
intensity. Now that this missing link in the argument has finally been 
supplied, I hope that both physiological and psychophysical investigators 
will be motivated to study more fully the numerous interesting concomitants 
of this migration. 

DISCUSSION 

Salvi: Some of your psychophysical data suggests that at high levels 
there was a dramatic jump in the data, whereas some of the explanations you 
have given sounds like the shifts are very gradual. Is it a shift or is it 
a jump? 

McFadden: There are two options to explain the migration data. The 
critical intensity idea, or there is the continuously varying i.dea. On the 
basis of the available data, it is difficult to decide. The psychophysical 
data looked like there is very little or no migration at first over a 
reasonable range of i.ntensity and until some break occurs. But the 
electrophysiological shows that the differences begin at the lowest 
intensities. So it appears that the mi.gration physiologically starts right 
at the very beginning. 
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HUMAN NOISE EXPERIMENTS USING A TEMPORARY THRESHOLD SHIFT MODEL 

INTRODUCTION 

Fredrik Lindgren and AlfAxelsson 

Department of Audiology, Sahlgrens Hospital 
S-413 45, Gothenburg, Sweden 

Measurement of temporary threshold shift (TTS) may serve as an 
experimental method to study possible interactive effects of factors that 
increase or decrease TTS. Interaction studies should preferably be con
ducted as controlled studies (i.e., each subject is exposed both to noise 
only and to noise in combination with the factor of interest) rather than 
exposing two different groups of subject and drawing conclusions from group 
differences. The amount of TTS acceptable from ethical standards is 
limited. Consequently, "the dosage" of both noise exposure and the inter
active factor also have to be limited. Therefore, it is important to 
reduce the intra-individual variance ln order to distinguish even small 
shifts between test conditions. 

Early parametric investigations of TTS showed a considerable variabU
ity among subjects, as well as for the same subject on different test 
occasions, when they were exposed to equal noise doses under similar test 
conditions. Davis et al [1J obtained reliable pre-exposure hearing thresh
olds (HTL), but in test-retest sessions (Le., when the subject was exposed 
twice to an equal stimulus) only 30% exhibited equal TTS's within 5 dB, and 
only 50% within 10 dB. In some cases the difference in TTS was as large as 
52 dB. Later investigations showed less variabtlHy. Lightfoot [2J stud
ied the TTS recovery at time intervals from 20 seconds to 9 minutes after 
cessation of exposure for test-retest sessions in 24 subjects. His results 
showed an inter-individual standard deviation (SD) of 4.3 to 9.5 dB. Com
parisons of test- and retest-data showed a positive but low correlation 
between TTS's in the same subject. Ward [3J found test-retest SD of 3.5 dB 
for 95% of the subjects, when the average TTS was 20 dB. In the frequency 
regi.on of 2000 to 5600 Hz, Ward [4J obtained values for SD between 3.9 and 
4.6 dB for test-retest experiments. Mustain and Shoeny [5J found a corre
lation coefficient of 0.66 between test and retest TTSZ-values at 4 kHz 
when 10 subjects were exposed to a 3 min 110 dB SPL 2 RHz pure tone. A 
correspondi.ng value of 0.95 was found for TTS2 at 1 kHz when subjects were 
exposed to a 3 min 115 dB SPL 500 Hz pure tone. Chermak et al [6J exposed 
20 subjects on three occasions to a 3-min 110 dB SPL white noise. The two 
first exposures were presented to the subject on the same day, while the 
third exposure was presented with an interval of one week between the two 
first and the last exposures. They found a strong correlation between TTSs 
the same day (0.54 at 4 kHz and 0.65 at 8 kHz). However, correlations were 
poor between TTS-values obtained at the first or second session and TTS at 
the third session (0.23 and 0.33 respectively). 
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These i.nvestigations have one thing in common: the subjects were 
exposed and tested at only two sessions, and in most cases, the TT3 was 
monitored only at one or two frequencies. Also, technical and biological 
factors, which might have influenced the test situation, were seldom 
clearly defined. In clinical noise studies using TT3 as a measure of indi
vidual noise susceptibility, accuracy and reliability of the pure tone 
threshold determinations, prior to and following noise exposure, are essen
tial. Variation in pure tone thresholds at different test sessions can be 
due to many variables. The variation may depend on biological causes, 
e.g., differences in motivation, alertness, reaction time and central 
auditory masking as well as related to the subjects' middle ear sound 
transmission. But, Ward [4] reported the di.urnal variability in threshold 
sensitivity and found no evidence that suscepUbility to TT3 varied 
cyclically. Further, technical factors may influence the test situation, 
e.g., differences in background sound level in the test room; in test 
equipment and earphones; in placement of earphones from test to test. It 
is probable that these technical difficulties influence intra-individual 
variability more than the above mentioned biological factors. 

In order to determine TT3-variations within and between individuals 
accurately, it is obvious that we must control the test situation as rigor
ously as possible, both from the technical and biological points of v:i.ew. 
Thus, the aim of the present investigation was to study the reliability in 
TT3 when variat:i.ons in test- and retest-procedures as well as in noise 
exposures were kept at a minimum. 

MATERIAL AND METHOD 

The experimental subjects were 16 male volunteers, with a mean age of 
27.4 years. Each i.ndividual showed normal hearing «20 dB HL at all test 
frequencies) on manual pure-tone audiometry (Interacoustics AC-4 with TDH-
39 headphones in MX42/AR cushions) in the frequency range 0.25 to 8 kHz. 
Middle ear pressures were within 0 +/- 0.25 kPa for all subjects at all 
sessions, confirmed by tympanometry using a Madsen ZO-72 impedance audi.o
meter with a 220 Hz probe tone. 

The noise exposure consisted of 1/3 octave band filtered noise with 2 
kHz center frequency presented at 105 dB SPL for 10 minutes. Each subject 
was exposed to the noise on ten successive occasions. All exposures were 
presented to each subject within a minimum interval of 24 hours. At each 
session, each subject's HTLs before and after noise exposure were estab
lished for the left ear with a computerized sweep-frequency audiometer 
(type Bekesy) in the frequency range 2 to 8 kHz [7]. In order to minimize 
variations caused by earphone placement, the test tone as well as the noise 
exposure was delivered to the subject via a test fixture consisting of a 
TDH-39 earphone attached to an ear speculum [8]. Pre- and post-exposure 
audiograms were calculated by a computer from the sweep recordings at test 
frequencies 1, 2.5, 3, 3.5, 4, 5, 6, 7 and 8 kHz. The threshold was calcu
lated as the mean value of the excursions encompassing these frequencies. 

The post-exposure pure tone threshold determination started at 800 Hz 
min after cessation of the exposure. The computerized audiometer is 

tailored to use a linear frequency sweep-rate of 20 Hz/sec. Consequently, 
the post-exposure delay for the test-frequencies were: 2.0 nin for 2 kHz 
(TTS2 ), 2.4 min for 2.5 kHz, 2.8 min for 3 kHz, 3.2 min for 3.5 kHz, 3.7 
min for 4kHz, 4.5 nin for 5 kHz, 5.3 min for 6 kHz and 7.0 nin for 8 kHz. 
The computerized evaluation of the sweep recordings made it possible to 
calculate a mean hearing level over an arbitrary range of frequencies. 
This was accomplished by taking all excursions into consideration and by 
calculating the threshold in steps of 1 Hz. The calculated mean values of 
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all excursions were connected with a fitted line. The threshold at indi
vidual frequencies in 1 Hz steps were determined as the difference in dB 
between the fitted line and the 0 dB level. The thresholds in 1 Hz steps 
were then summed over the actual frequency region and finally divided by 
the number of steps in the range. This measurement then corresponds to a 
mean HL in the specified frequency ranges: 2 - 2.5, 2.5 - 3, 3 - 3.5, 4 -
5 and 2 - 8 kHz. The TTS was calculated as the difference in dB between 
pre- and post-exposure HTLs at above given specific frequencies as well as 
between the thresholds at above given areas. All hearing tests were 
carried out in a sound-proof booth, with background sound pressure levels 
below those recommended by ISO/DIS 6189 DRAFT. The audiometers were 
regularly calibrated in accordance with ISO-389 1975. All hearing tests 
and noise exposures were conducted by the same audiometric technician at 
all sessions. 

RESULTS 

Usage of the test-fixture resulted in an increased HTL at frequencies 
below 3.5 kHz and a decreased threshold above 3.5 kHz, when compared to 
thresholds obtained with standard earphones in cushions. However, since 
this study dealt with TTS, the absolute threshold is of less interest than 
the relative differences in pre- and post-exposure HTLs. 
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Fig. 1. Mean individual TTS in 16 subjects. 

Table 1. Mean and standard deviation of hearing thresholds and TTS-values 
in 16 subjects. 

2.5 

Frequency (kHz) 

3.5 

Frequency area (kHz) 

8 2-2.5 2.5-3 3-3.5 3.5-4 4-5 2-8 

mean BTL 3.5 ] .9 0.2 -[,5 -0.1 -].5 ] .4 -5.4 -].2 3.8 [.6 -[,5 -0.6 -0.6 -0.8 

SD' 6.7 7.9 5.5 6.0 5.7 6.3 4.5 3.8 5.3 7.3 6.3 5.8 5.7 6.1 4.5 

mean TTS [.6 8.5 12.1 10.4 7.7 5.4 2.4 1.1 0.0 4.9 10.5 1[, 7 9.2 6.1 5.2 

SO' 2.2 4.3 3.8 3.4 3.1 4.6 2.4 2.1 3.0 ] .2 3.4 3.1 2.8 3.8 2.3 

---------------------------------------------------------------------------------------------------------------
• SO of 16 individual means. 

The HTLs varied considerably between subjects and resulted in a stan
dard deviation between subject means (i.e., inter-individual variation) in 
the range 3.8 - 7.9 dB (Table 1). 
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Table 2. Standard deviations of difference, pooled SD and reliability 
coefficient of HTL's and TTS's in 16 subjects tested 10 times. 

Frequency (kHz) Frequency area (kHz) 

2.5 3.5 4 5 8 2-2.5 2.5-3 3-3.5 3.5-4 4-5 2-8 

HTL ------------------------------------------------------------------------------------------------------------

~a 3.9 3.1 3.1 2.5 2.0 2.5 3.4 2.5 4.3 2.8 2.5 2.6 2.4 1.4 1.5 

12 
SO pooledb 3.4 2.9 2.9 3.0 2.6 2.8 3.7 3.0 4.4 2.8 2.7 2.4 2.6 2.1 1.8 

I-p 10c .02 .01 .02 .02 .02 .02 .07 .06 .07 .01 .01 .01 .02 .01 .01 

TTS -------------------------------------------------------------------------------------------------------------

SO diffa 5.3 3.7 4.0 3.7 3.5 4.7 3.9 rr-
SO pooledb 4.1 3.5 3.5 3.7 3.7 4.0 4.0 

I-p 10c .37 .06 .09 .ll .14 .08 .29 

8SD of the difference between test no. 1 and test no. 2. 

bsquare root of the mean individual session variances. 

4.1 4.3 3.5 

3.6 5.6 3.1 

.29 .37 .10 

c 1 - reliability coefficient for 10 repeated measures, index of inconsistency. 

J .2 4.2 3.5 2.8 

3.1 3.3 3.3 3.2 

.08 .10 .14 .07 

The amount of TTS from all 160 exposures showed a large inter
individual variation. Fig. 1 shows individual mean TTS-values for the 16 
subjects. The most TTS-sensitive frequencies for this 2000 Hz stimulus 
were 3 - 3.5 kHz, where inter-individual differences also were greatest, 
with a SD in the range 2.1 - 4.6 dB (Table 1). 

1.7 

2.0 

.07 

The TTS-distributions showed uniform shapes at all test frequencies, 
but with a wide inter-individual range, e.g., at 3500 Hz one individual on 
one occasion showed -6 dB TTS compared to +26 dB TTS for another subject. 
The assessment of reliability was established :l.n four different ways for 
both HTLs and TTS-levels. One calculation simulated a test-retest situa
tion; data from the first and second tests only were taken :l.nto considera
tion. The intra-individual variabUity was assessed by calculating the 
individual differences between the tests and computing the mean and SD of 
these differences. The SD divided by the square root of 2 then corresponds 
to the population's estimated intra-individual SD i.n the range 1.4 - 4.3 dB 
for HTLs and 1.7 - 5.3 dB for TTSs over frequenci.es (Table 2). Further, we 
used data from all 10 repeated sessions and computed each indivi.dual's 
variance over sess:l.ons and then calculated the square root of the subject's 
mean variances (pooled SD). The reliabUity expressed as the pooled indi
vidual SD was found in the range 1.8 - 4.4 for HTL's at specif:l.c frequen
cies and for frequency areas. Corresponding figures for TTS-levels were 
2.0 - 5.6 dB. The lowest SD-values were, in most cases, found for fre
quency area thresholds (Table 2). The reliability was also analyzed by 
calculating the reliability coefficient [9]. The reliability coefficient 
expresses the amount of measurement error in repeated measures. This 
analysis indicated a limited amount of measurement error in HTL determina
tions (i.e., at 4 kHz, only 2% of the total variation could be expla:l.ned by 
measurement errors). It was found that the reliabUity coefficients were 
better when HTL's were expressed in areas than at specific test frequencies 
(Table 2). Reliability coefficients for TTS-values were generally poorer 
than corresponding figures for HTL's, and showed a considerable variation 
in TTS-levels at specific frequencies. However, TTS-values monitored in 
frequency areas showed an improved reli.ability (Table 2). A further 
attempt to calculate the reli.abi.lity was made by computing Pearson product
movement correlati on coefficients (r). All subsets of correlat:f.ons reveal 
a substantial set of figures, and, therefore, we choose to compute the mean 
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Table 3. Correlation coefftcients between sessions tn HTL's and TTS's. 

2.5 

Frequency (kHz) 

3.5 

Frequency area (kHz) 

8 2-2.5 2.5-3 3-3.5 3.5-4 4-5 2-8 

HTL -------------------------------------------------------------------------------------------------------------

r meana 0.80 0.89 0.82 0.82 0.83 0.84 0.61 0.64 0.63 0.92 0.90 0.89 0.85 0.93 0.92 

0.71 0.84 0.76 0.74 0.75 0.66 0.20 0.44 0.49 0.83 0.83 0.84 0.80 0.87 0.82 

0.90 0.94 0.94 0.96 0.86 0.92 0.83 0.84 0.79 0.96 0.95 0.94 0.90 0.97 0.98 

TTS -------------------------------------------------------------------------------------------------------------

r meana 0.25 0.68 0.56 0.51 0.44 0.54 0.27 0.16 0.22 0.59 0.58 0.46 0.42 0.60 0.59 

-0.20 0.47 0.34 0.36 0.11 0.43 0.00 -0.04 -0.02 0.42 0.42 0.20 0.18 0.39 0.39 

r maxc 0.73 0.80 0.75 0.73 0.76 0.67 0.56 0.52 0.65 0.75 0.70 0.76 0.75 0.75 0.73 

aMean value of Pearson correlation coefficients. Test 1 vs test 2 I 

test 1 vs test 3 etc. Mean of 9 r values. 

bMinlmum r value found when computing above described mean. 

cMaximum r value found whel1 computing above described mean. 

of the correlation coefficients for values obtained at the first session, 
compared to values obtained at the second session, the third session, etc. 
The presented mean value then consists of a mean value of 9 correlation 
coefficients (Table 3). In addition, the minimum and maximum correlations 
are also presented. The correlatton between the first and subsequent tests 
were high in HTL measurements (r 0.63 - 0.89), and area-thresholds showed 
the highest correlations (r 0.85 - 0.93). Correlations between TTS-Ievels 
at the first and subsequent sessions were weaker, but significant at fre
quencies where most TTS was exhibited (r 0.51 - 0.68). 

The present material showed a substantial inter-individual variation 
for initial HTL's, admitting possibiHttes to calculate the influence of 
the HTL's upon the resulting TTS. It was found that the amount of TTS was 
dependent upon the subject's tnitial HTL. This relationship was most 
marked at 3.5 kHz, i.e., the frequency where the largest TTS occurred, 
indicating that the better HTL-values at 2, 2.5 and 3 kHz, the more pro
nounced TTS at 3.5 kHz (r -0.69 - -0.70) (Table 4). Somewhat surprisingly, 
TTS at 3 kHz (t.e., the second frequency in order of TTS magnitude) showed 
a relatively poor correlation coefficjent against HTL's (Table 4). The 
table shows that HTL at 2 kHz best predicted TTS at 2.5 kHz, that KTL's at 
2.5 kHz best predicted TTS's at 3.5 kHz. At 4 kHz TTS's were best pre
dicted by HTL's at 6, 2, 7 and 2.5 kHz in rank order. The correlations 
between TTS's at different frequencies revealed a strong relationship 
between TTS at adjacent frequenctes, but a reduced correlation between TTS 
at frequencies far apart (Le., a marked TTS at 2.5 kHz would predict a 
large TTS at 3 kHz (r=0,9), whtle TTS's at or about 5 kHz could not be 
predicted with accuracy. 

Pearson correlation coefficients were also calculated between HTL's in 
frequency areas and TTS's tn frequency areas (Table 5). It was found, that 
in spite of a strong correlation between HTL's, TTS's were best predicted 
by the HTL area 2-8 kHz rather than from any other HTL area or HTL at any 
specific test frequency. 

DISCUSSION 

As d:iscussed in the introduction, previous authors investigating the 
reliability of one test-retest sesston report a SD of TTS in the same 
individual of approximately 4 - 10 dB. However, one test-retest session 
provides only limited information about TTS reliability and mtght disguise 
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Table 4. Pearson correlation coefficients between HTL and TTS at specific 
test frequencies. 

BTL TTS 

2.' 3.' 2.' 3.' 4 

HTL 2 0.86 ~ ~ Q.,2! 0.60 0.69 0.36 0.49 -0.67 -0.53* -0.42 ~ -o.ss* -0.46 -0.51* -0.42 -0.29 

2.' 0.9' 0.83 .Q.:2! 0.66 !!..:2l 0.47 0.3' -0.59* -0.46 -0.40 -0.76 -0.53* -0.39 -0.30 -0.43 -0.29 

~ 0.83 0.56* 0.62 0.39 0.23 -0.43 -0.33 -0.2' ±lQ. -0.46 -0.18 -0.26 -0.36 -0.19 

3.' ~ 0.53* 0.50· 0.36 0.06 -0.21 -0.04 -0.05 -0.57* -0.43 -0.15 -0.22 -0.48 -0.19 

0.49 0.6' 0.29 0.11 -0.15 -0.20 -0.09 -0.55* -0.51* -0.13 -0.22 -0.38 -0.27 

~ 0.57* 0.40 -0.38 -0.29 -0.28 -0.51* -0.40 -0.52* -0.36 -0.53* -0.42 

0.64 0.54* -0.40 -0.4' -0.48 -0.63 -0.63 -0.43 -0.32 -0.31 -0.31 

~ -0.17 -0.36 -0.44 -0.62 -0.58* -0.36 -0.24 -0.39 -0.13 

-0.48 -0.49 -0.48 -0.49 -0.43 -0.30 -0.42 -0.26 -0.22 

TTS 2 0.56* 0.43 0.44 0.25 0.48 0.36 0.35 0.28 

2.' 0.90 0.64 0.53* 0.42 0.41 0.16 0.18 

~ 0.56* 0.44 0.28 -0.06 0.16 

3.' 0.8' 0.46 0.38 0.21 0.08 

0.49 0.4' 0.17 0.2' 

0.64 0.50* 0.50· 

0.62 0.46 

0.50· 

p<O.05 p(O.Ol 

Table 4. Pearson correlation coefficients between BTL and TTS at specific test frequencies. 

Table 5. Pearson correlation coefficients between HTL and TTS in frequency 
area. 

HTL 2-2.5 

2.5-3 

3-3.5 

3.5-4 

4-5 

2-8 

TTS 2-2.5 

2.5-3 

3-3.5 

3.5-4 

4-5 

* p<'05 

HTL 

2.5-3 3-3.5 3.5-4 

2.:.21. ~ 0.77 

0.92 0.82 

2.:.21. 

p<'Ol 

4-5 2-8 

!!..cl!Z. .<>..:1!. 
Q.:!! 0.88 

QE. ~ 
QE. 0.80 

.<>..:1!. 

TT5 

2-2.5 2.5-3 3-3.5 3.5-4 4-5 2-8 

-0.53* -0.51" -0.56* -0.67 -0.57" -0.68 

-0.44 -0.54* -0.58* -0.59* -0.40 -0.55* 

-0.17 -0.23 -0.39 -0.49 -0.28 -0.39 

-0.12 -0.12 -0.31 -0.48 -0.29 -0.37 

-0.35 -0.42 -0.57* -0.57* -0.46 -0.59* 

-0.39 -0.47 -0.64 -0.71 -0.57" -0.67 

.Q.:g 0.65 0.59* 0.56* ~ 

QE. 0.58* 0.51* ~ 

~ 0.69 0.16 

0.82 0.77 

~ 

a trend effect in repeated measures. Thus, an average of many TTS seasure
ments may increase reliabHity. In the present study, based upon 160 TTS 
observations in 16 individuals, the calculated pooled intra-individual TTS 
SD for all frequencies was < 4.2 dB (8 kHz excluded). These results are 
comparablt to those given in TTS tnvestigagions by Ward [4], who showed a 
test-retest TTS 3D between 3.9 - 4.6 dB in the frequency region 2 - 5.6 
kHz. Interestingly, in our study the specific frequency that showed most 
TTS (3000 Hz) showed a calculated mean TTS SD of only 3.5 dB over 10 ses
sions, which "is less than the value obtai.ned when only two exposures (Le., 
test-retest values) were taken into consideration. 

The technique of calculating the HTL's and TTS's in frequency areas, 
rather than at specific test frequencies, resulted in a consi.derable im
provement in reliabHHy. Expressing TTS in area values makes it possible 
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to distingutsh between small TTS-values in controlled studies. For exam
ple, in a study comprising 10 subjects, it is possible to statistically 
verify a TTS-difference of 1.3 dB in the frequency area 2-8 kHz as signifi
cant, while a corresponding value at specific frequencies must exceed 2.5 
dB. This finding is useful in designing interactive TTS-experiments. 

If a study includes several repeated sessions, it is important to 
analyze if the TTS's are jnfluenced by "trend-effects" (Le., increasing or 
decreasing over sessions). In this study, we computed the mean correlation 
coefficients over the ten sessions. We choose to build the mean by using 
the correlation between the first and all subsequent tests rather than the 
correlation between the first and the second, the second and the third, 
etc. If a trend was present, the mean correlation would decrease when the 
number of sessions included in computations of the mean value increased. 
However, this was not the case, and no apparent trend-effect was obvious. 

The major advantage with use of the test-fixture was the reduced TTS
variation compared to the variation using standard earphones. Thi.s reduc
tion in variation is probably explained by the improvement in accuracy in 
threshold determinations as well as improved accuracy in the repeated noise 
exposures. 

CONCLUSION 

In order to diminish variations of TTS due to technical causes, the 
following measures are recommended: 

- sweep frequency audiometry rather than standard manual audiometry. 
- thresholds expressed in frequency areas. 
- regular calibration of the test equipment. 
- fixed consistent earphone placement. 

noise exposure levels regularly monitored before each session. 
- participating subjects familiar with the test situation. 
- the entire experiment conducted and performed by one operator. 

If these conditions are met, it seems possible to obtain TTS-measurements 
on an individual basis highly reliable and with less variability than com
monly reported. 
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DISCUSSION 

Pfander: I find it quite astonishing that your subjects have so much 
TTS. We made quite simi.lar experiments with hundreds of people. After 
exposure to 90 dB white noise for several minutes, approximately 80 percent 
of the persons have no TTS. Increasing it to 110 dB, another 5 percent 
developed TTS, and when we tested people after exposure to gunfire, the 
percent increased to about 30 percent. I think if you test people, you 
will see very different results. 

Lindgren: We have succeeded in induci.ng TTS i.n all our subjects. We 
also see a relationship between the initial hearing threshold and the 
amount of TTS. If you have a poor hearing threshold, then you will not 
experience much TTS. 

Question: There js at least one paper showing that carbon monoxide 
will accelerate TTS under noise exposure. Therefore, I would Ijke to know 
what is the most important chemical component with smoking, is it nicotine 
or carbon monoxide? The second questions is, what are the cutoff frequen
cies in your noise? We know that cutoff frequencies have a very important 
role on the development of TTS values. 

Lindgren: The first question about the smoking, I wish I could answer 
you, but I can't. Animal studies using laser doppler shows that carbon 
monoxide acts like an asphyxi.a with a very high tendency to bind hemo
globi.n. The effects of nicotine are not only on the vascular system but 
can also influence enzymes in the cilia. So, we can not give a good 
explanation for which agent dominated the interaction effects of smoking 
and noise. 

Patuzzi: I think one of the statements you made earlier is that TTS 
may be a protective mechanism, but I would just like to point out that if 
TTS does involve mechanical changes in the basilar membrane, those changes 
only occur for the mechanical response at very low i.ntensities. If you 
look at some of the results I presented the other day, the point is that at 
high exposure intensities, the vibration pattern is virtually normal. So, 
if TTS does turn out to be protective mechanism of some sort for PTS or 
further TTS, the point is it is not because there is a change in mechanics 
at high intensities. 

Phillips: As smoking and performance is becoming a very important 
concern in the U. S. Army, do you have any data on smoking and intra 
subject variability of TTS? Smoking can be a complicated vari.able to 
control, i.e., if you withhold smoking from a smoker, wake him up in the 
morning, make him do a task he doesn't do very well until he has the first 
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cigarette, how to you categorize this subject? The effects of a single 
cigarette on carbon monoxide level is really relatively modest. It is at 
the end of the day, when the cigar, pipe and cigarette smokers have rela
tively elevated levels of carbon monoxide. 

Answer: We are studying the effect by exposing subjects and letting 
them smoke prior to noise exposure, during noise exposure and during the 
recovery time. So far, we have not seen any major effects. 

Phillips: Have you taken the same subject, measured their hearing 
level and then retested after they have had a cigarette without noise 
exposure? 

Answer: No. 

Phillips: I would do that to make sure they do not do better after 
they have had their first cigarette. That may be a possible explanation 
for some of your data. 

Pujol: Smoking a cigarette is known to release some enkephalins, and 
we now know that these are in some of the efferent synapses in the cochlea. 
So, maybe, there is a relationship there. 

McFadden: Is it fair to presume that the resting thresholds of the 
smokers and the non-smokers are the same? 

Lindgren: Yes. We have the came criteria when choosing subjects. 
There would be no difference there. 

Alberti: In a Canadian study, I examined PTS and smoking in several 
thousand industrial workers. Those smoking at least 20 cigarettes a day 
showed much higher noise induced hearing loss. 
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THE RELATIONSHIP BETWEEN SPEECH PERCEPTION AND PSYCHOACOUSTICAL 

MEASUREMENTS IN NOISE-INDUCED HEARING LOSS SUBJECTS 

INTRODUCTION 

Richard S. Tyler and Nancy Tye-Murray 

Department of Otolaryngology--Head & Neck Surgery 
Department of Speech Pathology and Audiology 
The University of Iowa 
Iowa City, IA 52242, USA 

One of the most devastating effects of noise exposure is the potential 
loss in speech recognition abilities. While individuals with noise-induced 
hearing losses can detect speech, they often cannot discriminate its mes
sage (particularly when there is competing background noise). This often 
leads to frustration and communication breakdown. 

Relating noise-induced hearing loss (NIHL) to the concommitant loss of 
speech understanding is difficult. The speech signal is multidimensional, 
changing rapidly in intensity and frequency characteristics as a function 
of time, and it is fairly robust (at least for normal listeners) to distor
tions and noise. Several basic auditory processing skills contribute to 
speech perception; certainly no single psychoacoustical ability can account 
for the multifaceted perception of speech. 

DOES NIHL RESULT IN UNIQUE PSYCHOACOUSTICAL MANIFESTATIONS? 

One characteristic feature of NIHL is its audiometric configuration 
(the loss in sensitivity is initially restricted to the 3000-6000 Hz 
region, with a peak loss around 4000 Hz). With further noise exposure, 
decreased sensitivity may be noted in the adjacent frequency regions as 
well. While decreased sensitivity to pure tones greater than 8000 Hz may 
also signal early NIHL, this can also be attributed to other causes, such 
as ototoxicity or presbycusis. 

There are surprisingly few studies that examine other psychoacoustical 
differences between NIHL listeners and individuals with other types of 
cochlear impairments. Hood [1] measured loudness growth as a function of 
intensity in 13 patients with NIHL, 26 patients with deafness following 
head injury, and 200 patients with Menieres disease. He noted that the 
'recruitment angle' (a measure of the rate of loudness increase for a given 
increase in level) was similar in the NIHL and Menieres group. The loud
ness increased at a slower rate in the head trauma group, which was attri
buted to a combination of sensory and retrocochlear abnormalities in this 
group. 
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Owens [2] compared tone decay (a measure of adaptation to a continuous 
tone) in 13 NIHL patients and 53 patients with Menieres disease. He re
ported that "tone decay occurred only at frequencies showing noticeable 
hearing loss," and that his findings did not differentiate the two groups. 
In the largest study of tone decay, PaIva, Karja and PaIva [3] tested 305 
patients, 58 with NIHL. No differences were apparent across patient 
groups. Eight patients with NIHL had a threshold shift greater than 30 dB. 
Other work on NIHL patients suggest that loudness adaptation is limited to 
levels slightly above threshold [4,5], and that the amount of tone decay is 
related to the amount of threshold loss [6]. 

It has also been noted that the NIHL patients show reduced temporal 
integration abilities [7,8] and increased ability to detect intensity 
increments [9], but these findings cannot be differentiated from those 
obtained from other types of cochlear hearing loss. Others [10-13] have 
noted that the reduced frequency resolution in NIHL patients is similar to 
that found in other types of cochlear impairment. 

NIHL patients generally process low-frequency sounds normally and 
typically demonstrate normal masking level differences [14]. However, some 
NIHL subjects with normal low-frequency thresholds demonstrate abnormal 
results in the low-frequency region on tasks of frequency resolution 
[12,15], frequency discrimination [16], threshold adaptation [17], and 
temporal integration [18]. 

We must conclude that, at present, there is no measure distinguishing 
the psychoacoustical abilities of NIHL subjects from those with other types 
of cochlear hearing loss. Since ample physiological evidence suggests 
different anatomical abnormalities, we suggest that basic psychoacoustic 
differences eXist, but either we have not yet found the appropriate mea
sures, and/or we have not made the measurements with sufficient precision. 
We need some direction from the physiologists and theorists regarding what 
type of perceptual consequences should follow specific anatomical lesions. 

WHAT IS THE INFLUENCE OF THE THRESHOLD LOSS ON SPEECH PERCEPTION? 

The loss of threshold sensitivity will result in some speech sounds 
not being heard and others being misidentified. Fig. 1 shows the signifi
cant relationship (r = -0.76) between threshold loss at 2000 Hz and percent 
correct word recognition (after Lindeman [19]) tested on 679 NIHL patients. 
The speech tests are an averaged score obtained at four signal-to-noise 
ratios (from -5 dB to 10 dB). At other frequencies between 1600 Hz and 
6300 Hz, correlations with word recognition were also high (see Table 1), 
but the correlation at 2000 Hz was the highest. In another study, Plath 
[20] tested word recognition in quiet in 130 NIHL patients. It is note
worthy that the highest correlation with any of the frequencies tested was 
at 2000 Hz (r = -0.59), in agreement with Lindeman's [19] study. Corre
lations between speech perception and the threshold loss at any single 
frequency are greater at high than at low frequencies. Tyler et ale [12], 
for example, found a correlation of r = -0.39 at 500 Hz and r = -0.71 at 
4000 Hz in a speech-in-noise task. 

Perhaps the threshold at 2000 Hz shows the highest correlation because 
it is the best indicator of the encroachment of the damage from the high
frequency region into the lower frequencies. In addition, important speech 
information, including formants 2 or 3 of many vowels and consonants, is 
centered around 2000 Hz, and may be lost with decreased sensitivity. 

Note in Fig. 1 the substantial individual variability. Some patients 
have mild threshold losses and poor word recognition, while others have 
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Table 1. Correlations among threshold and word recognition in NIHL 
patients. 

Frequency (Hz) 

Background 
Study Subjects Noise 500 1000 2000 4000 

Linde man19 679 NIHL yes -.75a -.77 -.67b 

Plath 20 130 NIHL no -.48 -.54 -.59 -.53 

Tyler et al. 12 12 NIHL yes -.39 -.71 

10 normals 

a. 1600 Hz; b. 6300 Hz 

severe threshold losses but good word recognition (c.f. Niemeyer [21]). 
Both Plath [20] and Tyler et al. [12] also observed negative correlations 
between word recognition and age, so the combination of aging and noise 
exposure cannot be overlooked. 

It may also be that correlations are higher with speech in noise com
pared to speech in qUiet. Fig. 2 shows the results of a study by suter 
[22]. Word recognition for the 16 normals and 16 NIHL subjects were 
similar in quiet, but when noise was added, the decrease in performance by 
the NIHL subjects was much worse. 
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Fig. 1. The relationship between hearing threshold 
at 2000 Hz and word recognition in noise 
(data from Lindeman [19]). Circles repre
sent individual data points, squares repre
sent five or more data points of the same 
value. The correlation coefficient for the 
data shown is r = -0.76. 
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It is of interest to examine the kinds of perceptual speech errors 
that occur when thresholds are elevated in the 3000 - 6000 Hz region. 
Vowel perception is thought to rely heavily on the frequencies of the lower 
three formants. For male talkers, only the vowel Iii has a typical third 
formant (F3 ) above 3000 Hz, so one would predict few vowel confusions. For 
women, the Ii, I, f I typically have F3 in the region of 3000 Hz, but again 
few confusions would be expected. For children, all F3 values for the 
vowels except (3 r ) are typically above 3000 Hz, and so is the second for
mant for Iii. In this instance we might expect more errors, for example, 
between Iii and lui, both having similar F~s. 

In general agreement with these comments, several researchers have ob
served that vowel confusions are infrequent in the cochlear-impaired among 
all but those with severe threshold losses across the frequency range. 
However, these tests have almost uniformly utilized adult male speakers. 
Future research may revise these conclusions for female and child speakers. 

Consonant perception depends on a variety of cues. A NIHL loss might 
eliminate important energy that can be used to distinguish sounds within 
the group If,€7, s,.FI or within Iv,'tf, z,~}/. In addition, the stops Ip, 
t, kl and Ib, d, gl might be confused, depending on the degree of threshold 
loss and the vowel context. But are consonant confusions different for 
NIHL compared to other cochlear-impaired subjects? Oyer and Doudna [23], 
and Schultz [24] (33 NIHL subjects) both failed to find different types of 
phonetic errors in different types of hearing losses. 

We have completed a pilot study evaluating the effects of a '4000-Hz 
notch' on consonant recognition. Three subjects with normal hearing lis
tened to 13 consonants embedded in an liCil context (a male speaker with 
general American dialect). In the simulated NIHL condition, information 
from 3000-5000 Hz was eliminated by filtering (115 dB/octave). In the 
second condition, which simulated some other types of cochlear impairment, 
all information above 3000 Hz was eliminated. The only errors committed by 
eliminating the information between 3000-5000 Hz were the confusion of Iml 
and In/. From an examination of the spectrograms, it appeared that the 
frequency location of F , about 4600 Hz for Inl and about 4200 Hz for Iml, 
was a key difference. The elimination of all information above 3000 Hz 
also resulted in Iml and Inl confusions, but also If I and lsi errors. 
Fig. 3 shows the spectrograms of If I and lsi. The lsi has more intense 
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Fig. 2. Audiograms (left) and word recognition (right) in a group of 11 
normal and 16 NIHL patients (after Suter [22]). 
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high-frequency frication. Eliminating the information between 3000 Hz and 
5000 Hz does not eliminate the distinction, but eliminating all information 
above 3000 Hz does. While this is not a good simulation of NIHL, it does 
attest to the importance of receiving speech information above 5000 Hz. At 
later stages of NIHL this will be lost, and performance will deteriorate. 

WHAT IS THE RELATIONSHIP BETWEEN PSYCHOACOUSTICAL PERFORMANCE AND SPEECH 
PERCEPTION? 

One step in examlnlng the relationship among word recognition and psy
choacoustical tasks is to determine if correlations exist among them. 
There are few studies that examine this question strictly for a NIHL 
population. Plath [20] measured word recognition, the ability to detect 
changes in amplitude modulation, and the ability to detect increments in a 
continuous tone in 'more than 500' patients with NIHL and 63 patients with 
other types of hearing loss. Significant correlations (see Table 2) 
existed for both groups between word recognition and the intenSity incre
ment detection at 4 kHz (r = -.25) and with amplitude-modulation detection 
at 10 dB SL at 4 kHz (r = -0.19), although the correlations were small. 

Tyler et al. [12,13] computed correlations between word recognition and 
several psychoacoustical measurements (see Table 2). These findings sug
gested moderate correlations between word recognition and detecting a 4000 
Hz tone in noise background (critical ratio) (r = -0.63), the low (r = 
-0.50) and high (r = 0.64) frequency slope of a 4000 Hz psychoacoustical 
tuning curve, and temporal integration for a 4000 Hz tone. 

From our previous discussion, we noted that psychoacoustical measures 
have not clearly differentiated between NIHL patients and other types of 
cochlear hearing loss. Therefore, it may be fruitful to examine studies of 
hetereogeneous groups of cochlear hearing loss. 

Table 3 shows several correlations from a few such studies. While it 
is difficult to compare across studies because of differences in subjects 
and procedures, a few generalizations can be made. First, there are 
several tasks that show high correlations, particularly for measurement of 
frequency and temporal resolution. Tyler et al. [25] for example, noted a 

;1 .. 1/ 

.5 

.3 

TIME (10 msec) 

Fig. 3. Spectrograms of the sounds lifil and lisi/. 
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Table 2. Correlations among speech perception and psycho
acoustical tasks for normals and NIHL subjects 
(Istatistical significance). 

age 

intensity increments 
4000 Hz 

amplitude 
modulation 

500-Hz 
threshold 

4000-Hz 
threshold 

4000-Hz 
critical ratio 

4000 Hz PTC 
low-frequency slope 

4000-Hz PTC 
high-frequency slope 

4000-Hz 
temporal integration 

Plath 20 

-.51* 

-.25* 

-.19* 

-.48* 

-.48* 

PT C psychoacoustical tuning curve 

Tyler et al.1 2 

-.69* 

-.39 

-.71* 

-.63* 

-.50* 

.64* 

-.45* 

significant correlation between word recognition and gap detection and 
between word recognition and temporal difference limens, even after the 
effects of threshold were partialled out (see Fig. 4). Frequency reso
lution measurements have typically shown moderately high correlations, with 
the exception of the high-frequency slope. The correlations with the two 
measures of intensity resolution mentioned in Table 2 are notably lower. 
However, we should keep in mind that speech recognition likely depends on 
several basic abilities, and correlations obtained from any single ability 
would be predictably moderate at best. 

The next stage in such an analysis could be a multiple regression 
analysis, where the results of several psychoacoustical tasks are used to 
predict speech perception. Tyler et al. [25] did this for a number of 
temporal and frequency resolution measures (see Table 4). They were able 
to account for 85 percent of the variance on a word recognition test with 
seven measures. This again emphasizes the multifaceted nature of speech 
recognition. 

DISCUSSION 

Although it may not always be evident when tested in quiet situations 
with adult male speakers, NIHL patients have difficulty recognizing speech. 
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Table 3. Correlations among speech perception in noise and psychoacousti
cal tasks at 4000 Hz for normal and cochlear-impaired listeners. 
Numbers in brackets represent correlation partialling out the 
effect of threshold (-statistical significance). 

Subjects 

Dreschler 
and 

Plomp26 

10 coch 

4 kHz 
threshold 

-.90*a 

temporal 
integration 

gap 
detection 

gap difference 
limen (30-msec 
standard) 

temp difference 
limen (30-msec 
standard) 

peak-trough 
temporal masking 

forward masking 

backward masking 

PTC QlO dB 

low-frequency 
slope of PT C 

high-frequency 
slope of PTC 

P T C tip-to-tail 

critical 
ratio 

co m b-filter 
noise 

frequency 
difference 
limen* 

frequency 
transition 
difference 
limen 

.90*b 

.79*b 

Tyler 
et al. 25 

16 norm 
16 coch 

-.73* 

-.67* 
(-.35) 

-.73* 
(-.48)* 

-.50* 
(-.15) 

-.74* 
(-.42)* 

-.64* 
(-.28) 

.25 
(-.06) 

.69* 
(.27) 

a 
b 

average of .5, 1., and 2 kHz 
at 1 kHz; c at 2 kHz 

Tyler 
et al. 27 

12 norm 
12 coch 

-.71* 

.50* 
(-.24) 

-.49* 
(.17) 

-.63* 
(.49) 

-.55* 
(.26) 

PTC 

Festen 
and Stelmachowic z 

Plomp2S et al. 29 

22 coch 11 norm 
13 coch 

-.38"a 

-.24b 

.. 34b 

-.24b 

.22b 

-.63*b -.69*c 
(.60)* 

-.60*b -.62*c 

-.OSb .62*c 

-.53* 

.63*b 

psychoacoustical tuning 
curve 
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These difficulties cannot be predicted reliably from the audiogram for an 
individual. Psychoacoustica1 abnormalities, not related to threshold, are 
sometimes present, and the results suggest that these contribute to the 
difficulty in speech perception. It is critical that more sensitive tests 
be developed. We should be able to measure psychoacoustica1 differences 
between NIHL and other types of cochlear hearing loss. Large scale, multi
variate studies (for example, using Path Analysis [30]) are required to 
clarify the relationship between basic measurements of frequency, intensity 
temporal processing and speech perception. Furthermore, measurements uti
lizing speech-like stimuli should be helpful to more clearly define the 
relationship between psychoacoustics and speech perception in NIHL 
patients. 

90 

Table 4. Multiple regression of psychoscoustica1 measures on word 
recognition correct scores for 16 normal and 16 hearing
impaired listeners. Multiple regression analysis evaluates 
the overall dependence of one variable on a set of inde
pendent variables (adapted from Tyler et a1. [25]). 

Variable kHz Simple R Multiple R2 

Temporal difference limen 4.0 -0.74 0.55 

Temporal Integration 4.0 0.67 0.68 

Gap detection 4.0 -0.73 0.75 

PTC Tail-tip difference 0.5 0.02 0.79 

PTC high-frequency slope 4.0 0.25 0.82 

Temporal integration 0.5 0.03 0.83 

PTC low-frequency slope 4.0 -0.64 0.85 

00 12 qff$ a 
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Fig. 4. Correlations between word recognition and gap detection (left) and 
with temporal difference limen (30 msec standard) obtained from 16 
normals (circles) and 16 cochlear-impaired listeners (adapted from 
Tyler et a1. [25]). 
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COMMENTS 

Flottorp: We talk about noise induced hearing loss as if it was a 
single entity with a characteristic audiogram, when in fact it is many 
audiograms with a number of complicating factors. In our studies, we tend 
to factor noise induced hearing loss into old vs. young, predominantly high 
frequency losses vs. flat losses. These are potentially central compo
nents. So I am not sure that one can draw conclusions right across the 
spectrum. 

Tyler: We have found a significant correlation between age and speech 
recognition. Using partial correlation techniques, we have tried to factor 
the effects of age, temporal DL's and gap detection. We found that age was 
not a confounding factor. Although it certainly is true, that it would not 
be surprising if these patients do have some central processing difficien
cies based on age, which would be an additional handicap to which noise 
exposure would add. 

Salvi: In one of the papers you showed that there was not very much 
correlation between AM processing and speech perception. Yet, another test 
of temporal resolution, gap detection, seemed like it was fairly well 
correlated with speech perception. Are AM detection and gap detection 
sampling the phenomena, because both are supposed to be tests of temporal 
resolution. 

Tyler: Certainly there are different factors that go into different 
psychoacoustical tests. For example, gap detection and forward masking 
might be considered more direct measures of decay of excitation and 
recovery again. These correlational studies are done on fairly small 
numbers of subjects. But I do think there are some fine differences in the 
actual procedures to make them non-compatible. 

Salvi: Do you see changes in temporal difference limen as a function 
of hearing level, i.e., do you need a certain amount of hearing loss to see 
a change in the temporal difference limen? 

Tyler: I am not certain what that would be off hand. I would have to 
look back at some of our data. 
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von Gierke: Have you or anyone else looked at those psychoacoustic 
tests in noise induced hearing loss patients compared to the same or 
similar tests in people with temporary threshold shift? 

Tyler: I certainly have not. 

Question: In your conclusion, you pOinted out the urgent need to 
carry out more multi-variate study in this field. I just wanted to point 
out a potential problem. When we are carrying out multi-variate studies 
and adding predictors and if those predictors are correlated with each 
other. Do you have any idea how to develope this kind of multi-variate 
methods, how to understand these potential interactions? 

Tyler: The strategy that I began using was to look at initially a 
number of measures of frequency resolution and correlate those with speech 
intelligibility. Given one or two best predictors based on the preliminary 
data, select the most powerful prediction and then undertake a larger scale 
study. In fact, a study like that has been undertaken with a large number 
of patients at the Institute of Human Research in Nottingham where they 
have a very large data base available. 
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SPEECH PERCEPTION IN INDIVIDUALS WITH NOISE-INDUCED HEARING LOSS AND ITS 

IMPLICATION FOR HEARING LOSS CRITERIA 

Guido F. Smoorenburg 
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Postbox 23, 3769 ZG Soesterberg 
The Netherlands 

HEARING HANDICAP INDICES 

Assessment of hearing handicap is one of the objectives of audiometry. 
Regrettably, this objective has received much attention because of the 
growing incidence of financial claims that should compensate hearing loss 
due to occupational noise exposure; whereas quantification of the hearing 
handicap also pertains to evaluation of ear surgery and hearing-aid fit
ting, to examination of hearing in relation to job requirements, and to 
adequate provisions for groups with a certain hearing handicap (such as the 
aged). In this paper, however, we shall address ourselves to the main 
issue of current interest, the handicap due to noise-induced hearing loss. 

A number of indices have been proposed to quantify hearing handicap. 
Most are based upon the (pure) tone audiogram. Tone audiometry provides 
objective measures, is relatively easy to obtain, and is insensitive to 
abuse. Financial claims led to the concept of 'onset of handicap', the 
so-called 'fence', and to the definition of percentage of impairment of 
hearing. This percentage increased in a monotonic fashion with the hearing 
loss in excess of the fence. The indices are usually based on the average 
value of the audiometric threshold at some selected frequencies. The most 
familiar indices and fences are listed in Table I. 

Table I. Hearing handicap indices and fences. The reference fence is 
the corresponding fence for 1, 2 and 3 kHz; r gives the correlation between 
the listed index and the index based on 1, 2 and 3 kHz. 

Source 

AAOO [1] 
AAO [2] 
NIOSH [3] 
DHSS [4] 
BADLIBSA [5] 
OSHA-STS [6] 
LAFON [7] 

Year 
(kHz) 

'59 
'79 
'72 
'73 
'83 
'83 
'81 

Frequenci.es 

0.5,1,2 
0.5,1,2,3 
1,2,3 
1,2,3 
1,2,4 
2,3,4 
2,4 

Fence 
(dB) 

25 (26) 
25 
25 
50 
20 
10 
20-30 

Reference 
Fence 

42 
29 
25 
50 
18 
6.5 
13-20 

r 

.86 

.99 
1.00 
1.00 

.96 

.96 

.94 
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To facilitate a comparison of the fences based on different sets of 
audiometric frequencies, a reference fence has been included in Table 1. 
This reference fence presents the corresponding average hearing loss at 1, 
2 and 3 kHz. The frequencies 1, 2 and 3 kHz take a central position among 
the quoted indices. The reference fence was calculated from the losses 
expressed in the listed index plotted against those at 1, 2 and 3 kHz by 
way of a linear fit minimizing the variance perpendicular to the fitting 
line. The data base consisted of 400 ears with different degrees of 
noise-induced hearing loss. These ears are included in the speech
perception study to be summarized below. The coefficient of correlation 
between the indices is given in the right column of Table 1. 

Table I shows a wide range of fence values. The oldest sources put 
forward the highest fences. The fence of 25 dB (in some versions 26 dB), 
which is the average loss across 0.5, 1 and 2 kHz proposed by the American 
Academy of Ophthalmology and Otolaryngology (AAOO) [1] has received the 
widest acceptance. It was based on "the ability to hear everyday speech 
under everyday conditions." Similar considerations underlie the other high 
fence in Table I of the Briti.sh Department of Health and Social Security 
(DHSS) [4]. By including 3 kHz instead of 0.5 kHz, the British index was 
tuned more closely to the noise dip. This inplies a more accurate measure, 
but also a more restricted validity (see Tempest [8]). 

The early fences were criticized because the "ability to hear everyday 
speech under everyday conditions" was interpreted as correct repetition of 
sentences presented at 60-70 dB SPL in a quiet environment. Interference 
of ambient noise was excluded because the question of what ambient noise 
is representative of everyday conditions was not solved [9]. Kryter [10] 
argued that the fence should be lowered to a 15 dB average across 0.5, 1 
and 1 kHz, or preferably a 25 dB average across 1, 2 and 3 kHz (c.f. NIOSH 
'72 in Table I), because even in quiet conditions, a person with a hearing 
loss corresponding to the AAOO-fence would be unable to correctly perceive 
individual speech sounds, and even some sentences, whenever the speech 
level would be lower than the normal level of 60-70 dB at 1 m from the 
talker. After discussing the DHSS-fence, Tempest [8] introduced a grouping 
scheme for assessment of hearing handicap in which he distinguished a 
significant loss of hearing at high frequencies, the criterion being a loss 
of 25 dB or more at 4 and/or 6 kHz. A loss of this nature is considered to 
reduce the quality of hearing, such as not fully hearing music and natural 
sounds, impairment of phoneme discrimination (e.g., between's', 't' and 
'th', and a limited ability to follow speech in noisy situations. 

Arguments like those presented above led to reconsideration of the 
fences first proposed. The AAOO (meanwhile AAO [1]) adjusted the fence by 
including the hearing loss at 3 kHz, while leaving the average value of the 
thresholds at 25 dB and thus effectively lowering the fence. In 1983, the 
British Association of Otolaryngologists (BAOL) and the British Society of 
Audiology (BSA) [5] proposed a fence of 20 dB average hearing level across 
1, 2 and 4 kHz. They included into their criterion, noisy backgrounds and 
the perception of everyday sounds, not just everyday speech. 

Amongst other studies, they took into consideration the results of the 
pilot study [11,12] preceding the study to be summarized below. Quite in
dependently, Lafon [7] proposed an index based on the frequencies 2 and 4 
kHz. He derived his percentage-disability measure from phonemic confu
sions. At the lowest level of 30 dB included in his study, he found a 
disability of 3 percent. The remaining fence in Table I is the Standard 
Threshold Shift of the USA Occupational Safety and Health Ad~inistration 
[6]. This fence is of a different nature. It is the shift in an indi
vidual's hearing level at or above which action must be taken for better 
hearing protecti.on. For this fence, the reference fence in Table I also 
represents a shift in threshold rather than a threshold level. 
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OBJECTIVE OF THIS STUDY 

At the end of the '70s, we felt that the hearing handicap indices and 
fences in use at the time were not properly justified. In particular, we 
felt that speech perception in noisy situations, although recognized as an 
important factor, was insufficently represented in the measures of handi
cap. When one sets out to define an onset of handicap (a fence), attention 
should be focused on those situations in which people with hearing loss 
first experience a handicap. It is generally reported that this occurs 
with speech perception in noisy situations. Therefore, we started this 
study on speech perception in quiet and noisy conditions for individuals 
with noise-induced hearing loss. 

The concept of 'onset of handicap' is closely linked with the question 
of what hearing loss is acceptable. This is an ethical problem. The only 
proper answer is none whatsoever. However, many people are subject to 
involuntary noise exposures. While it is not presently feasible, from an 
economical and a techntcal point of view, to reduce all noise exposures 
below the risk level, it is important to show what hearing handicap is 
associated wtth the tone-audiometric losses known to arise from the noise 
exposure. In our opinion, an involuntary noise exposure should not cause a 
noticeable hearing handicap. Therefore, in this study the fence is defined 
as that hearing loss for which an individual begins to notice a handicap in 
everyday (noisy) situations. A higher loss is definitely not acceptable. 
A smaller loss is also not acceptable. From the point of view of preven
tive medtcine, we should strive to reduce the noise exposures to levels at 
which the exposed population does not show any noise-induced hearing im
pairment. 

METHODS 

The present study is based on 400 ears, using the left and right ears 
of 200 subjects. These subjects were divided into 5 groups of 40 subjects 
each. Each group of subjects worked in a different noisy environment. The 
five noisy environments included three types of construction workplaces, 
locomotive engines and shooting ranges. The ears were virtually free of 
conductive hearing loss. All subjects were younger than 55 years, to 
minimize the effects of presbyacusis. The medical history was used to 
exclude subjects with hearing loss of an odgin other than noise exposure. 
The subjects were selected with respect to their degree of tone-audiometric 
hearing loss, in order to evenly cover the full range of hearing loss 
(i.e., no hearing loss at all to the highest measurable loss). 

Tone-audiometric thresholds were determined with an automatic 
audiometer (the Audiomat) for use in occupational audiometry [13]. The 
Audiomat automatically runs an audiometric program using a microprocessor. 
The measurement procedure is an optimized up-and-down threshold tracking 
procedure with fixed frequencies. The tones are presented in bursts of 200 
ms duration. The accuracy of the measurement is 3 to 4 dB. Fig. 1 shows 
the distribution of the audiometric thresholds for all 400 ears. The 
losses in the left and right ear are quite symmetric. The correlation 
between the average values of the thresholds at 2 and 4 kHz in the left and 
right ear is r = 0.82. Therefore, one might argue that only one ear per 
subject should be considered. There is, however, no essential difference 
between the results for one ear per subject and those for two ears per 
subject. 

In spite of the selection of subjects according to their degree of 
tone-autiometric hearing loss, the intersubject variance in hearing loss, 
as apparent from Fig. 1, was smaller than we had hoped to find. An 
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Fig. 1. Median value, quartiles and upper and 
lower decile of the thresholds for the 
400 ears included in this study. 

increase of i.ntersubject variance could be obtained by excluding all sub
jects younger than 45 years of age. An additional interesting aspect of 
such a subgroup is that 'age' becomes a less important variable. Statis
tical analysis of the results for this subgroup shows higher correlation 
coeffici,ents when the tone-audiometric data are compared with the speech 
perception data. The increase in correlation stems from variability in the 
speech reception thresholds becoming less important with a higher inter
subject variance. There is, however, no essential difference between 
speech perception in relation to the tone audiogram for this subgroup and 
for all 400 ears. Therefore, we will continue with the data for all 400 
ears. 

Since we were interested in hearing handicap, speech perception was 
measured using sentences. We followed the method introduced by Plomp and 
Mimpen [14,15J. Simple sentences, consisting of eight or nine syllables, 
were recorded on tape using a male voice. The set of sentences was 
homogenized by excluding sentences that required more than 1 dB level 
correction in order to arrive at the average score. After a run-up phase 
using three sentences, the speech reception threshold (SRT) was measured 
with a sequence of ten sentences. The level of the sentence was increased 
by 2 dB when a sentence was not completely correctly repeated by the sub
ject, and it was decreased by 2 dB when it was repeated completely cor
rectly. The SRT (50% sentence intelligibility) was determined by averaging 
the sound pressure level durtng this up-and-down sequence. The sentences 
were presented wtthout interfering noise and with noise at 35, 50, 65 and 
80 dBA. The spectrum of the noise matched the spectrum of the male voice. 
In our opinion, the social handicap is mainly determined by speech-born 
noi.se interfering with speech perception. In spite of this, there are, of 
course, many occupational situations in which machine noise interferes with 
communication on the job. 

SPEECH PERCEPTION IN RELATION TO HEARING LOSS AT 1, 2 AND 3 kHz 

Here we shall only summarize the results of our study. Elsewhere, the 
results will be reported in full detail. Fig. 2 shows the coefficients of 
the correlation between the SRTs and the tone-audiometric losses. For 
speech in quiet situations, the highest correlations are found at low 
audiometric frequencies, whereas high-frequency hearing loss appears to be 
important for speech perception i.n noisy sttuations. There is little 
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difference between the correlation coefficients for noise at 50, 65 and 80 
dBA. Therefore, we will distinguish only two situations: speech percep
tion in quiet and speech perception in noise at 50-80 dBA. The inter
mediate condition of 35 dBA will be discarded. For noise at 50-80 dBA, the 
SRTs expressed relative to the noise level (i.e., the signal-to-noise 
ratios, SIN), are very close to one another. Hence, the SRTs for the 
combined noise conditions will be expressed in average SIN values. 
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The SRTs in the quiet condition are plotted as a function of the 
reference index based on 1, 2 and 3 kHz, HT (1,2,3), in Fig. 3. The cor
relation coefficient for these data equals 0.63. The fences of Table I are 
indicated along the abscissa. Fig. 3 shows that, except for one SRT at 
about 52 dBA, the SRTs in quiet conditions range up to about 40 dBA. Thus, 
even for the AAOO or DHSS fence, there is no handicap in understanding sen
tences at normal speech levels of 60-70 dB in quiet environments. However, 
Kryter's [10] argument should also be considered. A near perfect percep
tion of the weakest phonemes like 'f' requires sound levels at least 35 dB 
higher than the SRT for sentences. Thus, a SRT above about 30 dBA for 
sentences presented in quiet situations implies :l.mperfect perception of 
individual speech sounds at normal speech levels of 60-70 dB. According to 
F:l.g. 3, the SRT of 30 dB corresponds to about HT(1,2,3) = 34 dB; a value 
lower than either the AAOO or the DHSS fence. Fig. 3 shows, however, 
considerable scatter of the data points. Therefore, a reliable fence 
cannot be derived from those data. Earl:l.er, we stated that speech 
perception in noisy environments is the important condition for determining 
the onset of handicap. We shall therefore continue with the SRTs for noisy 
situations. 

F:lg. 4 shows the relati.on between the SRTs in noisy conditions 
(expressed SIN) and HT (1,2,3). The correlation coefficient equals 0.66. 
Above 15 dB, the average loss across 1, 2 and 3 kHz shows a clear increase 
of the SRT. An increase of the SRT by 1 dB corresponds to a decrease in 
sentence intelligibility of 15 to 20% when SIN is kept constant. Above the 
NIOSH, AAO, AAOO and DHSS fences, the increase in SRT approaches 3 dB or 
more which implies a decrease in sentence intelligibil:l.ty of 50% or more. 
This means an unacceptable hearing loss. 

In this section, the SRTs were presented with respect to the reference 
index based on 1, 2 and 3 kHz. However, this index is not the best measure 
to predict the SRT for noisy condttions. In the next section, we shall 
indicate fences based on the best predicting tone-aud:l.ometr:l.c index. 

FENCES BASED ON HEARING LOSS AT 2 AND 4 kHz 

Statistical analys:ls of the tone audiograms and of the speech recep
tion thresholds (principal components, canonical correlation and multiple 
regression) shows that the SRT in no:l.sy situations can adequately be pre
d:l.cted from the tone audiometric thresholds at 2 and 4 kHz. The predictor 
based simply on the average value of these two thresholds [HT(2,4)] suf
fices. This result is based, of course, on our noise-induced hearing loss 
data only. The SRT as a function of HT(2,4) is presented :l.n F:l.g. 5. The 
correlation coeffic:l.ent equals 0.72. Increasi ng the intersubject var:l.ance 
in hearing loss by restricting the data base to the worse ear and to all 
subjects at or above 45 years of age raises this coefficient to 0.80. 

Splitting up the data according to HT(2,4)-intervals of 10 dB, and 
even of 5 dB, shows that there is no change in SRT up to HT(2,4)=10 dB. 
Above 10 dB, the SRT starts to r:lse. Thus, from the point of v:l.ew of 
preventive medicine, the target fence that we should strive for is HT(2,4) 

10 dB. 

For the ears satisfying HT(2,4)<10 dB, the mean SRT equals -4.6 dB, 
while the standard deviat:l.on is 1.1 dB. Th:l.s means that an individual 
shows a sign:l.f:l.cantly :l.ncreased SRT at the 5% level when SRT = -2.8 dB and 
at the 1% level when SRT = -2.0 dB. These SRT values correspond to about 
HT(2,4) = 24 dB and HT(2,4) = 32 dB, respectively. The lower value of 24 
dB corresponds :l.n turn to about HT(1,2,3) = 15 dB; a hear:lng loss that we 
previously suggested as a fence on the basis of the pilot study [11,12]. 
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The present study shows somewhat less impairment of speech perception given 
the tone-audiometric hearing loss than the pilot study. The higher value 
of HT(2,4) = 32 dB corresponds to about HT(1,2,3) = 22 dB. This higher 
val ue, associated with an .i ncrease of the SRT by 2.6 dB, impli es an un
acceptable heart.ng handicap. Plomp and Mimpen [14] found a median increase 
of the SRT by 2.5 dB for people about 65 years of age with presbyacusis 
only. The median handicap of these people will be familiar to the readers. 
In addition, an increase of the SRT by 2.6 dB means a critical distance 
(50% sentence intelligibility) of 74 cm between speaker and talker compared 
to 100 cm for normal-hearing people in the same situation. Thus, people 
with thi.s increase of SRT have to bend forward noticeably when listentng. 

In concluston, the results for speech perception in noisy situations 
show that a hearing loss, averaged across 2 and 4 kHz, of 30 dB or more is 
definitely not acceptable. From the point of view of preventive medicine, 
we should strive for noise exposures that do not induce hearing loss ex
ceeding a 10 dB average across 2 and 4 kHz. 
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DISCUSSION 

Question: I appreCiate the use of principle component analysis. 
However, one problem I have is that you broke down the hearing losses into 
three principle components and then ignore principle component 3, which was 
the low-frequency conductive hearing loss. What evidence is there that 
showed it was a conductive loss? Is it valid to throwaway the low 
frequency component in hearing loss and then refer to the correlation 
between low frequency hearing losses and perception in quiet and noise? 

Smoorenberg: In the multiple correlation analysis, the low-frequency 
loss was still there, and that analysiS shows that there is quite a good 
correlation between the speech perception threshold in quiet and the low
frequency loss. There is no straightforward evidence that the low
frequency losses are of a conductive type. However, it correlates very 
highly with the attenuation component in the speech intelligibility data, 
which I think it's fair to say is due to a conductive loss. 

Alberti: We went into the question of hearing aids with our compensa
tion patients, of whom we have seen about 10,500. They are often told by 
thetr own audiologist that a hearing aid will not help them. Surprise, 
they do help, and over the past five or slx years we have completely 
changed our view. We are trying to work out why these aids work; whether 
it is the newer hearlng aid or whether it is the new methods of fitting 
with perhaps an open mold or hlgh frequency emphasls. Also, a comment 
about your handicap scales. Initially we had 1/2, 1, 2 and 3 kHz in Canada 
ln 1974, five years before the AAO. But the truth is, if you go back to 
the old AMA standards, they were much better than the original AAO, but I 
gather just too compli-
cated to put into place. 

Smoorenberg: With respect to the high frequency hearing loss and the 
effects of hearing aids, I would like to stress again sometimes we too nnd 
that patients profit from hearing alds. But, we should not have too high 
expectations. 

Tyler: You have a large number of patients and you have focused on 
the strong correlation between quiet thresholds and speech intelligibility. 
However, one should keep in mind that there are other important factors. I 
would like to make that point in three ways: (1) from your own data, there 
is indeed quite a bit of scatter between an individual's hearing loss con
figuration and the performance on the speech and noise task. Of course, we 
all know that patients with simllar audiograms may have differing perfor
mances on a speech recognition task, particularly In noise. (2) In corre
lating frequency resolution measurements with speech intelligibility, when 
the effects of thresholds are partialled out, the correlation between fre
quency resolution and speech intellibibility dropped considerbally. (3) In 
your particular task of speech recognition, it is more likely to be speech 
reception threshold in noise. 
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Forrest: The different "fences" corresponded to very different 
definitions of ability or disability; some far more lax than others. I 
wonder about the relation between either speech reception threshold or 
audiometric threshold or any other measurement and disability l.n terms of 
difficulty at work or at home. The question really is how can we define 
disability? Can we use a more realistic measure than speech reception 
threshold in noise? At what point in other words do people feel they are 
to some extent dl.sabled? 

Smoorenberg: I do not think I have an answer to that. I do not think 
that it is up to me as a scientist to set a level. 

Forrest: My point is that ultimately we have to define handicap in 
terms of quality of life or what people can do. Speech perception 
thresholds in noise is a good way to find the answer. I think ultimately 
we have to look at various measures of quality of life. It is obviously a 
very difficult thing to do. 

Alberti: A practical point on fences. It would be delightful to move 
the fence down. The effect of moving the fence of 1/2, 1, 2 and 3 kHz from 
35 to 30 dB would have major economl.c implications. We now compensate in 
our province of 8 million people, approximately 1,500 new claimants a year, 
for noise-induced hearing loss with the 35 dB fence and we give them hear
ing aids w1.th a 25 dB fence. We would have added about 52% to the cost of 
the annual cost of the pensl.ons by moving the fence down 5 dB. I hope we 
will, but I am skeptical the government will accept it. Those are the 
practical aspects of the work we are doing here. 

Smoorenberg: I think, in a way, you are illustrating my point. It 1.s 
not up to the scientist to decide on the tradeoff between the amount of 
money in compensation and the hearing handicap. 
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THE PERCEPTION OF SYNTHETIC SPEECH IN NOISE 

INTRODUCTION 

Charles W. Nixon, Timothy R. Anderson, and Thomas J. Moore 

Harry G. Armstrong Aerospace Medical Research Laboratory 
Wright-Patterson AFB, Ohio 45433, USA 

Although much information about synthetic speech has been acquired 
over past decades, we have been unable to find in the literature a 
systematic examination of the perception of synthetic speech in noise. 
Simpson [1] has reported that synthetic speech altitude callouts to airline 
pilots in widebody jet cockpit noise at a SIN of -10 dB for the first time 
were 99.7% intelligible and that synthetic speech voice warnings to heli
copter pilots in simulated helicopter noise at a SIN ratio of -22 dB were 
99.2% intelligible [2]. Nusbaum [3] has reported that perceptual confu
sions for synthetic CV and VC syllables were quite different than con
fusions observed for natural speech degraded by noise. Pisoni (personal 
communication) indicates that one of two synthetic speech systems with very 
high levels of segmental intelligibility in quiet, showed greater decre
ments in the intelligibility of CV syllables in noise than did the other 
system. Clark [4] reported little difference in the intelligibility of 
vowels in noise for synthetic and natural speech, whereas natural CV 
syllables were clearly superior to synthetic CV syllables under all noise 
conditions. 

Research in our laboratory has examined the performance of various 
speech coding systems (analysis-synthesis) in a wide range of ambient noise 
conditions and found differing amounts of degradation of intelligibility 
among these systems due to the noise [5-7]. Most of these studies were 
accomplished for a specific communication or operational situation, and 
results cannot be readily generalized to synthetic speech. Beyond these 
studies, little information was found on the effects of noise on synthetic 
speech perception. 

Digital representations of speech can be produced by a variety of 
coders, processors and systems. The most straightforward form is simply to 
digitize natural speech in the format in which it will be utilized. Other 
forms range from complex coding and processing schemes to the storing of 
various segments of speech in memory and the subsequent use of these seg
ments to construct new, synthetic speech according to various rules. This 
study examined three commercially available text-to-speech synthesizers and 
three digital speech coders. The intelligibility of the synthetic and 
coded speech produced by these systems was evaluated relative to natural 
speech in the presence of a pink noise. The term synthetic speech is used 
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in this paper to refer to the speech generated by synthesizer systems and 
coded speech refers to that produced by the coders-decoders. 

DIGITAL SPEECH SYSTEMS 

A brief description is provided below of the six digital speech sys
tems of interest in this study. 

Text-to-Speech 

In general, synthetic speech systems operate using segments of speech 
which are stored in memory and used to construct synthetic speech according 
to the rules of the system. The three text-to-speech systems in this study 
were a low, a medium and a high quality system selected on the basis of 
ratings of their natural sounding quality and relative intelligibility in 
non-noisy environments. Synthetic speech has a mechanical or unnatural 
sounding quality. 

Low Quality Speech Synthesizer. The low quality synthesizer utilizes 
procedures that convert ASCII text into phoneme strings which are then 
synthesized to generate synthetic speech. Pitch of the output can be 
varied, however, the system uses no phonological or prosody rules. 

Medium Quality Speech Synthesizer. The medium quality system operates 
in a similar mode as the high quality system, however, the phonological and 
prosody rules are less sophisticated. 

High Quality Speech Synthesizer. The high quality system utilizes a 
three level processing scheme. At the first level, ASCII text is converted 
into a pronunciation code using a unique combination of dictionary and 
letter-to-sound rules. The second level of processing deals with the 
effect of surrounding words on individual pronunciations. Rules of intona
tion, duration, and word stress are also applied. The third step generates 
the speech from the above assumptions. 

Digital Coding Systems 

Digital coding systems, also called analysis-synthesis systems, 
operate using a natural speech input signal which is segmented, coded, 
processed and later decoded to provide the coded speech output. Coded 
speech has a natural speech quality that appears to be transmitted over a 
noisy communication channel. 

Continuously Variable Slope Delta Modulation (CVSD). CVSD is a coding 
technique that uses Delta Modulation, which has an inherently poor dynamic 
range. CVSD overcomes this limitation by companding or compressing the 
voice input and output. This process decreases the amplitude of the high 
signal levels and increases the amplitude of the low level signals. The 
compressed signal is then encoded by the conventional Delta Modulation 
without the constraint of the poor dynamic range. 

Time Domain Harmonic Scaling/Sub Band Coding (TDHS/SBC). TDHS and SBC 
can be combined to produce a medium to high complexity voice encoder at a 
bit rate of 9600 bps. The TDHS algorithm compresses the input voice signal 
bandwidth and sampling rate by a factor of two. The compression is per
formed over a localized pitch period of the input signal. Pitch extraction 
is needed. The SBC is a waveform coding technique which segments the band
width of the input waveform into several frequency bands. Each band is 
then encoded and the output multiplexed to produce the SBC data stream. 
Decoding the data stream is just the reverse procedure. 
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Fig. 1. Volunteer subjects seated at the ten listening sta
tions in the audio communications laboratory facility 

Linear Predictive Coding (LPC). LPC predicts a present speech sample 
from a linear combination of past speech samples. The pr,ediction is based 
on three characteristics of speech, the excitation parameters (pitch period 
and voicing), reflection coefficients (which are the vocal tract filter 
parameters), and the speech RMS amplitude. The analyzer normalizes the 
amplitude and low-pass filters in the input speech. The excitation 
parameters are then found. Next, ten reflection coefficients are calcu
lated. Then the speech RMS amplitude is found. This information is 
processed into a standard LPC data format. The LPC algorithm used in this 
study was the government standard LPC 10, which operates at 2.4 kbps. 

APPROACH 

These experiments were accomplished in an audio communications re
search laboratory. This facility duplicates the total audio communications 
link from talker to listener and includes the system, operator and environ
mental variables that may influence voice communications effectiveness. A 
master experimenter station controls ten individual communications stations 
inside a large reverberation chamber that houses a programmable high inten
sity sound system. Each station is integrated with a Computer Display
Response System in which the central processor is a Hewlett-Packard 9845T. 
Each station contains an LED display, which is used to present data and 
information to the listener, and various subject response buttons. In this 
study, each listening station was configured as a wide band frequency re
sponse intercommunication system (100-6000 Hz bandwidth) terminating in 
wideband frequency response headsets (Yamaha YH-l, 20 to 20,000 Hz band
width). Prerecorded speech signals were input to the audio communications 
test facility directly from tape recorders. Presentation of the speech 
materials to the subjects and their responses were automatically controlled 
by the Computer Display-Response System. 

Eighteen volunteer subjects participated in the experiment, with a mix 
of half male and half female. All were recruited from the general popula-
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tion and were paid an hourly rate for their participation with a cash bonus 
when all sessions of an experiment were completed. The hearing of all sub
jects was considered to be normal, with no hearing levels greater than 15 
dB at any standard audiometric test frequency from 100 to 6000 Hz. Al
though the subjects were well trained and were experienced in listening to 
digital coded speech, additional training in listening to synthetic speech 
was given over several days. 

Criterion Measure 

The Modified Rhyme Test (MRT), a standardized measure of intelli
gibility, was used as the speech recognition task. The MRT was developed 
[8] from the Rhyme Test of Fairbanks [9] as an instrument for measuring 
audio communications effectiveness. Materials consist of lists of 50 one
syllable words that are essentially equivalent (lists) in intelligibility. 
The response format consists of a six foil, multiple-choice answer set for 
each of the 50 test words. The subject selects from the set of six words 
the stimulus word that was recognized. The MRT is automated on the audio 
communications research facility, so that the multiple-choice response 
foils are presented on LED displays at the individual listening stations 
where subjects respond by pushing appropriate buttons. 

The criterion measure for this instrument is percent correct response. 
During data analyses, a correction factor was applied to compensate for 
correct answers obtained by guessing [Hcorrect - Hincorrect/(possible 
choices - 1)]. The MRT is easy to administer and score and it does not 
require extensive training of subjects. 

Communication System Calibration 

The basic communication test system consisted of the tape recorder, 
pink noise generator, wideband intercommunications systems and the high 
fidelity earphones. The ten listening stations have a common input and a 
gain control that equally affects all stations. In addition, each station 
is equipped with an individual gain control. A calibration signal at 75 
dB(A) was presented through the communication test system to all headsets. 
One headset was then placed on the artificial ear and its gain control 
adjusted to provide an output at the earphones of 75 dB(A). The gain 
control of that headset was "set" and was not moved from that position for 
the duration of the study. This procedure was repeated for the headsets at 
the other nine listening stations providing an output of 75 dB(A) at all 
headsets for the 75 dB(A) input. The calibration procedure for each pre
sentation was accomplished with the common gain control and with only one 
of the headsets positioned on the artificial ear. 

Signal-to-Noise Ratio 

The MRT word lists were utilized in this study without a common 
carrier phrase. Calibration signals were recorded at the beginning of all 
tape presentations to allow the programmed signal-to-noise ratios to be 
presented to the subjects. The calibration signals were used to adjust the 
speech materials to a presentation level of 75 dB(A). A precision 
attenuator at the output of the pink noise generator was then adjusted to 
provide SIN ratios of -8, -4, 0, +4, +8, and +12 dB at the earphones. 

The average speech levels of the word lists were determined by taking 
the arithmetic average of the peak reading on the A-weighted scale of a 
sound level meter, slow meter response, for each of the fifty words in a 
list. To accomplish these measurements, the subject earphone was placed on 
a Bruel and Kjaer (B&K) artificial ear and the output fed into the sound 
level meter. The word list was played through the instrumentation and the 
50 peak readings were averaged. 
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Natural Speech 

The natural speech word lists were recorded inside a large anechoic 
chamber by a male talker with average mid-western American speech that 
exhibited no accent or regional dialect. A B&K 4145, one-inch, free field 
microphone that fed a TEAC four-channel, professional tape recorder was 
positioned twelve inches in front of the lips of the talkers. The talker 
maintained the desired level of his speech output by monitoring a VU meter. 
The average speech levels of the word lists were determined in the manner 
described in the section on Signal-to-Noise Ratios. A 1000 Hz calibration 
tone was recorded at the beginning of each list at an A-weighted sound 
level equivalent to the average speech level of the word list. The 1000 Hz 
tone was used to calibrate all presentations of natural, coded and syn
thetic speech to the listening panels. 

Coded Speech 

Natural speech word lists were presented to the three "coders" which 
digitized, stored, and synthesized the words, which were then recorded on 
high quality magnetic tape. The tapes of the coder processed natural 
speech were used for calibration of the speech signals and for presentation 
to the listening panels. The average speech levels of the recorded ma
terials processed by the three coder-decoder speech systems were determined 
as described earlier. A 1000 Hz calibration tone equivalent in level to 
the average speech level of the list was recorded at the beginning of that 
tape. 

Synthetic Speech 

The synthetic speech tapes used in this study were provided by Dr. 
David Pisoni, Director, Speech Research Laboratory, Indiana University. 
The word lists were generated by three text-to-speech synthesizers rated as 
generating low, medium and high quality synthetic speech. The average 
speech levels for the synthetic word lists were derived in the same manner 
as for the natural and coder processed speech. A 1000 Hz tone equivalent 
to the average speech level was recorded for calibration at the beginning 
of the tape. 

PROCEDURE 

During the listening sessions, the experimenter adjusted the 1000 Hz 
calibration tone for each word list to a level of 75 dB(A). The average 
speech level remained at 75 dB(A) for all conditions. The experimenter 
then set the attenuator dial to correspond to the SIN ratio called for by 
the experimental design. 

Subjects occupied the same listening station and wore the same headset 
for all test sessions. When subjects were ready and headsets were properly 
worn, the experimenter began the tape presentation. The subjects heard the 
first word and immediately the six word multiple-choice response foil cor
responding to the test word appeared on the LED display. The subject 
depressed the response button that corresponded to the word that was 
recognized. This procedure was repeated for the 50 words in each list. 
Typically, six 50-word lists were accomplished in one listening session. 
Subjects were given fifteen minute breaks in a lounge area between test 
sessions. 

The sequence of evaluating the seven different types of speech and the 
order of presentation of the six SIN ratios for each type of speech were 
random. Measurements were taken consecutively for one system until all SIN 
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Fig. 2. MRT word intelligibility in noise of three text-to-speech 
synthesizers 

conditions were completed, then evaluation of the next system was ini
tiated. 

Primary interest in this effort was the relative speech intelligi
bility in noise of the types of speech studied and to better understand why 
differences were observed. To further this understanding, spectrograms 
were produced of samples of the various speech types in quiet, again 
measured at the headset, to observe the distribution of energy in terms of 
the sounds of speech. 

RESULTS 

Speech Recognition 

Word intelligibility scores for a particular condition were obtained 
as the average number of right answers, corrected for guessing, and con
verted to percent correct. 

Test-To-Speech Systems. The average word intelligibility values in 
noise for the three text-to-speech systems are shown in comparison to 
natural speech in Fig. 2. Natural speech is clearly most intelligible for 
all measured conditions. The high quality synthetic speech intelligi
bility values are surprisingly close to those of natural speech. The high 
quality synthetic speech is slightly more susceptible to the masking noise 
at the two worse signal to noise ratios, but overall the performance is 
very good. Even though recognition values for these two types of speech 
are relatively close, the quality of the synthetic speech is clearly un
natural and subjectively might be expected to be less intelligible in the 
noise than was indicated by the measured values. 

The relative performance of the three synthetic speech systems was 
similar to the qualitative ratings given to them. The intelligibility of 
the high quality system exceeded that of the medium quality system by as 
much as 20 to 30 percent and that of the low quality system by an addi
tional 15 percent. The most significant reductions in performance due to 
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Fig. 3. MRT word intelligibility in noise of three digital 
speech coders 

the noise occurred at 0 SIN ratio for the two lower quality systems, at -4 
SIN for the high quality system and at -8 SIN for natural speech. The 
overall average of the intelligibility of all conditions for each type of 
speech is shown on the right portion of the figure. 

Digital Speech Coders-Decoders. The intelligibility scores for the 
natural speech exceeded those for the three speech coders at all SIN con
ditions (Fig. 3). The differences were quite large and ranged from about 
15 percent at the -8 SIN condition to about 30 percent at the -4 SIN con
dition. The relative intelligibility among the three systems is close with 
an envelope or range of approximately 10 percent. The TDHS/SBC speech was 
clearly the worst of this group even though the magnitude of the difference 
was only about 10 percent. The performance of the LPC and CVSD were very 
similar, however, on the basis of intelligibility in noise alone, the LPC 
might have a very slight edge. The LPC and TDHS/SBC appear to be slightly 
more resistant to the highest noise condition than the CVSD. 

Synthesizers and Coders. The word intelligibility scores for natural 
speech and the coded and synthesized speech are compared in Fig. 4. As 
noted earlier, the high quality text-to-speech synthesizer exhibited word 
intelligibility that ranged from about equal to 10 percent less than the 
natural speech, depending on the SIN condition. Performance was signifi
cantly better than for the other synthesizers and the coders-decoders at 
all the noise conditions. 

The word intelligibility of the coder-decoder systems was generally 
equivalent to that of the low quality synthesizer and less than the medium 
and high quality systems under the higher speech to noise ratios. However, 
the performance of all the synthesizers dropped off sharply in the low 
signal to noise conditions, whereas the coders showed some resistance to 
the noise and better performance than both of the lower quality synthesizer 
systems. 
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Fig. 4. MRT word intelligibility in noise of three text-to-speech 
synthesizers and three digital speech coders 

Speech Spectrograms 

The phrase "Welcome to the speech research laboratory" was produced by 
the natural talker and by the six digital representations of speech in the 
absence of masking noise. Speech spectrograms of these phrases were gener
ated by a List Processing Language (LISP) on a Symbolics 3670 artificial 
intelligence computer. The spectrograms display a 2-second sample of the 
speech along the abscissa, a frequency response of 0 to 7225 Hz along the 
ordinate and relative level is represented by a "darkness scale" of the 
signature. The denser or darker the signature, the higher is the level of 
the speech signal, and the absence of any signature indicates the absence 
of acoustic energy in that region. 

The quality and intelligibility of the natural speech sample were 
better than those of the digital speech samples examined in this study. 
Assuming that there is some relationship between these qualities and the 
spectrogram, natural speech was used as a basis for comparison with the 
others. 

The spectrograms of the three synthetic speech phrases (Fig. 5) vary 
in richness, with the high quality system showing the greatest detail. 
There appears to be less energy at the highest frequencies in the low and 
medium quality spectrograms than in natural speech. The medium quality 
synthetic speech shows similarities to the high quality speech, however, 
the formant regions are less clearly defined, the transitions are not as 
smooth as for the high quality speech, and it appears to contain less 
acoustic information. 

The spectrograms of the speech from the three coders appear much less 
like natural speech than do the synthetic speech displays (Fig. 6). The 
acoustic information is concentrated in the frequency region of 0 to 4000 
Hz. There is clearly less vowel, consonant and transition information, 
except for LPC. LPC is most similar to the natural speech spectrogram in 
the lower frequency bands. CVSD contains poorly defined speech information 
and a reasonable amount of noise corresponding to the speech sounds across 
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Fig. 5. Speech spectrograms 

the full frequency range. TDHSISBC appears to contain the least amount of 
information, with little definition of the speech sounds. 

Samples of the seven types of speech were subjectively rated on the 
basis of their "general quality" or "what sounds best-" LPC seemed to have 
features that were closest to natural speech, except at the higher frequen
cies, and it was chosen third following the high quality synthetic speech. 
The medium and low quality synthetic speech followed in that order with 
CVSD, followed by TDHSISBC. Some relationship is seen among the patterns 
of the spectrograms and the subjective rating of the speech samples. 

The LPC spectrogram through about 5000 Hz is most similar to that of 
natural speech. The others appear to follow an order that very generally 
relates to the subjective ratings. The highest quality synthetic spectro
gram contains the most detailed speech information, and the progression of 
lesser information proceeds through the other synthetic speech to the two 
coders. 

DISCUSSION AND CONCLUSIONS 

This study demonstrated a differential effect of noise on selected 
digital representations of speech. The performance of the natural speech 
in noise was better than that of all six samples of the digital speech. 
The perception of the high quality speech should appear to be very similar 
to that of natural speech and superior to all others evaluated in this 
study. 

The measured intelligibility of the synthetic speech corresponded to 
the subjective ratings with the high quality system providing the highest 
intelligibility and the others following in rank order. Also, the poorer 
quality synthetic speech showed adverse effects of the noise at lower SIN 
ratios than did the high quality speech. This may suggest that the per-
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ceived quality of a synthetic speech is a good indicator of its intelligi
bility in relative quiet. The data are considered inadequate to extend 
this observation to noisy environments. 

The word intelligibility of the digitally coded speech in noise was 
very similar among the three systems. On the basis of our experience with 
the speech produced by these systems, LPG was expected to be the best per
former of the three. The differences between the performance of LPG and 
the other two coders was rather small. Also, the performance of GVSD and 
TDHS/SBG was expected to be equal to or lower than the two lower quality 
synthetic speech samples. The performance of the coders was expected to be 
better than the two lower quality synthetic speech samples. Intuitively, 
the coders or analysis-synthesis systems process a natural speech input, 
whereas synthesizers utilize segments of speech assembled according to 
various rules. Also, the coded speech sounds like natural speech, with 
some distortion, on a noisy communication channel instead of the unnatural 
quality of synthetic speech. The higher performance expected with natural 
speech input and natural sounding output was not reflected in the results. 

The spectrogram data did demonstrate some very general correspondence 
between the rated "general quality" of the speech and word intelligibility. 
The synthetic speech spectrograms contained well defined speech energy 
regions that rather clearly reflected the various speech sounds and transi
tions. The substantially greater detail displayed for the high quality 
speech over natural speech indicates that much of that information is not 
being used in the determination of word intelligibility. A final observa
tion is that even the poor systems were relatively intelligible in quiet, 
in spite of spectrograms which displayed very little speech information. 

All of the synthetic speech sounded unnatural. The feature of 
naturalness of synthetic speech is considered to be highly important for 
most applications, however, it does not appear to be visible in the 
standard speech spectrogram. Whenever this characteristic is sufficiently 
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understood to be readily identified in such analyses of speech as the 
spectrogram, synthetic speech will be developed that cannot be readily 
discriminated from that produced by the natural voice. 

A systematic research program focusing on the perception of synthetic 
speech in noise must encompass a rather broad scope. It must include not 
only the science and technology of digital representations of speech, 
projected applications, and operating environments, but it also must 
concentrate on the operator well beyond the recognition level. Work in 
this area must include the full range of cognitive functions represented by 
comprehension, storage, retrieval and operator actions. Recent results 
from Pisoni's laboratory have demonstrated that the perception of synthetic 
speech generated by text-to-speech systems requires more effort and time to 
process than natural speech, even in quiet. These differences were found 
when the task involved lexical decisions, naming, and sentence verification 
[10,11J. It has also been reported that text-to-speech generated stimuli 
place greater capacity demands on short term memory than natural speech 
[12J. Much remains to be accomplished in the perception of digital speech 
in quiet and in noise. 

This effort confirms that the perception of digital speech, including 
synthesis and analysis-synthesis, is a rather complex process and that 
perception in noise, even at the recognition level, is not well understood 
nor easily explained at this time. 
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DISCUSSION 

Smoorenberg: The word reception thresholds are rather low (50% score) 
for a 9 dB SIN ratio. What is the spectrum of the noise and how do you 
measure the level of the speech words? 

Nixon: The spectrum of noise was white noise. The speech signal was 
calibrated according to the ISO draft and the new ANSI draft which 
recommends A-weighting and a slow meter average the peak or the a weighting 
on a slow meter (the recommended 150 and ANSI). 

Manninen: We have found that speech production itself deteriorates in 
noise, especially spectral characters of the speech. It implies that there 
is a type of vicious cycle i.e., not only is it harder to perceive speech 
in noise, but the actual signal generator is degraded in the noise, thereby 
further compounding the difficulty. 

Nixon: The algorithm designers recognize that the acoustic phonetic 
features are very important, and when we speak in noise there are subtle 
changes in speech that are different from speech in quiet. If we are 
dealing with an automatic speech recognition system that we want to employ 
in noise environment, then we can not train it in quiet because the subtle 
features of the speech signal will be different and its recognition 
accuracy not as good. 

Tyler: I am surprised with the observation that putting the words in 
a carrier pharse resulted in poorer performance. I believe there is some 
evidence from normal hearing listeners with distorted speech that typically 
improves performance. It seems like as long as they knew where the word 
was going to be, i.e., say the word ______ _ 

Nixon: Our presentation was: "You will mark the word same please, you 
will mark the word gun please," etc. Yes, we found that using this system 
there is no significant differences in the perception of isolated words 
versus words in a carrier phrase. Once the subjects are trained using the 
MRT. So yes, we were also quite surprised. 
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CONCEPT - REFERENCE COHERENCE IN SPEECH PERCEPTION: CONSEQUENCES FOR 

NATIVE AND SECOND LANGUAGE SPEECH COMPREHENSION IN NOISE 

SUMMARY 

H. M. Borchgrevjnk 

Joint Medical Service of the Norwegian Armed Forces 
FSAN, Oslo mil/Huseby, Oslo 1 

Simple Norwegian [10] and English [10] every-day sentences were read 
by a bilingual adult, tape recorded and presented individually to adults 
with English (n=13) or Norwegian (n=13) as their first language and with 
good (university level) command of the other language. Sentences were 
presented at 65 dB SPL with a background noise of sufficient intensity to 
mask the sentence. The level of the noise was progressively reduced in 2 
dB steps until the subject could adequately repeat the sentence. Normal 
hearing was assured by pure tone threshold audiometry prior to testing. 

The results demonstrated that for both groups the native language sen
tences were correctly repeated after fewer presentations, i.e., 
(approximately 3 dB) lower signal-to-noise ratio than the second language 
sentences (p<O.OOl), even under these "close to optimal" conditions. 

The results show that second language message comprehension may be 
impaired under backgraound noise conditions that are sufficient for ade
quate comprehension of native language speech. The phenomenon may thus 
have negative influence upon acquisition of information presented in a 
foreign language, e.g., influence safety/control operations that are ver
bally based. 

INTRODUCTION 

The problem of studying di.fferences between native and second language 
comprehension is that the second language comprehension threshold inevi
tably will also mirror second language proficiency and command in the 
listener. Simple comparisons of native and second language speech compre
hension in noise, for some groups of subjects on a (random) sample of 
sentences may give arbitrary comprehension threshold difference - and thus 
be of limited general interest. 

However, if a significant difference between native and second 
language speech comprehension thresholds could be demonstrated under 
conditions where the relevant variables for speech comprehension were 
controlled, one would be left with the eventual "net effect" of concept -
reference coherence upon comprehension of (native and second language) 
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speech -- to which, in practice, the other elements of influence would be 
added in a given listening situation. 

If an effect could be demonstrated under "optimal" conditions, second 
language speech comprehension would be expected to be significantly im
paired in a number of situations in daHy life. 

ON CEREBRAL STRATEGIES FOR SPEECH PERCEPTION 

Language i.s a means of communicatton by way of symbolic representation 
of concepts and thoughts. In speech, a number of charactertsttc sound pat
terns (phonemes) are combined to create entities (words, morphemes) that 
refer to speciftc concepts. The words are correspondingly combtned to com
municate informatton that cannot be accurately expressed by a single word. 

The speaker communicates his message by transforming his thoughts into 
speech accordi.ng to the rules of the language. The goal of the listener is 
to derive the communicated message using primarily the acoustic pattern 
analysis of the sounds uttered by the speaker. Successful communication 
requires that the words and modes of expression used by the speaker evoke 
the appropriate associations and refer to familiar concepts in the 
listener. 

One puzzling phenomenon of speech perception is how a person can 
derive the correct messages from continuous speech - and even follow logi
cal reasoning - without needing intermediate pauses for analysis and 
adapt.i.on of the acoustical input. To accomplish this, the listener must 
obviously perform some sort of rapid, progressive analysis of the utterance 
while it 1s pronounced by the speaker. An explanation is offered by the 
"analysis by synthesis" model of speech perception [1], where the listener 
is believed to "guess" (synthes:!.ze) the most probable content of the ent:!.re 
utterace - based on the analyzed information available at each moment, con
sulting "lexicon stores," grammatical rules, and knowledge acquired through 
prev:!.ous experience. 

The "analys:!.s by synthes:!.s" model implies that the strategy of speech 
perception w:!.ll involve comparison: the information progressively pre
sented by the speaker is continuously compared w:!.th the listener's expected 
(guessed, synthesized) completion of the utterance. As the speaker pro
ceeds, the number of probable completions is progressively reduced. Conse
quently, the listener most often knows (by guessing) the content of the 
utterance by or before the actual ending, thus being prepared for what 
follows without delay. Several models of speech perception introduce 
corresponding concepts of "active listening," "analysis by synthesis," etc. 

A consequence of such a model is that speech perception will be a 
function of the listener's ability to produce rapid and relevant alterna
tives of sentence completions. Such sentence synthesis must be regarded as 
a creative, cognitive process involving logical reasoning. Rommetveit [2] 
found that log:!.cal reasoning and cognitive operations i.n children are im
proved i.f one uses referential units that are represented as "discrete, 
meaningful and familiar" entities in the individual. 

The comprehension level needed for operative semantic competence is 
therefore far beyond the level required in conventional assessment of word 
comprehension [2]. 

In children, the acquisition and command of language develops along 
with, and in close connection with cognitive development. Because of this, 
one would expect a tighter link between words (references) and concepts in 
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a person's first (naive) language than in a second language, where a new 
reference code is introduced for access to the already established semantic 
memory and association network. It is a common observation that true 
native command of a language appears to be acquired only through practical 
language performance in childhood - most probably before a certain critical 
age) somewhat before puberty, after which age the person will characteris
tically fail to acquire native language command of a second language and 
most often will be unable to drop the accent and phoneme boundaries/ 
categorical perception of hi.s first language. This seems to be true even 
for professional interpreters (author's observation). 

If the degree of established coherence between reference and concept 
influences logical reasoning ability, as indicated by Rommetveit [2J - and 
speech perception is a function of the listener's ability to synthesize 
relevant alternatives of message completion during the utterance - second 
language speech comprehension would be expected to be poorer than native 
language comprehension of corresponding complexity, even if all words 
involved appear to be well comprehended. 

Normal speech contains superfluous information, far more than essen
tially needed for communicating the message. This would be expected to 
compensate for eventual poor second language concept-reference coherence in 
many situations. However, if the "informational overflow" (redundancy) is 
reduced below a certain level, the communicated message will not be ade
quately comprehenced by the listener. This may occur in case of poor 
signal-to noise ratio registered when a spoken utterance is just compre
hended. Regardless of which cues that carry essential semanUc informa
tion, individuals familiar with the reference code would be expected to be 
able to perceive the content at a lower signal-to-noise raUo - that means 
to synthesize the message from fewer informational cues - than individuals 
with less established concept-reference coherence. 

Syntax and semantics both influence sentence intelligibUity [3J. 
Intonational block boundaries have a strong tendency to coincide with, and 
thus signal, syntactic block boundaries [4J. Using stimuli that are short, 
regular statements of the type noun + verb + complement/adjunct, syntax and 
intonation as well as prosody will provide the listener with few clues to 
sentence comprehension. If one presents tape-recorded, isolated sentences 
to the same listener in his first and second language, the influence of 
cognitive capacity, experience, tempo, concept familiarity and non-verbal 
communication elements would be controlled ("the same man with the same 
brain") - leaving concept-reference coherence in the native and second 
language as the variable. In such a paradigm, the syntax of all sentences 
as well as the contents/semantics must be unknown to the subject, whereas 
all the words and concepts must be known. Further, a corresponding degree 
of concept/word familiarity in the two (necessarily) different sets of 
sentences (one set in each of the two languages) is needed. This can be 
compensatorily controlled by presenting the same two sets of sentences to 
two groups of listeners, each being native speakers of one of the two 
languages involved, and having good command of the other (second) language. 
If both groups of listeners then comprehend all sentences, while compre
hending the sentences presented in their first language at a lower signal
to-noise ratio than the sentences presented in thei.r second language, 
sentence intelligibUity would be demonstrated to be a function of concept
reference coherence, supporting the idea of speech perception as an active, 
"top-down" process involving more than plain decoding of acoustic 
information. 

If an effect could be demonstrated under "optimal" conditions (with 
all the sentences read by a true bilingual person with perfect accent/ 
pronounciaUon in both languages, using well-educated, normal hearing 
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subjects with good command of their second language as listeners), second 
language message comprehension would be expected to be significantly im
paired in a number of situations in daily life, especially in background 
noise, even under conditions proved sufficlent for native listeners. 

METHOD 

The comprehension threshold for sentences presented in the first 
(native) language and the second language were compared for 13 Norwegian 
adults (males and females) with unlversity degrees and "professor level 
command" of EngUsh, and for 13 English adults (males and females) with 
university degrees and/or corresponding command of Norwegian. The sub
jects were recruited from the University of Oslo, The British Council, Oslo 
and the Briti-sh Embassy, Oslo (Norway). Normal hearing was confirmed by 
pure tone threshold audiometry prior to testing. 

The stimuli were 10 Norwegian sentences and 10 English sentences, all 
semanticaly different, but with corresponding syntax. They were short, 
everday utterances of about four lexical words each, typically noun + verb 
+ complement/adjunct. The sentences were devoid of specific cultural 
idioms. The phoneme frequencies (occurrence) in each sentence set corre
sponded to that of the respective language.. The initial word in each 
sentence gave no clue to the completion. No thematic relationship existed 
between any of the sentences, which were all unknown to the subjects. The 
words included were familiar to everybody in both languages. 

The sentences were read by a bilingual male adult (with one Norwegian 
and one English parent, having moved regularly between the two countrles 
slnce birth) as if occurring in daily conversation. His reading was 
supervised by university professors with native command of each language. 
The sentences were then tape-recorded on a full-track Nagra Kudelski tape 
recorder (Bruel & Kjaer condensor microphone), from which they were copied 
onto one track of a two-tract Nagra Kudelski tape recorder (on-line), each 
sentence repeated 10 times with 6 secs intermediate intervals. USASI
noise was recorded on the other tract, starting about 1/2 sec before each 
sentence repetitlon and ending about 1/2 sec after the last word of the 
sentence. The sentence was thus "hidden" in the nolse. 

During testing, the subject was sitting alone in an easy-chair in a 
sound-attenuated room facing a loudspeaker which was mounted with the 
center 140 cm in front of his face (free field conditions, Tandberg TL 5010 
loudspeaker, modified by the factory for optimal linearity). The investi
gator, placed in the adjoining room, could check the subject's position 
through the window. The two could communicate with each other through a 
separate intercommunication system. The subject was given a short, stand
ardized, written instruction. When his understanding of the task was 
verbally confirmed, both tracks of the tape recorder were connected to the 
loudspeaker (via a Quad amplifier). 

Each sentence was first presented with a background noise completely 
masking it and then repeated with the (USASI) noise level progressively 

• For the English sentences, one followed the phoneme frequencies given 
in A. C. Gimson, An Introduction to the Pronounciation of English, 2 
ed. London 1970, pp. 148, 219. As no phoneme frequency count has been 
published for Norwegian, a fairly extensive count was carried out, 
uslng newspaper articles (lnformal interviews) in the type of 
Norwegian used in the set of sentences. 
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reduced in 2 dB steps from presentation to presentation. (USASI noi.se may 
be described as "synthetic cocktail-party/conversation noise.") 

The sentences (signal) were always pressented at 65 dB SPL (sound 
pressure level, dB reI. to 2 x lO(-5)N/m2 measured free field in the test 
chamber just in front of the ear of a subject seated as described above). 
The noise level was 76 dB SPL at the first presentation of each sentence, 
being lowered in 2 dB steps to 56 dB SPL at the last presentation of each 
sentence. 

The task of the subject was to repeat the utterance verbally in the 
5 sec. pause following each presentation. The investigator listened, 
marking in a scheme how many presentations the subject needed to repeat 
each sentence correctly, also indicating the kind of error if the subject 
was close to the solution. The sentences in each of the two languages were 
presented in fixed order and at the same sound pressure level for all sub
jects. Half of the subjects in each native language group started with the 
English sentences, the other half started with the Norwegian sentences. 
They were informed whether the following sentence would be in English or in 
Norwegian. 

RESULTS 

The results demonstrated that for both subject groups, the first 
(native) language sentences were correctly repeated after fewer presentat
ions - that means at a lower (approximately 3 dB) signal-to-noise ratio 
than the second language sentences. The difference between the naive and 
second language repetition thresholds were statistically significant for 
both subject groups (p<O.OOl) when applying t-test on the mean number of 
presentations needed for correct repetition of sentences (Table la). The 
same was true when using a criterion that tolerated error in one lexjcal 
word or in two grammatical words (Table 2a). Mean sentence repetition 
thresholds in terms of signal-to-noise ratio are given in Tables lb and 2b. 

DISCUSSION 

As all the subjects had normal hearing and the same sentences were 
presented by tape recorder at the same sound pressure level and at the same 
signal-to-noise ratio, any recorded difference in sentence repetition 
faculty must reflect the influence of non-acoustical parameters. 

Sentence intelligibility has been shown to decrease with decreasing 
contextual influence [5J. For instance, ungrammatical phrases with no 
meaning are more difficult to "shadow" than meaningful sentences [3J. 
Repetition of nonsense sound pattern will accordingly require better 
signal-to-noise ratio than is needed for repetition of meaningful 
sentences. 

If one increases the signal-to-noise ratio of an unknown sentence, 
starUng at an unintelligible level as in this experiment, the sentence 
comprehension threshold will accordingly be reached before the nonsense 
sound repetition threshold. Consequently, sentence repetition reflects 
sentence comprehension in the present paradigm. 

The influence of cognitive capacity, experience, tempo, concept fami
liarity and communicational context were controlled by presenting the same 
two sets of tape-recorded Norwegian and English sentences to the same two 
groups of listeners. The influence of grammatical knowledge was controlled 
by the use of short regular phrases. The sentences were devoid of cultural 
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TABLE 1. CORRECT REPETITION OF SENTENCES 

Norwegi.an English 
subjects (n= 13) subjects(n=13) T-test 

a) number of 
presentations mean SD mean SD value prob. 

10 Norwegian sentences 6.55 0.64 8.55 1.33 4.88 p<O.OOl 
10 English sentences 7.54 0.83 6.31 0.68 4.13 p<O.OOl 

b) signal-to-noise 
ratio needed (dB) 

10 Norwegian sentences 0.10 1.26 3.90 2.66 4.88 p<O.OOl 
10 English sentences 2.10 1.66 0.40 1.36 4.13 p<O.OOl 

TABLE 2. SENTENCE REPETITION WITH ERROR IN ONE LEXICAL WORD 
OR IN TWO GRAMMATICAL WORDS 

a) number 
presentations 
needed 

10 Norwegian sentences 
10 English sentences 

b) signal-to-noise 
ratio needed (dB) 

10 Norwegian sentences 
10 English sentences 

Norwegian 
subj ects (n= 13) 

mean 

5.22 
6.60 

-2.60 
0.20 

SD 

0.61 
0.77 

1.22 
1. 54 

English 
subjects 

mean 

6.98 
5.02 

1.00 
-3.00 

(n= 13) 

SD 

1.26 
0.63 

2.52 
1.26 

T-test 

value 

4.53 
5.73 

4.53 
5.73 

prob. 

p<O.OOl 
p<O.OOl 

p<O.OOl 
p<O.OOl 

idioms, and the beginning of each sentence gave no clue to the conclusion. 
All sentences were comprehended by all of the subjects. 

The recorded differences between native and second language comprehen
sion thresholds must therefore be ascribed to different degrees of concept 
- reference establishment/coherence in each listener's native and second 
language, following the reasoning presented in the introduction. 

COMMENTS AND IMPLICATIONS 

The results show that individuals need fewer acoustical cues to 
comprehend sentences presented in their native language than corresponding 
sentences presented in thei.r second language, even for simple everyday 
sentences presented under "optimal" conditions to people with good command 
of their second language. Put another way - the subject's ability to "fill 
in," guess or synthesize what is hidden in the background noise and arrive 
at a probable, meaningful message, is better for messages presented in his 
native language, which is acquired along with concept learning and cogni
tive development in early childhood. 

Interestingly, English and Norwegian speech comprehension thresholds 
were the same for one subject born in South Africa by Norwegian parents, 
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speaking only English until moving to Norway at the age of ten years, after 
which they spoke only Norwegian. However, he spoke Norwegian with a heavy 
accent - indicating di.fferent critical periods for the establishment of 
native competence for different speech/language features. 

The results provide experimental support for the relevance of an 
"analysis by synthesis" element in models of speech perception, demonstrat
ing that adequate speech perception relies upon "active listening" and 
"top-down" processes which involves creative cognitive functions resembling 
logical reasoning. 

In terms of models of semantic memory organization [6,7J, the capacity 
for relevant sentence synthesis in speech perception would be a function of 
the size and quality (richness) of the association networks activated by 
the language (reference code) in question. 

Adequate "filling in" for what is hidden in the noise should accord
ingly improve with increasing number of relevant associations, in good 
agreement with the present results: speech perception improving with 
increasing concept - reference coherence/establishment. 

If so, concept-reference coherence would also be expected to lead to 
impaired acquisition of written information, even when all the words pre
sented are known by the reader. Besides, the less efficient access to the 
concept/association level via the second language would most likely imply 
slower, less direct signal processing, leading to impaired comprehension of 
both written and spoken second language beyond a certain (threshold of) 
tempo (a phenomenon familiar at least to the author!). 

Any percept must be regarded as the brain's interpretation of a given 
sensory input - judged against a background of environment and experience. 
For the brain, the percept can therefore not be false or correct, only the 
best (most probable?) interpretation when taking into account the actual 
circumstances of influence. 

A marginal signal-to-noise ratio will leave the listener with few 
clues to the presented verbal message, increasing the chances of the brain 
making a wrong "guess" and reducing the chances for the brain to realize 
that the guess was wrong. Consequently, the brain may stick to the wrong 
guess - which will appear to be the correct message for the listener, who 
will behave according to the (wrong) message. 

Wrong guesses would be expected to be influenced by the subject's 
native phoneme system, leading to association networks activated by the 
most probable native language concept activated by the speech signal. 
Indications of this were illustrated by the type of error (wrong guesses) 
registered in some of the subjects in this study. 

Such misinterpretation may easily lead to disaster in verbally based 
safety routines (e.g., in aviation/air traffic control). English is the 
language generally used in aviation throughout the world. A considerable 
number of flights, therefore, involve aircrew or air traffic controllers 
for whom English is a foreign language. The communication is mediated by 
intercommunication systems with amazingly poor characteristics as regards 
signal-to-noise ratio and distortion. As one needs a better 
signal-to-noise ratio to comprehend messages presented in a foreign 
language, aircrew and air traffic controllers that are non-native speakers 
of English may accordingly represent a hazard to aviation safety due to 
increased chances of misinterpretation of lack of comprehension of 
essential messages. 
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The English language used in aviation is strongly influenced by 
(technical) jargon, which should be familiar to all individuals trained for 
key positions in aviation or air traffic control regardless of native 
language. This might be regarded to counteract or more or less eliminate 
an eventual negative effect of second language upon speech comprehension in 
routine aviation. 

However, for reasons of aviation safety, aircrew and air traffic con
trollers must be capable of understanding unexpected messages which are 
most likely to occur in critical situations. Under poor listening condi
tions the advantages of jargon may easily lead to increased problems. Such 
jargon typically contains only essential information (little or no redun
dancy) given as standard orders of largely the same sentence length and 
with standard prosody/intonation pattern. As signals, they will accord
ingly be grossly identical. The brain, which is biased towards perception 
of one of the routine commands, will need an extra di.stinct message and 
favorable listening conditions to get rid of this bias - if not, the person 
is likely to be "stuck with his original guess/interpretation [8]. (Ex
amples of thi.s phenomenon were seen in this study, but not frequently, as 
demonstrated by the low standard deviations obtained - see Tables 1 and 2.) 
Conditions designed and proved to be just suffici.ent for native language 
comprehensi.on may thus leave the foreigner wi.th too few clues for adequate 
decodi.ng of the message. Correspondi.ng arguments will be valid for a 
number of conditions involving second language comprehension (in 
noise/distortion). 

The influence of concept - reference coherence upon speech comprehen
sion is a good example of the influence of non-acoustical parameters, and 
the consequent relevance of a "top-down" approach to the study of speech 
perception. Another example is the loss of pitch control i.n singing whi.le 
preserving pitch control (prosody) in speech, observed during (temporary) 
selective right hemisphere anaesthesia [9]. In a "bottom-up" approach, 
studying the subject's ability to analyze some isolated fragment of speech, 
one may easily activate other analyzing systems in the brain than those 
relevant for the complex sound analysis in question - so that the results 
of the study may be irrelevant for the processes one intended to study a 
part of [10]. 

The present experiment demonstrated impaired second language speech 
comprehension even under conditions that may be regarded as close to 
optimal. Second language speech comprehension would be expected to be even 
poorer in a number of situations (e.g., 

- poor second language competence in the listener 
- poor second language competence in the speaker 

with foreign accent and consequent errors in phoneme/word 
pronounciation and prosodic features 

- unfamiliar context/theme/comcepts/cultural idioms 
- sentences where the last part could be guessed with high probability 

from the first part 
- high speech tempo 
- distorted speech (e.g., radio/intercom./reverberation conditions 
- noise-induced hearing loss in the listener 
- poor audHory discrimination/identification and cogni.tive faculty 

in the listener 
- second language phoneme boundaries less close to those of the 

listener's native language than in the case of English/Norwegian), 

from what is known of the effects of these parameters upon speech percep
tion in general. However, second language speech comprehension would be 
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expected to be improved if the non-native speaker had the same first lan
guage (phoneme pronounciation and prosodic features) as the listener -
e.g., in case of English spoken with French accent to French listeners 
[ 11 ] • 

If one wants to test whether a person's speech comprehension faculty 
is sufficient for service under certain conditions, the most adequate 
functional evaluation would accordingly be to examine his comprehension of 
unexpected messages under (field or simulated) condiUons relevant for the 
situation in question [12J. 

Used as a test, the present paradigm can serve to compare native and 
second language comprehension faculty in a subject, for instance to decide 
which should be considered his first/native language. Besides, the para
di.gm can be used as a test for speech j ntelligibility threshold in noise in 
either language - and to decide the degree of speech comprehension handicap 
in a given subject, as well as decide whether he has suffjcient (second) 
language comprehension ability for a given operative service - for instance 
whether he should be allowed continued service with an acquired hearing 
loss. 

CONCLUSION 

This study demonstrates that speech percepUon must be considered an 
active, "top-down" process that draws heavily upon cognitive strategies and 
concept-reference coherence; the degree of establishment between the con
cept level and the reference level in the code (language) used. 

Normal speech contains superfluous information, far more than essenti
ally needed for communicating the message. Under poor listening condi
tions, one needs more acoustical information (better signal-to-noise ratio) 
to comprehend second language messages than corresponding native language 
messages, even for comprehension of simple sentences where all words in
cluded are well understood. 

The phenomenon may lead to impaired acquisition of material presented 
in a (even well-commanded) foreign language, and may influence safety/ 
control operations that are verbally based, especially when unexpected or 
complex conditions that a~e (just) sufficient for native listeners (e.g., 
air traffic control). 

Adequate prophylaxis would include improved listening conditions 
(reduced background noise and distortion), as well as introduction of 
specific tests for (second language) speech comprehension under relevant 
operative conditions. The present paradigm may serve as a model for such 
tests. 
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DISCUSSION 

Gerken: One of the problems in the bilingual stud:i.es when comparing 
performance :i.n two languages, it is always diff:i.cult :i.n decid:i.ng which 
language is the persons dominant language. I was wondering if you would 
comment on whether you thought that this experiment might be turned around 
and converted into an objective test of language do~inance •• 

Brochgrevink: I certainly think so, because language proficiency 
obviously effect the threshold difference. We have one person raised in 
South Africa by English speakIng, Norwegian parents who move to Norway at 
the age of 9, then chang:!.ng to Norwegian speech. He spoke Norweg:!.an w:!.th 
an English accent but he scored exactly Eke a nat:!.ve on both sentence 
tests. 

Smoorenberg: A comment with respect to the method. Your subjects 
repeat the same sentence at higher signals to no:!.se rat:!.os. From our 

366 



experience, when people have responded incorrectly, they tend to stick to 
that incorrect response. Our experience is that it is better and more 
reliable to use a new sentence with every presentation. 
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A PARAMETRIC EVALUATION OF THE EQUAL ENERGY HYPOTHESIS 

INTRODUCTION 

Donald Henderson and R. P. Hamernik 

University of Texas at Dallas 
Callier Center for Communication Disorders 
1966 Inwood 
Dallas, TX 75235, USA 

A current issue of debate is whether the effects of impulse/impact 
noise are the same as the effects of continuous noise. Passchier-Vermeer 
[1J reviewed several demographic studies and reported that for equal amounts 
of sound energy, exposure to noises that had impulsive components produced 
larger amounts of hearing loss than the exposure to continuous noise. A 
series of laboratory studies, using an animal model of hearing loss, have 
shown that exposure to impulse noise of 140 dB or greater produces lesion in 
the cochlea that are probably mechanical in nature [2,3J and the pattern of 
recovery of auditory sensitivity following the exposure is often compli
cated; i.e., there is an initial period of recovery of sensitivity, then a 
reversal to higher levels of loss at 6 to 12 hours post-exposure, then a 
more gradual return to either a permanent hearing loss or to pre-exposure 
levels of auditory sensitivity [4,5J. 

The audiological and morphological differences between the effects of 
continuous and impulse noise may have important implication for the scien
tific rationale of noise standards. The Equal Energy Hypothesis (EEH), as 
proposed by Burn and Robinson [6J, assumes that the permanent hearing loss 
produced by exposure to noise is a function of the A-weighted sound energy 
of the exposure. This is an attractive idea because there are some data 
consistent with it [7J and it is simple to apply. Atherley and Martin [8J 
have proposed an extension of the EEH to cover the effects of impulse noise. 
It is difficult to assess how appropriate the EEH is for impulse or impact 
noise in industry, because impulse or impact noise is usually accompanied by 
background continuous noise. Furthermore, most of the demographic studies 
of either continuous or impulse noise contain so much intersubject variabil
ity [9,10J that it is difficult to evaluate the effectiveness of the EEH or 
any other theory of hearing loss. 

Thus, the following experiments were designed to evaluate the EEH for 
impact noise in a controlled laboratory setting. Ward et al. [11J have 
pointed out that there are different forms of the EEH. While this is true 
and relevant for the establishment of noise standards, this paper is con
cerned with the generic form of the EEH (i.e., hearing loss is proportional 
to the total energy of the exposure) and how it applies to impact noise. In 
order to test the EEH under a number of conditions, experimental animals 
were all exposed to one of 17 conditions, each with the same amount of 
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acoustic energy. The actual conditions were varied between peak pressures 
of 107 to 143 dB SPL and rates of 4/sec to 1/16/sec. 

METHODS 

Subjects. Seventy-five adult chinchillas were used as subjects. The 
animals were anesthetized (0.1 mg/kg Ketamine) and made monaural by the sur
gical destruction of the left cochlea. A chronic bipolar electrode was then 
implanted in the region of the inferior colliculus using procedures outlined 
previously [12]. The animals were allowed to recover for several days prior 
to threshold testing . 

Audiological Assessment. Auditory evoked response (AER) was used to estimate 
hearing thresholds [12,13]. Three pre-exposure thresholds were measured at 
0.5, 1, 2, 4, 8, and 16 kHz; the mean of three measures was used to estab
lish the pre-exposure thresholds for that animal. After the exposure, the 
animals were tested at 0.5, 2, and 8 kHz at post-exposure times of 0.25, 2, 
8, 24, and 240 h in order to estimate the amount of temporary threshold 
shift (TTS) and the threshold recovery function. At 30 days post-exposure, 
thresholds were remeasured at all frequencies in order to estimate the 
amount of permanent threshold shift (PTS). 

Exposures. One or two animals at a time were placed in small separate cages 
(31 x 51 x 38 cm) located below a loudspeaker and were given free access to 
food and water. The animals were then exposed to electronically synthesized 
impact noise. The impact consisted of a burst of broadband nOise, whose 
spectrum was shaped with an equalizer, so that it roughly approximated that 
of an impact generated by striking a steel plate with a hammer [14,15]. The 
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Table I contains the exposure conditions. Two variables were systemat
ically manipulated. Experiments B, C and D were conducted to examine the 
effect of "rate of presentation," thus the impact was delivered at B=l/sec, 
C=4/sec and D=l/sec. Within each experiment, the level was varied between 
107 to 143 dB (peak equivalent SPL). All the experimental groups were 
counterbalanced in terms of level, rate and number of impacts, so that each 
group received the same amount of acoustic energy. Not all the conditions 
have been completed, but the results, to date, are quite interesting. 

TABLE I 

EQUAL ENERGY EXPERIMENT 

Exposure Exposure 
Level Rate Duration Rate Duration 

107 dB 4/s 5 days 4/s 5 days 
113 dB lis 5 days 4/s 30 hr. 

(A) 119 dB 1/4s 5 days (C) 4/s 7.5 hr. 
125 dB 1/16s 5 days 4/s 1.8 hr. 
131 dB 1/64s 5 days 4/s .47 hr. 
137 dB 1/256s 5 days 4/s .12 hr. 
143 dB 1/1024s 5 days 4/s 1.8 min. 

107 dB lis 20 days 1/4 s 80 days 
113 dB lis 5 days 1/4 s 20 days 
119 dB lis 30 days 1/4 s 5 days 

(B) 125 dB lis 7.5 days (D) 1/4 s 30 hr. 
131 dB lis 1.8hr. 1/4 s 7.5 hr. 
137 dB lis .47 hr. 1/4 s 1.8 hr • 
143 dB lis • 12 hr. 1/4 s • 47 hr • 

electrical signal was generated by multiplying (Analog Devices AD534) the 
spectrally-shaped noise with the output from an exponential waveform genera
tor. The waveform generator controlled the repetition rate and envelope of 
the synthesized impact. The signal was amplified and transduced by a loud
speaker located above the animal's head. Fig. 1 shows the waveform and 
spectrum of the impact. The duration of the impact at a point 20 db down 
from the peak was 200 ms and the nominal rise time of the signal was 12 ms. 

RESULTS AND DISCUSSION 

The Effect Of Level 

After each of the exposures, hearing loss was monitored at .5, 2 and 8 
kHz at various times after the exposure for 30 days. Fig. 2 shows the 
average temporary threshold shift (TTS) immediately after the exposure for 
each of the levels at each of the three repetition rates, i.e., B=l/sec, 
C=4/sec and D=l/sec. The trend of the data is clear: as the level of the 
impulse is increased, the level of TTS, at each of the test frequencies, 
increases. The actual rate of increase in TTS with increased level is 
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difficult to state because not all the experimental conditions have been 
completed. Also, the audiometric test system limits TTS measurements above 
70-80 dB. Thus, the level of TTS may even be higher for some of the condi
tions, i.e., levels of 131 dB and greater. 

A perspective on the variability across subjects and groups is provided 
in Fig. 3. This figure shows the TTS for individual subjects, at each of 
the three test frequencies, for the seven levels of Experiment C. While the 
data overlap between groups, the 119 dB impulses may be at a transition 
pOint because of the extreme variability at this level (i.e., 15 dB TTS for 

372 

TTS 

80 .:g'NJ8 t~i I I I 

:0 8.0 kHz 

60 

50 

40 

30 

20 

10 

70 

60 

50 

40 

30 

20 

10 

80 ~o. 5 kHz 
2.0 kHz 
8.0 kHz 

70 

60 

50 

40 

30 

20 

10 

B - 1/Sec 

c - 4/Sec 

o - 1/4 Sec 

80 ~o. 5 kHz 
2.0 kHz 
8.0 kHz 

60 

40 

20 

o 
L -10 

80 "':'0.5 kHz 
2.0 kHz 
8.0 kHz 

60 

40 

20 

o 
-10 

PTS 

B - 1/Sec 

c - 4/Sec 

107113 "9 125 ,,31 1.31 143 

80 ~o. 5 kHz 
2.0 kHz 

60 

40 

20 

o 
-10 

8.0 kHz 

o - 1/4 Sec 

LEVEL(dB peSPL) 

Fig. 2 The average (N=4 or more animals) 5, 2 and 8 kHz. Group B 
received the impacts at 1/sec; Group C at 4/sec and Group 
D. 



EXP C 80 EXP C c 0 

00 0 0 c 
§ <) 

~ o ~8 0 6GO oC o 0 00 0 0 D 
60 

'" 8 ~ i)!l 0 0 a~ 0 
AO ~ Q c 

t oo 0 o ~ .. 0 c 
0 0 0 ~ 8 00 , oa DO ,!O 0 AD 0 Q OJ 0 A 0 

~ • '" 6 0 A A 40 • • , 
• • A 

0 0 A ~ D 
0 00 (/) 

A 

! Q 

~ o f- 20 0 0 • a. ~~ 0 :, 08 0 .0 5 Hz • . 0 kHz .0 
It> o 2 0 kHz 8 0 tg~ Q o 2 0 kHz 

0 8 0 kHz 0 A ~ 0 
0 8 0 kHz 

£ 
- 10 • 

10 2 107 113 119 125 131 137 14 3 148 102 107 1 13 1 19 125 131 137 143 148 

[mpoc! Lev" I (dB peSPL) Lm oc Leve I ( B eSPL 

Fig. 3 Individual TTS and PTS for all the experimental subjects 
of Group C. 

one subject at 4 kHz to 85 dB TTS for two subjects at 2 and 8 kHz). By 
contrast, the higher levels (>119 dB) have relatively homogenous results. 

The experimental animals were retested 30 days after the exposure; the 
hearing loss at that time was defined as permanent threshold shift (PTS). 
The right side of Fig. 2 shows the average PTS for the three experiments. 
There is a range in each of the three experiments where there is no signifi
cant PTS (107 to 125 for Band D and 107 to 119 for C). Above these levels, 
however, there is a substantial increase in PTS. The results from individ
ual subjects are quite consistent with the group averages. The right side 
of Fig. 3 shows the individual PTS for the animals in Experiment C, the 
4/sec exposures. Animals in the 107 to 119 dB groups recover or have minor 
amounts of PTS; in the 125 dB group, there is a large range from normal to 
60 dB PTS; above 125 dB, all animals developed severe PTS at all test fre
quencies. Thus, the transition level of 119 dB seen in the TTS data also 
appears in the PTS results. 

A distinction between the effects of impulse and continuous noise is 
more a question of degree rather than a dichotomy; i.e., very high levels of 
continuous noise can cause the same effects as impulse nOise, and, con
versely, low levels of impulse or impact noise can produce the same effects 
as continuous noise. If we are concerned with the effects of impulse noise 
that are different from the effects of continuous noise, then one issue is: 
what levels produce "impulse" effects? The results of these experiments, as 
well as other experiments from our laboratory, suggest that, for the chin
chilla, the 119 to 125 dB region may be a transition region. In the current 
experiment, even though all groups were exposed to the same amount of acous
tic energy, only exposures of 119 qB or greater provided significant PTS. 
In an earlier experiment [15], chinchillas exposed to similar impact noise 
acquired TTS at the rate of 1.5 dB for each dB of impact noise below 119 dB; 
when the level of the impulse was over 119 dB, TT3 increased at the rate of 
3.5 dB for each dB increase in the noise. 3poendlin [16] has reported that 
the cochlear pathology of guinea pigs changes when the level of an impulse 
is increased over 120 dB, and shows many of the signs of direct mechanical 
damage. These results suggest that the type of damage in the cochlea is 
partially the level dependent upon, but it is quite likely that the transi
tion level will vary with the signature of the impulse and the species. 
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The Effect of Rate 

The importance of the rate of presentation can be seen in Fig. 4. The 
top panels show the TTS and PTS data from the 113 dB exposures. When the 
rate of presentation was increased from 1 every 4 seconds to 4 per second, 
TTS increased a minimum of 15 dB at 5 kHz to an average 29 dB at 2 and 8 
kHz. However, each of the groups recovered to essentially pre-exposure 
levels or minimum amounts of PTS. The rate of presentation is more import
ant for the data of the 125 dB exposures. The bottom two panels of Fig. 4 
show that both TTS and PTS increases significantly as the rate of presenta
tion is increased. The result is even more surprising, considering at 4/sec 
the middle ear reflex could be expected to provide some measure of 
protection. 

The rate of presentation is an important but not particularly well 
understood variable. The greater losses caused by faster repetition rates 
may be the result of the animals susceptibility changing during an exposure. 
The biological effects of a single exposure may cause a period of vulnera
bility in the cochlea, and if another impulse hits the cochlea during this 
time, then the effects of that impulse will be even greater. Conversely, at 
the slower rates, the longer periods between impacts allowed for some recov
ery to occur. This period of vulnerability is seen in a number of quite 
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different experiments; i.e., Price [17] showed that changes in the cochlear 
microphonics of cats caused by bursts of noise was directly dependent on the 
period of time that had elapsed since the last noise exposure. Also, 
Perkins [18] showed that the amount of TTS, PTS and hair cell loss was 
greatly enhanced when the rate of presentation of 50 impulses was increased 
from l/min. to 1/10 sec. Collectively, these results show that the rate of 
exposure to a given quantity of acoustic energy can be an extremely impor
tant variable in the creation of a hearing loss. 

Equal Energy Hypothesis 

The experiments were designed to evaluate the Equal Energy Hypothesis. 
Thus, all the experimental groups had the same ,total acoustic energy but, 
distributed with different repetition rates, levels and total numbers of 
impulse. We have previously discussed the contribution of both level and 
rate, but perhaps the most significant finding is that exposures with the 
same acoustic energy can develop widely different levels of TT3 and PTS. 
The auditory system does not react to a noise exposure like a simple inte
grator - it reacts differently to high and low level impacts, and the rate 
of energy delivery is an important variable. 
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TTS AND PTS RELATION 

The experimental design used in these experim~nts allows a perspective 
on the relation between TTS and PTS. TTS has been assumed to be correlated 
with PTS, and thus has been used as a dependent variable in many studies of 
experimentally-induced hearing loss [19]. The confirmation of the TTS/PTS 
relation is difficult to do in humans because of the difficulty of doing 
controlled studies in the workplace and the ethical problem of studying the 
formation of PTS. However, the data from this experiment do provide an 
interesting perspective on how TTS and PTS convary. The TTS and PTS data 
from all the experimental groups have been plotted on each of the three 
graphs of Fig. 4. It is clear that TTS levels below 50 dB do not correlate 
with PTS, primarily because there is usually no PTS with TTS level of 50 dB 
and less. 

CONCLUSION 

These experiments were designed to test the appropriateness of the EEH 
for impact noise. Chinchillas were exposed to the impact noise of equal 
energy, but at levels ranging from 107 to 143 dB at rates ranging from 1/16 
sec. to 4/sec. Two major trends emerged - at lower levels « 119 dB), the 
effect of rate and level were only important for the production of TTS and 
not PTS, but at levels above 119, faster rates and higher levels produced 
greater amounts of TTS and PTS. These results do not agree with the EEH. 
The relationship between TTS and PTS was examined and found that TTS of 50 
dB or less did not routinely lead to PTS; TTS of 50 dB or greater after, 
typically lead to PTS. 
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DISCUSSION 

Per Nilsson: Spoendlin reported the critical intensity to be at 130 
dB for 4 minute exposures, but for exposure times of 1 hour, the critical 
intensity was lowered to 125 dB. We repeated these experiments with guinea 
pig and found it to be 117 dB for 6 hours. So there appea'rs to be a trad
ing relation between time and intensity, therefore we renamed it a critical 
level instead. 

Pfander: Where is the frontier between TTS and PTS with respect to 
recovery, because we see recovery up to 1 year? 

Henderson: We define PTS as the amount of hearing loss that is left 
at 30 days. There are probably instances where, at 30 days there is still 
recoverable hearing, but I think most of our experience leads us to believe 
that by 30 days, you have most of the recovery taken place. 

Trahoitis: If you look at TTS/PTS relation at 500 and 8000 Hz, one 
could argue you there were tender ears and tough ears. The big difference 
between the graphs was there may not have been as many samples of the 
tender ears, i.e., it may be just a sampling problem. 

Henderson: All the pOints that were on the 500 Hz data wer~ also on 
the 8000 Hz Data because they are the same groups of animal. Perhaps, 
there is a differences in "tough" and "tender" within parts of the cochlea 
and there may not be a generally "tough ear" or a generally "tender ear." 
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Buck: There might be a different mechanism between PTS and TTS 
because Liberman showed that PTS is likely to be located on the low fre
quency side and TTS is more located on the high frequency side of the 
exposure. If there is a correlation between TTS and PTS, it should be at 
the lower frequencies. 

Henderson: Most investigators would now agree that there are clear 
differences between the processes underlying the audiometric profile of TTS 
and the audiometric profile of PTS. 

Smoorenburg: What will be the best physical measure rigit now, to 
protect hearing loss once you exceed the critical level? 

Henderson: I do not know, what would be the best measure, and the 
point of these experiments is that there is probably not a simple best 
measure. For example, there are instances where the Equal Energy Rule 
works quite well, and other noise conditions where it does not work. 
Audiometric data from exposures with systematic variation in acoustic 
parameters will help us design a more effective noise hazard metric. One 
way of capturing the effects that we showed today would be building a leaky 
integrator process into a dosimeter. 
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IMPULSE NOISE HAZARD AS A FUNCTION OF LEVEL AND SPECTRAL DISTRIBUTION 

INTRODUCTION 

G. Richard Price 

U. S. Army Human Engineering Laboratory 
Aberdeen Proving Ground, MD 21005-5001 USA 

Given an interest in impulse nOise, there are many research issues 
that could be addressed, but for practical application, two of them are 
especially important. Specifically, they are the roles played by level and 
spectral distribution of energy. So far as the auditory system is con
cerned, there must be some internally consistent answers. The practical 
problem is that the damage-risk criteria (DRC) in use in the world differ 
in their treatment of these two critical issues. Furthermore, the present 
research program is producing data that indicate that the current DRCs are 
fundamentally incorrect and that traditional theoretical approaches don't 
work. 

There is increasing interest in an A-weighted energy measure for 
rating hazard from all sounds. Such a measure would be easy to use, an 
important issue in practice. ISO-1999 [lJ has proposed it; but has 
restricted its application to levels below 140 dB. The French Ministry of 
Defense [2J has recommended use of a criterion based on A-weighted energy 
(equivalent to 8 hours at 90 dB SPL), provided the peak does not exceed 160 
dB. A DRC in use in the Netherlands [3J extends the limit upward so that 
any exposure to impulses containing the energy equivalent to 8 hours at 85 
dB SPL (without frequency weighting) would be acceptable. A problem inher
ent in upward extrapolations is the possibility that there is some level at 
which the loss mechanism changes and loss may grow much more rapidly than 
expected. Whether or not there is such a critical level (CL) and just 
where it is, should it exist, are obviously important questions. 

On the other hand, DRCs in the USA [4-6] have been specifically formu
lated for use at high levels. They are based on measures of impulse dura
tion and peak level and make no allowance for the frequency content of the 
energy within the impulse. If the susceptibility of the ear varies as a 
function of frequency for intense impulses, as it does for continuous 
sounds, then an absence of a frequency weighting of some sort means that 
criteria of this type suffer corresponding inaccuracies. 

An extended series of studies has been conducted over the years 
addressing these issues with the intention of providing some quantitative 
structure to the response of the ear to intense sounds. Salient portions 
of this ongoing effort will be presented here. 
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Today there is probably not much disagreement with the idea that with 
exposure to increasing SPLs, there is some level at which the ear can be 
disrupted by essentially mechanical forces. Experiments in which cat ears 
were exposed to spectrally narrow impulses (7] produced results consistent 
with the argument that the basis for loss was mechanical stress at the 
level of the organ of Corti. These data have been used as the basis for 
developing a tentative estimate of this CL for the human ear (8]. The 
curve in Fig. 1 looks very much like the A-weighting curve, possibly 
because both reflect the transfer characteristics of the external and 
middle ears. Although the absolute level is high, nevertheless it is well 
within a range to which human beings are exposed at home and at work. For 
a median ear, the level was calculated to be near 140 dB, where the ear is 
tuned best (about 3.0 kHz). In a normal population, the more susceptible 
individuals were estimated to be 10 dB or more sensitive than the median. 
It does not constitute an adequate test of this calculation; but Singleton 
et al. (9] have reported permanent hearing losses in human ears resulting 
from one exposure to the ringing of a cordless telephone at about these 
levels. However, this effort to establish a CL was not definitive because 
the approach was essentially empirical and was based on data from a speci
fic class of impulse (tone pips and a damped sinusoid). A definitive 
answer would provide a method of calculating mechanical stress within the 
organ of Corti given any free field pressure-time history. 

Before going further, it would be a good idea to make explicit an add
itional presumption about a CL. Consistent with the admonition of William 
of Occam, a very simple model of the stress process is used (10]. Broch 
(11] has observed that in the study of the fatigue in materials, an approx
imate mechanical relationship exists between the amplitude of the stress 
and the number of sinusiodal cycles to failure. Essentially, the number of 
cycles is inversely proportional to the stress (raised to a power which is 
characteristic of each material). Thus, the CL is pictured as a range of 
intensities where mechanical stress becomes the predominant mechanism for 
loss. As intensities rise, it might be expected that the rate at which 
damage accumulates will undergo an acceleration when CL is exceeded and at 
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some very high level even one cycle may produce a failure. Once CL has 
been exceeded, some repair might take place after the exposure, but because 
it is recovery from mechanical trauma, it will be slower than recovery from 
something like a metabolic deficit, which is probably characteristic of 
losses below the CL. 

If indeed there is a CL and it implies impending cellular damage, then 
it follows that it would be risky to tolerate exposures above such a level. 
Therefore, CL might make a good basis for a criterion of acceptable expos
ure. The problem now is to establish that such a level exists and to pin 
it down both quantitatively and theoretically. 

It might be added parenthetically that the CL concept is a function of 
level, regardless of the type of noise involved. So far as CL is con
cerned, it makes no difference whether the noises are described as impulse, 
impact, or continuous. Such descriptors doubtless will make a difference 
when one considers the effects of intermittency, however. 

There is considerable practical interest in exposures to gunfire. All 
gunfire impulses are essentially similar in that they can be approximated 
by a Friedlander waveform. The impulses differ primarily in their duration 
which is in turn a function of the amount of explosive producing the 
impulse. The spectra of such impulses are all similar in shape, the loca
tion of the peak reflecting the duration. The proposed shape of CL is 
shown in Fig. 2 along with a typical weapon impulse spectrum. The observa
tion that the loss threshold is more sharply tuned than the spectrum has 
led to prediction that no matter where the peak of the spectrum is, the 
first losses should be seen in the mid-range [8J. The work establishing 
this is still in process, but it can be said at this point that it appears 
to be true for both electrophysiological and histological measures of loss 
[8,12,13] . 

An important question for noise hazard is whether susceptibility 
changes as a function of location of the spectral peak. All three possible 
answers to the question have been advanced. A simple frequency analysis of 
impulses with the same peak pressure but differing durations shows (as in 
Fig. 2) that in theory all impulses have the same energy at any point on 
the high frequency side of the spectral peak (at 3.0 kHz, for instance), 
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and it might be supposed that all impulses should therefore reach a CL at 
the same peak pressure. However, Price [12,14,15] has hypothesized that at 
high SPLs the ear acts as though the impulses are distorted cosine waves 
and, due to the tuning of the ear and/or the limiting effects of middle ear 
displacement [16], impulses with their spectral peaks at low frequencies 
might be less hazardous by about 3 dB/oct below 3.0 kHz (for the human 
ear). It has also been contended (by those who favor an energy measure), 
that for equal peak pressures, the lower frequency impulses should be much 
more hazardous because they contain much more energy. 

Auditory theory is not well developed for modeling the ear's response 
to intense sounds; consequently all these viewpoints are extremely tenuous. 
The middle ear is essentially linear for most stimulation; but at high 
intensities it amplitude limits [16]. The inner ear is highly nonlinear at 
even moderately high pressures. Even if this were not true, we are only 
now coming to an adequate theoretical understanding of intracochlear 
mechanics (at normal levels). It is, of course, desirable to begin with a 
firm theoretical understanding and make predictions which can then be 
tested. However, it is often the case that, even without a good theory, 
the empiricists make some guesses and gather data anyway. 

PROCEDURES 

A series of studies was undertaken to test the effect of impulse 
duration (location of spectral peak) on susceptibility. Specific test 
procedures have been described in several reports [7,12,17]. In essence, 
cat ears were exposed to 50 or 60 impulses from a howItzer, a rifle or a 
primer, which had spectral peaks at about 100 Hz, 800 Hz and 4000 Hz 
respectively. Hearing sensitivity was tested by signal averaging responses 
to tone pips at the vertex (wave P5). Hearing was tested at 2.0, 4.0, 8.0 
and 16.0 kHz before exposure, immediately afterward, and two months after
ward. Animals were lightly anesthetized at the time of testing, sounds 
were delivered via a closed tube system, and sound pressures were cali
brated by a probe microphone near the ear drum. In the case of the 
howitzer and rifle, exposures were in the free field. Animals were awake 
and restrained in bags with their ears about a meter off the ground and 
facing the muzzle of the weapon. Wave forms of the stimuli, typical of 
such weapons, have been published [8,12]. For each weapon, exposures were 
made at three different peak SPLs about 5 or 6 dB apart, each animal being 
exposed only once. The interimpulse intervals were 2-7 seconds and 
irregular, so as to avoid the possibility of temporal conditioning of the 
middle ear muscles. Never was an animal observed to react before the 
arrival of an impulse, which argues against conditioning of a middle ear 
muscle response. (It does not rule out the possibility of a tonic contrac
tion, however.) Experiments with the primer impulse are still going on; 
but a sufficient number of ears have been exposed to allow tentative com
parisons. In these latest exposures, the animals were lightly anesthetized 
when exposed in an anechoic chamber. 

The measures of sensitivity took about 1/2 hour per ear, and in the 
case of the howitzer, five animals were exposed at one time. This meant 
that the first measures were made between 1 hour and 6 hours post-exposure. 
There was no obvious order of measurement effect. They were exposed in 
pairs to the rifle impulse and as singles to the primer. As a convention, 
no ear was exposed to audiometric test stimuli above 90 dB SPL, as a pre
caution against doing additional damage to the ear. No response at this 
level was arbitrarily recorded as an 80 dB threshold shift. In addition, 
impedance measures were made before and after exposures to check on the 
possibility of direct damage to the conductive mechanism. In no case was 
any damage seen. 
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RESULTS AND DISCUSSION 

Effect of Spectrum 

Experimental results. For all impulses the maximum losses tended to 
be in the 2.0 to 4.0 kHz region; therefore the data reported here are all 
for 4.0 kHz threshold shifts, and each data point in Figs. 3, 4, and 5 
represents the mean loss for each animal. The losses immediately after 
exposure to the howitzer impulse are shown in Fig. 3, which combines data 
from two studies (N=41). Exposures were at peak SPLs between 153 and 166 
dB. Losses grew with increasing intensity as expected; it is apparent that 
even at the highest level some ears showed little loss while other losses 
were too great to measure. The dotted line is the mean-square regression 
line, which has a slope of about 2 and predicts zero loss at about 144 db. 

The data for rifle impulses are presented in Fig. 4 (N=22). The same 
general pattern is seen as before: the regression line predicting zero loss 
at 139 dB SPL, about 5 dB lower than for the howitzer. Other methods of 
comparing these ears have been used [17J and the difference is always in 
the same direction. If all 4 audiometric frequencies are used, the 
howitzer appears to be less hazardous than the rifle by about 9 to 13 dB, 
depending on the statistical technique. 

Fig. 5 contains the latest data on the primer impulses (N=16). The 
slope of the regression line is steeper than before; but even so it inter
sects zero loss at about 132 dB. It would appear that this impulse with 
its spectral peak at about 4.0 kHz is extremely hazardous to the cat ear, 
much more so than the other impulses. 

The practical implication of this result can be seen in the next 
figures. Fig. 6 portrays the relative hazard of the various impulses as a 
function of their spectral peak. The primer is arbitrarily set at zero dB 
and the other impulses are scaled from there. The rifle and howitzer fall 
close to the -3dB/oct line. In contrast, again using the primer impulse as 
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a starting point, the shaded area indicates the predicted hazard from these 
same impulses calculated according to the CRABA, Pfander and Smoorenburg 
criteria. The disagreement is obvious. 

Comparison with existing criteria. It is instructive to look at these 
data in light of each of the present criteria for impulse noise. In making 
this direct comparison, it should be remembered that the criteria were 
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derived for the human rather than the cat ear. The human is probably less 
susceptible than the cat; but apart from the fact that the human ear is 
tuned a little lower in frequency and is less sensitive, the ears of these 
two species are similar in their basic properties. Thus, while the abso
lute levels might not be directly transferrable, the general trends should 
be. 

The differing slopes of the regression lines in the previous figures 
make use of the zero intercept a little questionable. Therefore, in the 
next comparisons, the SPL producing a 40 dB threshold shift in an average 
cat has been calculated. As will become apparent later, such a threshold 
shift implies a permanent threshold shift of almost 20 dB. 

Fig. 7 shows the present data plotted on the same coordinates as the 
CHABA criterion. The contrast in the slopes of the functions is apparent, 
the CHABA criterion rating hazard just the reverse of the present data. In 
reality the CHABA criterion does not specifically correct for spectral lo
cation. Its downward slope is based on the greater hazard of reverberant 
impulses, given the same weapon (rifle) [4]. 

Fig. 8 shows a similar pattern when plotted on the coordinates of 
either the Pfander or Smoorenburg criteria. These criteria also make no 
allowance for spectrum. Even though it is not appropriate to make direct 
comparisons across the two species, it is probably not too far out of line 
to assume that a mean cat ear is about as susceptible as a sensitive human 
ear. It is therefore of some concern to note that serious loss in the cat 
ear can be produced by impulses rated as not hazardous for the human ear. 
In the mid-range, these criteria might not be stringent enough. 
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Might A-weighted energy be a good compromise measure? The result is 
seen in Fig. 9, where the A-weighted energy needed to produce a given 
threshold shift is plotted. Even when A-weighted, the howitzer required 
about 400 Joules/M2, the rifle about 10 Joules/M2 and the primer only about 
0.4 Joules/M2 • If A-weighted energy were a good answer, then the line on 
the graph should have been horizontal. Instead, the ends of the plot dif
fer by 40 dB! If no weighting had been applied, then the howitzer exposure 
would have contained about 1200 Joules/M2 and the other two data points 
would not have been too different. The effect of A-weighting on rifle and 
primer is minimal because most of their energy is in the mid-range. 

Has a CL Been Exceeded? 

A major contention of the CL hypothesis is that loss is primarily the 
result of mechanical stress which produces damage that is not readily 
reversible. Thus, threshold shifts measured immediately after an exposure 
might not fully recover, even when they are not large. With this possibil
ity in mind, the following figures show compound threshold shift (CTS) 
(threshold shift immediately after exposure) versus permanent threshold 
shift (PTS) at 4.0 kHz for individual ears. The term compound threshold 
shift was used because the threshold shift measured immediately after 
exposure had both temporary and permanent components. Figs. 10, 11, and 12 
present data for the howitzer, rifle and primer respectively. The data for 
4.0 kHz were plotted because that was where the maximum loss generally 

387 



OJ 
a: 
w .... 
w ,. , 
V> 
W 
--' 
=> 
c; 
;;;: 
>-
'" a: 
w 
z 
w 
0 
w .... 
:I: 

'" OJ 
;:: 

.:, 

700 

500 

300 

200 

100 

70 

50 

30 

20 

10 

7 

2 

7 

3 

2 

100 

2 3 5 7 2 3 5 7 

CANNON (164 DB PEAK) 

A-WEIGHTED ENERGY IN 50 IMPULSES 
PRODUCING 40 DB THRESHOLD SHIFT 
AT 40KHZ IN CAT EAR 

RIFLE (152 DB PEAK) 

PRIMER (145 DB PEAK) 

1000 10,000 

SPECTRAL PEAK IN HZ 

Fig. 9. A-weighted energy in the 
impulses required to pro
duce a 40 dB threshold 
shift in the cat ear. 

occurred for all impulses; but plots of the same relationship at other fre
quencies are essentially the same. The product moment correlation coeffi
cient between CTS and PTS in these figures is about 0.8, and the slope of 
the regresion line is 0.5 or a little higher (implying that about half of 
CTS will resolve to PTS). The additional point of real concern is tha the 
intercept of the regression line is near zero for the howitzer exposure, 
and about 10 or 15 dB for the other exposures. Given the relatively small 
amount of data, it is premature to say whether or not the howitzer effect 
is really different from the other two. Also, another mechanism might be 
operating to produce the effect. Because animals were exposed to the 
howitzer in groups of five, on the average, measures of threshold shift 
were made later than for the rifle or primer. Therefore, it may have been 
that some early recovery did occur and the loss measured for the howitzer, 
on the average, lacked this early recovery component. But in any event, 
prudence would argue that any loss measured an hour or so after an exposure 
of this type should be considered to have permanent components. This 
finding is consistent with Pfander, Bongartz, Brinkman, and Kietz's [18] 
emphasis on a prolonged recovery time as being indicative of a dangerous 
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The relationship between CTS and PTS is consistent with the premise that a 
CL has been exceeded for these exposures. 

Practical Issues 

Before the applications are discussed briefly, a number of caveats 
should be expressed. As always, it would be desirable to have more data. 
Further, the data we have on the primer exposure, even within the present 
study, are only preliminary results. As is always the case with experimen
tal programs that have matured over a long period of time, the data have 
been collected under slightly different conditions (ear height, inter-round 
interval, timing of measurements, etc.). It is also unfortunate that the 
data are available for only one species, even if the cat is a reasonable 
model of the human ear. Lastly, confidence in the findings would be great
est if a good theoretical model were available that could explain all the 
resul ts. 

If one were to extrapolate these data to human settings, a number of 
important points emerge. As a premise, it is probably not too far wrong to 
assume that for the arguments advanced here, the average cat ear is like a 
susceptible human ear. Therefore, for a Friedlander impulse with its 
spectral peak at 3.0 kHz, about 0.04 J/M2 is sufficient energy to reach a 
threshold of permanent loss for one exposure. That is equivalent to an 
exposure to as little as 62 dB for 8 hours. It is also true that the peak 
pressure meeting that condition is about 135 dB SPL. This latest figure is 
close to that calculated for the human ear earlier [7J. It is difficult to 
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say whether or not impulses of this type are prevalent outside the labora
tory, in part because the short duration makes it difficult to measure 
accurately. If an impulse like that produced by the primer were measured 
by a meter on the commonly used "impulse" scale, the meter's relatively 
long time constant would cause it to under-indicate the true peak by about 
20 dB. 

It is hard to evaluate the possible effect of exposure to impulses 
above their respective CLs with respect to their contribution to the over
all problem of noise-induced hearing loss. There is no doubt that only a 
few exposures in a lifetime can produce permanent loss. However, in 
industrial noise surveys such impulses may not be measured accurately, or 
because of their rarity may not be included in estimates of noise exposure. 
Also, the total energy required to do permanent loss is really small com
pared to other noise sources and so could logically be overlooked. There
fore, the strong possibility exists that current noise standards may tol
erate levels that are much too high where the ear is tuned and even when 
measurements are made, they may underestimate the true exposures by an 
order of magnitude. Fortunately, there are probably not many noise sources 
that focus their energy just where it will do the most damage. 

A final comment. While there is not time or space available to 
develop the arguments in detail, as far as I am aware, the concept of a 
spectrally dependent critical level is consistent with all the weapons 
noise exposure data that are available. In contrast, none of the existing 
DRCs appear to be reconcilable with the data. It is perhaps too early to 
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propose a perfect DRC; but it does appear that today we are in a position 
to do better. 
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DISCUSSION 

von Gierke: You suggest that A-weighting does not work, but you did 
not show us the kinds of impulses. If you take the energy in each of the 
3-5 kH range, do they show equal damage? For example, on the 3 spectra you 
showed, they fit one into the other. They have different peak pressure, 
but they have the same energy in the 3-5 range. 

Price: In fact it is worse. That is to say, there is more energy in 
the cannon in the 3-5 kH region than there is in the rifle or the primer 
and yes the damage goes just the opposite. None of the physical analysis 
fits the data. There is a real problem essentially, with exposures to 
large caliber weapons noise which tend to be much higher, much more intense 
than exposures to the rifle and so if hearing protection fails, then you 
are in real trouble. 
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Based on empirical data from continuous noise exposures, the equal 
energy hypothesis (EEH) seems to provide a useful approximation of a trading 
relation between the noise level and the exposure time when the risk for 
hearing damage is evaluated. The basis for the EEH is discussed by 
Henderson et al. [1] in this volume. From the EEH, damage risk criteria 
(DRC) have been derived that relate the risk of hearing loss to noise 
exposure. 

The new international DRC proposal, ISO/DIS 1999 [2], includes impulse 
noise as a risk criterion. However, investigations indicate that hearing 
loss does not follow the EEH under all conditions, particularly for impulse 
noise [3,4]. Even if the EEH is approximately correct, a literal interpre
tation may erroneously focus the attention of those concerned with noise 
abatement on reducing only the general sound level. 

Impulse nOise, however, contains many parameters that separately or in 
combination may have a different influence on hearing loss. Some of these 
factors are the rise time, the peak level, and the decay time expressed as 
the A-duration or the B-, C- or E-duration. Other important factors are the 
energy content of each impulse, the repetition rate between impulses, the 
equivalent sound level (Leq), as well as the crest factor. The crest factor 
is the ratio between the peak level and the equivalent sound level and is 
thus another expression of the impulsiveness of the noise. 

Since experiments in humans may not be performed when there is a risk 
of permanent hearing damage, we must use animal experiments to study the 
effects of impulsive noise on the auditory system. Because of our earlier 
experience with continuous noise experiments in guinea-pigs, we preferred to 
use this model for our experiments with impulse noise. This chapter 
discusses the effects of different parameters of impulsive noise on the 
elevation of the threshold of the compound action potential (CAP) of the 
auditory nerve. 
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METHODS 

We used pigmented, half-inbred, female guinea pigs with melanotic eyes 
that were 5 - 6 weeks of age (225-275 gms) at the time of exposure to noise. 
Five guinea pigs were used for each exposure in all experiments. 

All sound exposures were performed in an anechoic chamber. Sounds were 
directed from above onto a circular, wire mesh cage in which each animal was 
individually enclosed in a separate sector. The cage was adjusted in the 
sound field so that the peak sound pressure and the Leq values were within + 
0.25 dB in each of the five sectors. The sound variables were always ad
justed when the animals were not in the cage. Calibration was done for each 
exposure. In all experiments, we monitored peak sound pressure level, 
equivalent sound pressure level, frequency spectrum, repetition rate, and 
exposure duration. 

To produce an impulse sound that permitted variation of the height of 
the pressure peak, duration of the total pulse, frequency content, and the 
repetition rate of the impulses, we used a click generated by an HP 3312 
function generator. Signals were filtered by a Norwegian Electronics 
704-017 multi-filter in order to shape the spectra. A Nagra IV SJ tape 
recorder was used to reproduce the exposure stimulus in the experiments with 
high frequency content impulses (metal plate blow) because it was not pos
sible to simulate the ringings produced by such impulses with the function 
generator. 

Four to five weeks after the noise exposure, we measured the auditory 
thresholds electrophysiologically by means of a standardized CAP threshold 
measurement procedure [5]. In addition, both ears of each animal were 
prepared for morphologic analysis with electron microscopic or light micro
scopic studies [6]. 

For each experimental group of five noise exposed animals, one control 
animal was used. Data on the control animals were analyzed according to the 
same procedure as for the experimental animals. Thresholds in the control 
animals were used as normative data for evaluating the threshold elevation 
in the experimental animals. 

RESULTS 

Effect of Leq 

In order to investigate the effect of varying the Leq, we conducted a 
series of impulse noise exposures in which the animals were exposed to in
creasing energy levels. The repetition rate was varied but the peak level 
was maintained at the same 131.5 dB SPL for the impulses in all series. 
Continuous steady state noise exposures were also performed for comparison. 
In Fig. 1, the results are plotted for both the impulse noise series and the 
corresponding continuous nOise series. 

With continuous noise, no threshold elevation was demonstrated for Leq. 
levels below 102 dB SPL. However, above 102 dB, threshold increased 
linearly up to 117 dB Leq. By contrast, all impulsive noise exposures 
consistently caused threshold elevations. This elevation showed a small 
increase with increases in the Leq in the moderate energy range up to 114 dB 
Leq for six hours. Above 114 dB Leq, the threshold loss increased dra
matically thus defining 114 dB Leq as the critical level. At 117 dB Leq, 
the CAP threshold shift was about the same as for steady state noise 
exposures. 
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Fig. 1. CAP threshold elevation as a function of the total 
energy (in dB re 1 J/m2) of steady state (crosses) 
and impulse (squares) nOise exposures. Each symbol 
shows the average threshold for five animals. The 
numbers at the symbols give the Leq level in dB for 
each group. All groups were exposed for six hours. 
Peak-level of all impulse noise exposures was 131.5 
dB SPL. 

These results suggest that the physiological mechanisms underlying im
pulsive and continuous noise damage may be different. This is in agreement 
with our previous findings [7] that showed different morphological altera
tions resulting from the two types of noise exposure. In agreement with the 
findings of Ward and Turner [8], the critical level for continuous nOise 
seems to be located at the level of zero threshold shift and increases 
linearly in accordance with the EEH. This finding contrasts sharply with 
results in the impulse noise series in which all results deviated from nor
mal thresholds and the critical level was located at a higher energy level. 
This finding therefore indicates the existence of two critical levels in 
agreement with earlier studies [9-11]. Since the threshold elevation curves 
for the two noise exposures have different slopes for intensities between 
102 and 117 dB, it is incorrect to combine the continuous and impulse noise 
data in the same DRC. 

Importance of Exposure Duration 

Fig. 2 shows the effect of changing the total sound energy by success
ively doubling the exposure time between 3 and 24 hours. We did two series 
of this kind, one exposed below (at 102 dB Leq) and one above the critical 
level (at 117 dB Leq). The slopes of these two exposure duration curves are 
similar, even though the equivalent sound levels (i.e., the impulsive 
repetition rate) differed. The effect of duration was fairly linear, and 
the regression lines had the same slope in both series. 
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CAP threshold elevation following impulse noise 
exposure as a function of total noise energy. At 
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For comparison, Fig. 2 shows the CAP thresholds for the six hour expos
ures with different Leq values. Below the critical level, the slope of the 
noise intensity function differed significantly from the slope of the noise 
duration function. From the regression lines, it was thus possible to 
calculate the q-value for the trading relation between the time and 
intensity changes. For changes below the critical energy level, q = 7.85, 
which means that doubling or halving the exposure time corresponds to a 7.85 
dB change in the sound intensity. By contrast, above the critical level, 
the trading relation was different. A doubling of the time for a 117 dB 
intensity exposure would change the mean threshold (between 2 and 8 kHz) by 
about 4 dB, but only a 0.64 dB change in intensity was required to cause the 
same change in CAP threshold. 

It is thus apparent that an EEH with a trading relation of 3 dB (q=3) 
is not valid. The results also indicate that the trading relation between 
exposure time and intensity is non-linear with regard to the critical level, 
which agrees with the Ward assumptions [12]. 

Importance of Impulse Peak Level 

In Fig. 3 results are given for auditory threshold as a function of 
increasing sound energy. For each exposure, the Leq and the impulse peak 
level were increased simultaneously. Thus, the crest factor, (the ~ 
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between the sound peak SPL and the equivalent level) was kept constant in 
contrast to the impulsive noise exposures shown in Fig. 1. For this impul
sive exposure, the results were similar to those found with continuous 
noise exposure (Fig. 1). For exposures below a peak value of 125.5 dB and 
a Leq of a 108 dB, there was little change in the CAP threshold. However, 
above that level, the change in threshold was great. This difference 
suggests that the main reason for the shape of the impulse noise threshold 
elevation curve in Fig. 1, may be that a constant sound peak level was 
used. Consequently the crest-factor must be important to the threshold 
elevation. 

We therefore investigated the influence of changing peak levels. In 
Fig. 4, the auditory threshold change is given as a function of different 
peak levels without changes in the other exposure parameters. For differ
ent curves, the Leq level, the exposure time, and total energy were the 
same. Since most energy is located in the peak (energy is proportional to 
the square of the sound pressure), increasing peak levels were compensated 
for by a reduction of the repetition rate in order to maintain the equiva
lent level. As can be seen in the figure, the threshold generally 
increased with peak level. However, in some instances, threshold was also 
diminished. While some of these decreases were within the error of mea
surement, the decreased repetition rate might contribute to an increase in 
the resting time between impulses and thus to the reduced threshold. 
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Importance of Crest Factor 

Figs. 5a and 5b give the result of the CAP elevation as a function of 
increasing the crest factor. In about half of the exposures, increasing 
the crest factor resulted in a reduction in threshold shift (Fig. 5a) and 
increasing threshold elevation in the rest (Fig. 5b). The reason for this 
variability is probably that the crest factor is arbitrary in relation to 
real peak levels. Since all exposures which exceed the critical level 
cause severe threshold elevation, low crest factors above the critical 
level would give rise to high threshold elevation. Below the critical 
level, the situation is reversed. When total energy is low enough, even 
high crest factors would cause very little change in threshold. Therefore, 
the crest factor does not have an independent role in determining cochlear 
damage, but it must be evaluated in connection with other impulse noise 
factors, such as total energy and critical level. At comparable noise 
levels, Bruel [13] found that differences in crest factors were related to 
differences in damage from industrial noise exposures in humans. 

Importance of Impulse Spectra 

In order to investigate the effect of the spectrum of the impulse, we 
created another impulse noise by recording a hammer blow on metal. This 
noise was then compared with the previously mentioned synthetic hammer blow 
on wood. The sounds were recorded on a Nagra IV SJ tape recorder and 
replayed on an endless loop. Fig. 6 gives the threshold elevation for all 
test frequencies for the series exposed to the hammer blow on wood, whereas 
Fig. 7 gives the corresponding results for the "metal-exposed" animals. 
Comparison between the figures indicates a more prominent threshold change 
in the 4 - 10 kHz region for the high frequency metal exposure. Although 
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mean values for the 2 - 10 kHz frequency range were higher for the metal 
than the synthetic noise-exposure, the differences were not statistically 
significant because of great individual variation. 

The issue of the noise spectrum and its subsequent damaging effect has 
been subject to controversy. Burns and Robinson [14], in their investiga
tion of industrial, continuous noise exposures found that spectra with a 
higher proportion of low frequency noise induced more damage in workers 
than spectra with high frequencies. Their finding was explained, however, 
by the error of A-weighting, since the A-filter does not parallel the 
sensitivity of the ear at high level noise exposures. Contrary to their 
findings, Passchier-Vermeer [15] found that workers in the metal industry 
with high frequency impulse noise suffered more hearing loss than workers 
in the wood industry. When plotting risk criteria for different types of 
noise, Bruel [3] also found that in industries with high frequency nOises, 
hearing loss was more likely to occur than in low frequency noise. The 
tendency from our results seems to agree with this conclusion. 

Importance of Decay Time 

In this experiment one animal group, exposed in the anechoic chamber, 
was compared to another group exposed to the same impulse noise, but in an 
ordinary concrete room. In the latter group, the B-duration of each im
pulse was at last ten times longer and therefore contained much mOre energy 
than in the first group. In order to produce the same Leq, the repetition 
rate was reduced for the latter group. Fig. 8 gives the threshold eleva
tion for the test frequencies of the two groups. The animals exposed in 
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Fig. 7. CAP threshold elevation after exposure to impulsive noise 
simulating a hammer blow on metal. Each curve represents 
the threshold average for 10 ears from five animals. 

the reverberant room had a much higher threshold elevation than those in 
the anechoic chamber, and the difference was significant. We therefore 
conclude that the decay time for each impulse has a very important function 
in causing threshold elevation. Since both groups were exposed to the same 
peak SPL, equivalent level, and exposure time, the damaging effect of the 
longer decay time in the reverberant room was not compensated for by the 
longer interstimulus interval. It is important to recognize that ordinary 
noise measurements do not reveal the effect of reverberation on the decay 
time of the individual impulses, and such differences in decay time may 
contribute to differences in threshold elevation. 

SUMMARY 

This chapter discusses the results from a variety of impulse nOise 
exposures in the guinea pig which could be of great importance to humans. 
The results indicate that a generalizing formula for evaluating the risk of 
threshold elevation like the EEH may ignore the importance of some impulse 
noise parameters, but not others. Our experiments verify the existence of 
a critical level of noise energy which constitutes a definite non-linear 
change in the input/output function of noise-induced threshold elevation. 
In addition, the threshold shift caused by impulse noise differs from that 
caused by continuous steady-state noise. Furthermore, changes in exposure 
time below the critical level of energy are of greater importance than 
changes in intensity. At corresponding noise energy levels, the peak sound 
pressure level has a damaging effect which seems to be of greater impor
tance than the repetition rate. Increasing the high frequency content of 
the impulse only results in a non-significant tendency to higher damage 
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Fig. 8. CAP threshold elevation as a function of impulse noise 
exposure illustrating the threshold elevation for 
different test frequencies for two different groups. 
Crosses represent the average threshold elevation for five 
animals (10 ears) exposed in the reverberant room and the 
squares represents values for the animals exposed in the 
anechoic chamber. 

induction as compared to impulses with low frequency content. This dif
ference could perhaps be explained by the frequency sensitivity of the ear 
of the guinea pig. However, differences in decay time of each impulse seem 
to be of great importance. Our experiments demonstrated that a ten-fold 
increase of the B-duration significantly increased threshold. 

It must be emphasized that the absolute values from our experiments on 
auditory thresholds and noise energy cannot be transferred to humans. 
Nevertheless, we believe that the general conclusions of the effects of 
different parameters of impulsive noise can be applied to humans also. One 
important goal for future research is to find methods to verify that humans 
are subject to similar risks from different impulse noise parameters. Such 
knowledge could then be used to improve noise abatement programs. 
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DISCUSSION 

Manninen: Do you have any data on the rate of growth of TTS? Our ex
perience with humans is that TTS grows steadily for about an hour, then the 
rate plateaus and finally begins to grow again as the exposure continues. 

Nilsson: For three different intensity levels, there appears to be a 
growth up to about six hours. At six hours there may be a plateau. 

McFadden: Is it possible that the plateaus you are seeing for 
durations might be influenced by some biological cycle of the animal rather 
than a direct effect of the noise? 

von Gierke: Don Parker at Miami University and Dave Lim did some 
experiments with us using guinea pigs. They were exposed to noise during 
their daily feeding period or slightly before, during and prior to being 
electrically stimulated. The histology showed no difference whatever in 
the amount of damage. 
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Trahoitis: Have you ever used the same stimulation but put in a peak 
clipper? I am thinking specifically of Henderson and his colleagues work 
about the interaction or peaks and noise. Perhaps if you used the peak 
clipper you may get different data for the same nominal exposure. 

Nilsson: We have not used a peak clipper, but according to the 
formula for calculating the energy, the peaks contribute greatly because 
pressure squared is the quantity measured. So, if you could clip the peak 
you would assume much less damage. 

Stevins: What is the correspondence between the response of guinea 
pigs and humans to a 90 dB or another equivalent level? 

Nilsson: I am not quite sure because we cannot do these kind of 
experiments in humans. 
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THE ROLE OF PEAK PRESSURE IN DETERMINING THE AUDITORY HAZARD OF IMPULSE 

NOISE 

INTRODUCTION 
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C. E. Hargett, Jr. 2 , and George Turrentine2 

1 
Sensory Research Division, U.S. Army Aeromedical Research 
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2 
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Texas at Dallas, Texas 75235 

Most current Damage Risk Criteria (DRC) for human exposure to impulse 
noise are written in terms of peak pressure as the primary index of the 
traumatic potential or hazard associated with exposure to an impulse noise. 
Since the peak pressure is only one of many parameters of an impulse, there 
is a question whether a DRC based on peak pressure can reflect accurately 
the hazard to hearing posed by impulse noise. 

The current U.S. Army recommendation on what constitutes hazardous im
pulse noise is traceable to the 1968 report [1] from the National Research 
Council Committee on Hearing, Bioacoustics, and Biomechanics (CHABA). The 
impulse noise limit stated in the CHABA document was based on the scant 
data available at the time and was defined in terms of peak pressure, A-du
ration, and B-duration. The authors of the CHABA document recognized the 
potential shortcomings and included a series of disclaimers which are typi
fied by the statement: "While these curves do not do great violence to the 
published data on either Temporary Threshold Shift (TTS) or Permanent 
Threshold Shift (PTS) from impulse noise .•. they admittedly represent only 
a first attempt at a reasonable DRC for exposures to impulse noise. Param
eters that are ignored in the present criterion may eventually be shown to 
be important." This was an open invitation for further refinement of this 
DRC through additional research. This research has generally not material
ized. However, the CHABA document was the basis for the current versions 
of the two Army documents which restrict noise exposure. The first docu
ment, TB-MED-501 [2], "simplified" the original criterion by ignoring 
durations and setting a conservative limit of 140 dB on the peak sound 
pressure level (SPL). Consequently, whenever impulse noise exceeds 140 dB 
peak SPL, TB-MED-501 dictates that hearing conservation measures must be 
taken. The second U.S. Army document based on the CHABA criterion is MIL
STD-1474B(MI) [3]. This standard specifies noise limits for Army material. 

The United Kingdom [4] has adopted a noise limit standard very similar 
to that of the U.S. Army. The basic parameters used to assess hazards are 
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identical. However, the limiting level is different because of a differ
ence in protection percentages. The Netherlands and West Germany employ 
standards [5-7] which use a peak pressure criterion as in the U.S. docu
ments, except that the impulse duration is defined differently. Only the 
French [8] have recently adopted a standard which is not based on peak 
pressure. They use the A-weighted energy of an impulse in their noise 
limits. 

One of the primary shortcomings of the earlier research was that it 
focused primarily on peak pressure as a quantifier of impulse noise expos
ures. Until recently, there has been an almost complete lack of attention 
to the distribution of acoustic energy across frequencies. In most cases, 
it is now impossible to reconstruct the energy density spectra of the 
impulses used in many of the early studies, because the peak measures 
reported do not contain sufficient information to permit this calculation. 
The general lack of research in this area has left most of the questions 
posed by the authors of the original CHABA DRC still unanswered. 

The experiments described in this report were designed to determine 
whether peak pressure is an adequate quantifier for an impulse noise DRC. 
The general approach was to construct two types of impulse noise waveforms 
with the same Fourier pressure spectrum [9], but with different peak pres
sures (i.e., with a different phase spectrum). This makes it possible to 
compare the hearing loss and injury resulting from impulses which have the 
same total energy distributed the same way across frequency, but with dif
ferent peak pressures. In addition, we can compare injury from impulses 
having the same peak pressure and different energy levels. For the limited 
range of exposure parameters used in these experiments, this approach pro
vides a test of the sufficiency of using peak pressure as a predictor of 
auditory hazard. 

METHODS AND PROCEDURES 

The experiments that are described in this report follow a relatively 
straightforward paradigm: Pre-exposure measures of hearing are obtained on 
each animal; the animal is exposed to the impulse.noise; following expos
ure, the animal's hearing thresholds are remeasured at various postexposure 
times; then, following a fixed period of recovery, the sensory structures 
of the cochlea are prepared for histological examination. Such a paradigm 
allows for comparisons to be made among variables, such as (1) the physical 
exposure conditions, (2) temporary changes in hearing, (3) permanent 
changes in hearing, and (4) the extent and nature of the cochlear damage. 

Subjects 

The subjects were monaural chinchillas aged from 12 to approximately 
49 months at the start of the study. Each animal was made monaural by sur
gically destroying the left cochlea. The surgery was performed with the 
animal anesthetized using halothane gas. The animals were allowed at least 
one week postoperative recovery time befope proceeding with the audiometric 
training and testing. 

Behavioral Testing Procedures 

The audiometric instrumentation and procedures have been previously 
described in detail by Patterson et al. [10]. The chinchillas were tested 
in a double-grilled cage within a soundproof room. Mounted on the cage was 
a row of photocells to detect the animal's location and an electronic 
buzzer which was used as a secondary reinforcer. Standard audio equipment 
was used to generate and adjust the signal level. The pure tone signals 
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were delivered through an Altec coaxial loudspeaker. The control, dura
tion, and sequencing of events, as well as recording, were accomplished 
using a microprocessor. The behavior of the animals was monitored on a 
closed-circuit television. 

Each animal received training sessions until it scored 95% correct for 
three successive sessions. A modified method of limits [10,11] was used to 
estimate thresholds. Audiograms were taken until the average threshold was 
within plus or minus 5 dB of the normative data for the chinchilla [11,12] 
on five consecutive sessions. Then audiograms were obtained until the day 
of exposure. The last five audiograms before exposure were averaged across 
sessions to produce the baseline audiogram for the particular animal. The 
baseline audiogram for each animal was used as a reference for computing 
the postexposure threshold shifts. 

Exposure Stimuli 

Two types of impulses were synthesized for use as exposure stimuli. 
One of these, called the high peak stimulus, is the result of applying a 
200-microsecond rectangular pulse to the exposure circuit described below. 
The second type of impulse, the low peak stimulus, was generated using a 
procedure described by Patterson and Green [13]. Briefly, a digital im
pulse was passed through a bank of digital all-pass filters. This produced 
a signal whose amplitude spectrum is the same as the original impulse, but 
with an altered phase spectrum and, consequently, an altered time history. 
To produce the low-peak impulses, 25 elemental all-pass filters were 
selected from a set of 50 elemental filters. The selection was made by 
generating several hundred of the combinations of 50 filters chosen 25 at a 
time and picking the signal with the lowest peak. 

The exposure stimuli were synthesized on a PDP 11/34 minicomputer or 
an SEL Systems 85 and converted to electrical pulses by a 16 bit digital
to-analogue (D-A) converter. The output of the D-A converter was low pass 
filtered at 5.0 kHz by a Rockland System 816, 8-pole Bessel filter. This 
signal was amplified through an Altec amplifier and converted to acoustic 
impulses by an Altec 290D driver. A 10 cm extension throat with 4.8 cm 
diameter opening was bolted to the driver. 

Figs. 1 and 2 show the time history and spectrum of the high peak and 
the low peak impulse, respectively. These spectra are essentially the 
amplitude response of the Altec 290D driver. When these two impulses are 
equated for total energy (and energy spectrum), there is an 8 dB difference 
in the peak pressures as well as a difference in when the peak of the 
impulse occurs. 

The animal was positioned with the entrance of the ear canal at the 
center of the driver extension throat. The animal's pinna was taped to a 
flange on the throat which served to stabilize the positioning of both the 
ear canal and the pinna. Casual observation indicated that stabilizing the 
pinna was necessary, since animals would fold the pinna back along the head 
and possibly close the ear canal. 

Each exposure consisted of 100 impulses of the same wave shape (high 
or low peak) presented at constant intensity throughout. The impulses were 
delivered at a rate of one every three seconds. 

Experimental Design 

A total of 36 animals were used in these experiments. They were 
divided into six groups (six animals/group) and exposed to the impulse 
conditions presented in Table 1. 
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Fig. 1. The high-peak impulse pressure-time waveform (upper) and the 
frequency spectrum of the impulse (lower). 
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Table 1. Identification of the Exposure Conditions for the Six 
Experimental Groups 

Subject 
Group 

2 

3 

4 

5 

6 

Stimulus 
Type 

High peak 

Low peak 

High peak 

Low peak 

High peak 

Low peak 

Peak 
Pressure 
(dB SPL) 

147 

139 

139 

131 

135 

127 

Energy per 
n t rea Per 

Impulse 
(J/M2 ) 

.095 

.097 

.015 

.015 

.006 

.006 

------_._._---------_.-

Total Energy 
Level of the 

Exposure 
(dB re 1 J/M2) 

9.78 

9.87 

1.76 

1.76 

-2.22 

-2.22 

-.----

Groups 1 and 2 were exposed to impulses having approximately equal 
energy, but with peak pressures that differed by 8 dB. Similarly, Groups 3 
and 4 and Groups 5 and 6 formed pairs of exposure groups where the energy 
was equivalent, but the peak pressures differed by 8 dB. On the other hand, 
Groups 2 and 3 received exposures where the peak pressures were equal, but 
the energy differed by 8 dB. An attempt was made to match Groups 4 and 5 
with respect to peak pressure; however, after gathering preliminary data it 
was apparent that the high peak stimulus produced virtually no effect at a 
peak of 131 dB. Therefore, the peak level for Group 5 was set at 135 dB and 
Group 6 at an equivalent energy level. This arrangement of two wave types 
crossed with three energy levels fits the analysis of variance model for a 
two-factor independent groups experiment. In order to analyze all frequen
cies simul taneous.ly, audiometric test frequency was added as a third factor 
with repeated measures [14]. 

Recovery Conditions 

Complete audiograms were obtained starting 2 minutes after an exposure 
(referred to as time t=O) and at postexposure times of 32, 62, 92, 182, and 
362 minutes; 24 and 48 hours; and at 6, 9, 13, 16, 20, 23, 27, and 30 days 
after exposure. Temporary Threshold Shifts (TTS) for each animal were 
calculated from each postexposure audiogram by subtracting the animal's 
baseline audiogram. The threshold shifts for each animal obtained at 20, 
23, 27 and 30 days postexposure were averaged to produce an estimate of the 
animal's PTS. These TTS or PTS data were averaged across all animals 
constituting a particular group to obtain the group average TTS or PTS. 

Histology 

At 88 to 90 days postexposure, the animals were anesthetized with 
halothane and then decapitated. Following decapitation, the right stapes 
was removed and the round window membrane was slit. Each cochlea was fixed 
by perilymphatic perfusion of 2.5 percent glutaraldehyde in 0.1 M PO buffer 
and postfixed in 1 percent osmium-tetroxide in 0.1 M PO buffer. Cochleas 
were washed in buffer, and then dehydrated in ETOH. The entire basilar 
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membrane and stria vascularis were piecewise dissected free from their bony 
attachments and mounted in glycerin on glass slides for a surface prepara
tion light microscopic analysis [15J. 

The percentage of missing inner and outer hair cell were determined as 
a function of distance along the cochlear duct. Baseline normal sensory 
cell populations were established at octave lengths along the cochlea using 
a population of 30 normal chinchillas. A frequency-place map established 
by Eldredge et al. [16J was used to superimpose frequency on the length 
coordinate of the cochleogram so that audiometric data could be directly 
related to the sensory cell populations along the length of the cochlea. 

RESULTS AND DISCUSSION 

Postexposure Threshold Shift 

The group average threshold recovery curves at 1.4 kHz for all six 
experimental groups over a period of 30 days are shown in Fig. 3. The 
recovery curves at other test frequencies were qualitatively similar. The 
overall temporal configuration of these recovery curves is similar. In 
general, each of the recovery curves can be broken into two parts; the 
early phase 0 < t < 24 hours (t = postexposure time) and a later phase 
1 < t < 30 days. During the early phase, there is not a consistent pattern 
to the recovery function, i.e., threshold shifts in general either do not 
recover or continue to get worse before an orderly recovery period begins. 
This phenomenon has been described previously [17,18J, where it has been 
referred to as a postexposure growth of TTS. During the later phase, there 
is an orderly recovery of threshold which follows a time course which is 
approximately linear in log-time, until a relatively stable plateau is 
reached at around 25-30 days after exposure. The mean threshold shift at 
this plateau is defined as PTS. There is, in general, an orderly increase 
in the amount of TTS across groups of animals as the energy of the exposure 
increases. 

Traditionally, threshold shift measured minutes after exposure (TTSo) 
has been used as an index of the severity of a noise exposure. For moder
ate exposures, TTSo is usually the maximum shift observed. However, in 
situations where the recovery function follows a complex biphasic recovery 
pattern, a more appropriate measure may be the maximum threshold shift 
(TTSmax) recorded, regardless of the pOint in time at which it occurs. In 
Figs. 4 and 5, the group mean TTSo and TTSmax audiograms are plotted for 
each experimental group. In both figures, we get an appreciation for the 
orderly increase in threshold shift across test frequencies for each group 
as the energy of the exposure increases. The shift across frequency for 
each group is relatively flat, and increases from approximately 20-30 dB at 
the lowest exposure level to 80-90 dB at the highest exposure level. It 
should be noted that TTSmax is greater than TTSo for virtually all test 
conditions at all frequencies. This is another indication of the growth of 
TTS following exposure. When the threshold shifts become large, the 
ability to distinguish between groups on the basis of TTS becomes more 
difficult. 

Within groups having approximately equal energy exposures, there is 
the tendency in the mean data for the exposures with higher peak pressures 
to produce greater TTSo and TTSmax. However, in comparing groups with un
equal energies, i.e., Group 4, 131 dB low peak exposure with Group 5, 135 
dB high peak exposure, the 131 dB exposure consistently produces greater 
mean TTSo and TTSmax. Such relations between pressure and energy variables 
hold at the higher levels, but the effects appear less pronounced due to 
the compressive effect mentioned above. 
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Fig. 3. The group mean threshold recovery curves for each exposure 
condition at the 1.4 kHz test frequency. 

The differences between pairs of exposure groups having equal energies 
are less pronounced if one ponsiders the TTS data at times t>24 hours. 
During this late phase of ~ecovery (See Fig. 3), groups with equal energy 
exposures have similar TTS. 

The threshold shift remaining at 20 to 30 days postexposure was used 
as a measure of PTS. The last four data points on the recovery functions 
were averaged for each test frequency to estimate the PTS for each animal. 

Fig. 6 illustrates the PTS for each exposure group. Within exposure 
groups, the PTS is relatively uniformly distributed across frequency, pro
ducing a flat audiometric configuration. Generally, the PTS is well 
ordered according to increasing energy of exposure [9,10] with the lowest 
energy levels producing on the average, less than 10 dB PTS. Moderate 
energy levels produced on the order of 20 dB PTS, and the highest energy 
levels produced around 40 dB PTS. This increase of PTS with energy level 
of the exposure is shown more clearly in Fig. 7 where the average PTS at 1, 
2, and 4 kHz is computed and plotted against energy level of the exposure. 
In addition to the regular increase of PTS with energy level, we also 
notice that within exposure groups having equal energy, the high peaked 
waves produce a greater PTS. To determine if this effect was significant, 
these data were subjected to an analysis of variance [14] with energy level 
and wave type as the two primary treatment effects. Test frequency was 
included as a repeated measure factor. Table 2 contains a summary of this 
analysis, which indicates that not only are energy, test frequency, and the 
interaction of these two factors highly significant, but that wave type is 
marginally significant in the production of PTS also. 
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4. The group mean temporary threshold shift immediately following the 
impulse noise exposure (TTSo) for each of the experimental 
at each test frequency. 

Table 2. SUMMARY OF THE ANALYSIS OF VARIANCE ON PERMANENT 
THRESHOLD SHIFT 

----.----------------.------~----------
Treatment F DF P 

Wave type 4.26 1130 <.05 

Energy level 82.87 2/30 <.001 

Wave type by energy .08 2/30 >.10 

Test frequency 16.7 8/240 <'001 

Wave type by frequency .8 8/240 >.10 

Energy by frequency 3.49 16/240 <'001 

Wave type by energy by 
frequency 1. 36 16/240 >.10 

-----------~-------------

groups 
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Fig. 5. The postexposure group mean maximum temporary threshold shift 

(TTSmax) for each of the experimental groups at each test 
frequency. 

Histological Findings 

Figs. 8 and 9 show surface preparation micrographs of the organ of 
Corti from typical chinchillas. These figures illustrate some of the fea
tures of the noise damaged organ of Corti that were, more or less, typical 
of each exposure condition. In general, the two highest energy exposures 
produced widespread massive damage to the inner and outer sensory cells, 
supporting Deiter and Hensen cells, and nerve fibers. The remaining four 
exposure conditions generally produced more localized kinds of lesions. 
The lesions in the groups exposed to the medium energy levels tended to be 
restricted to the midregions of the cochlea. The most severe lesions were 
punctate. Most of the cochleas from the two lowest energy conditions 
showed comparatively little sensory cell loss, and much of the organ of 
Corti exhibited a uniform appearance similar to non-noise-exposed animals. 
In all groups, the appearance of the lesioned organ of Corti (when a lesion 
occurred) exhibited a similar pattern: a central area of severe loss in 
which the basilar membrane was devoid of sensory and supporting epithelium. 
This primary focal lesion was frequently bordered by regions of the organ 
of Corti with structural elements relatively intact, but with sensory cells 
showing varying degrees of loss apical or basal ward of the primary lesion. 
The Hensen cells are involved in the formation of the edges of the lesion, 
and the focal areas of the lesion are covered by cells originating in the 
area of the Claudius cells and the cells of the inner sulcus. Inner hair 
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cells tend to be missing most frequently when the inner pillar cells have 
been damaged. 

In general, the behaviorally measured hearing losses are reflected in 
the distribution of sensory cell loss in the cochlea. A summary of the 
group-averaged sensory cell losses is shown in Fig. 10 for all 6 experimen
tal groups. Each data point represents the average number of sensory cells 
lost in the particular experimental group within an octave band length of 
the cochlea centered at the indicated frequency. The octave band-group 
average sensory cell loss, in percentage, was computed by averaging sensory 
cell losses within octave band lengths of the cochlea for the individual 
animals that constitute that particular group, and dividing the loss by the 
normative sensory cell populations obtained from normal control animals. 
Fig. 10 should be compared to the mean PTS for individual groups plotted in 
Fig. 6. Several generalizations can be made from the group mean cell loss 
and PTS data. As in the PTS data, there is an orderly increase in the mean 
sensory cell loss, both inner hair cells (IHC) and outer hair cells (OHC), 
as the energy level of the exposure increases. The sensory cell lesion 
begins to develop in the 1 kHz region of the cochlea, and with increasing 
energy levels, spreads systematically towards the base of the cochlea. This 
effect can be seen clearly in Fig. 10 where all the sensory cell losses 
from each group are plotted together. The sensory cell losses in Groups 
3-6 show a strong peak which is somewhat symmetric around the 1 kHz area. 
However, the PTS audiograms for these groups are relatively flat, showing 
approximately a 20 dB hearing loss in Group 3 between 0.25 and 2 kHz. In 
general, the low-peaked waves, for a given energy level of the 
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exposure, consistently produced less sensory cell loss than did the high
peaked waves. However, the standard deviations in the sensory cell data 
are large and this effect should be interpreted with caution. 

In order to establish the statistical significance of the above obser
vations, the inner and outer hair cell loss data were subjected to analyses 
of variance with energy level and wave type as the two primary treatment 
effects. Tables 3 and 4 present summaries of these analyses which indicate 
that the effects of energy, test frequency, and the interaction of these 
two factors show significant effects (P < .01) in both inner and outer hair 
cell losses. Wave type and the interaction between wave type and frequency 
and between wave type, frequency, and energy were not significant at the 
.05 level for either inner hair cell or outer hair cell losses produced by 
these exposures. 

A maximum hearing loss of about 40 dB is seen in the group exposed to 
the highest energy level (Group 1). This loss is relatively flat from 0.25 
through B.O kHz. The mean sensory cell loss for these animals is very 
severe with a nearly complete loss of OHCs in the basal 70% of the cochlea, 
and 50% IHC losses throughout the basal one-half of the cochlea. Surpris
ingly, the low peaked Group 2 animals showed a much reduced loss of IHC 
compared to Group 1, while the final PTS audiograms for the two groups were 
quite similar. 
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Fig. 8. Surface preparation micrographs showing the region of 
impulse noise-induced damage in the cochlea of animal 
G16. (Exposure: 139 dB low peak wave) Inset: low 
magnification view of the punctate lesion (L); Panels A 
and C show the abrupt transition from a normal appear
ing sensory epithelium to a complete loss of all 
epithelial structures on the basilar membrane. Panel B 
shows the central area of the punctate lesion illus
trating the reepithelialization of the basilar membrane 
(S) and the decrease in the number of myelinated nerve 
fibers (MNF). H-Hensen cells; O-Outer hair cells; 
P-Pillar cells; I-Inner hair cells; *-indicates pillar 
cell lesions. 
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K62 

Fig. 9. Panel A shows a normal appearing region of the cochlea 
from animal K62 (Exposure: 135 dB high peak wave) and a 
low magnification inset of the apex which shows rela
tively little sensory cell damage. Panels Band C show 
punctate lesions from the regions indicated in the 
insets from animals K103 and K68 (Exposure: 135 dB 
high peak wave) respectively. H-Hensen cells; D-Outer 
hair cells; P-Pillar cells; I-Inner hair cells. 
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Table 3. Summary of the Analysis of Variance for Inner Hair 
Cell Loss 

--------------_._-
Treatment F DF P 

---------------- ----_. 
Wave type 3.26 1/30 <0.10 

Energy level 21.58 2/30 <0.001 

Wave type by energy 1.87 2/30 )0.10 

Test frequency 8.12 7/210 <0.001 

Wave type by frequency 1.91 7/210 <0.07 

Energy by frequency 2.36 14/210 <0.005 

Wave type by energy by 
frequency 1.67 14/210 <0.07 

U 
J: 

U 
J: 
o 
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Table 4. Summary of the Analysis of Variance for Outer Hair 
Cell Loss 

Treatment 

Wave type 

Energy level 

Wave type by energy 

Test frequency 

Wave type by frequency 

Energy by frequency 

Wave type by energy by 
frequency 

o HIGH 147 dB 
• LOW 139 dB 

F 

0.88 

111.19 

1.84 

40.41 

1 • 19 

17.72 

0.97 

o HIGH 139 dB 
• LOW 131 dB 

DF P 

1/30 >0.10 

2/30 <0.001 

2/30 >0.10 

7/210 <0.001 

7/210 >0.10 

14/210 <0.001 

14/210 >0.10 
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An alternative way of presenting the sensory cell loss is shown in 
Fig. 11. The total number of IHCs and OHCs that were missing in the entire 
cochlea were determined and then converted into a "dB-level" form, for 
comparison with PTS values. The data pOints in Fig. 11 were obtained as 
follows: the total hair cell losses (either OHC or IHC) were found for 
each animal and the mean for the group determined. The average total 
number of OHCs and IHCs lost in an experimental group was referenced to 100 
or to 10 cells respectively and a dB level was computed according to the 
following: 

dB(OHC) loss = 10 log (OHC 10ss/100) 

dB(IHC) loss = 10 log (IHC 10ss/10). 

The rationale for choosing the 100 OHC and 10 IHC cell reference was 
somewhat arbitrary, but can be justified by noting that a cochlea with 
losses of 100 OHCs and 10 IHCs scattered throughout the length of the 
cochlea could be considered a normal cochlea. This assumption breaks down 
if the sensory cell loss is concentrated in a very narrow region of the 
cochlea. However, in that case, the lesions would occupy less than 0.25 mm 
of the cochlea and by our available psychoacoustic testing procedures could 
probably not be detected. When using these two reference figures to relate 
sensory cell loss on a dB scale, an average chinchilla cochlea devoid of 
all OHCs and IHCs would have approximately a 20 dB loss in each case. 

Both the IHC and the OHC loss functions in Fig. 11 appear to reach 
upper and lower asymptotes at similar energy levels. We can estimate by 
extrapolation that for 100 impulses presented at a rate of 1 per 3 sec, 
having a total energy of about -6 dB (re 1 J/M2), the IHC and OHC losses 
will be negligible and thus the exposure will be safe. Similarly for an 
energy of more than 10 dB, the cochleas will sustain a near complete 
sensory cell loss. 

CONCLUSIONS 

The threshold shift measured within the first few hours after exposure 
showed a systematic variation with both peak pressure and energy level. 
The permanent threshold shift measured 20 to 30 days post-exposure, and the 
loss of sensory cells showed a strong dependence on energy level with a 
less pronounced dependence on peak pressure. These results indicate that 
peak pressure is not a sufficient indicator of auditory hazard; however, 
energy alone is not a sufficient indicator either. 
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DISCUSSION 

Henderson: In high energy groups there was 100% missing outer hair 
cells over a large range, but one of the high energy groups had almost 
normal inner hair cells. Can you comment on what the difference in hearing 
loss was between the two high energy groups at frequencies with and without 
outer hair cells? 

Patterson: The two high energy groups were almost on top of each 
other in terms of PTS, although it was only 40 dB. We did not find thresh
old shifts much bigger than 40-50 dB in these animals. 

Neilson: I am not sure if I saw it right, but as I understand the 
morphology, you had some places where there was a total loss of the organ 
of Corti and some places where there were hearing cells still intact. Is 
that in the same ear? Yet the threshold shifts were flat across frequency. 

Patterson: The threshold shifts in these aimals, in spite of the 
rather discreet histological findings, are really very broad band. It is 
a peculiar finding. I do not have any explanation for it, but it appears 
to be consistent. 

McFadden: The maximum hearing loss could occur about a day after the 
termination of the noise. Is there some prospect that the successive 
testing in the interval between the termination of the noise and the 24 
hour period may have contributed to it? That is, they have a lot of 
hearing loss and they presumably were getting exposed to lots of pretty 
intense pure tones. Does that contribute to that? 

Patterson: I do not think so. The peak seems to occur after the 
successive testing has slowed down, as a matter of fact, around the six 
hour point. 
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EFFECTS OF WEAPON NOISE ON HEARING 

INTRODUCTION 

A. Dancer and R. Franke 

French-German Research Institute of Saint-Louis 
68301 Saint-Louis, France 

"In military spheres, the need for prevention of weapon noise-induced 
hearing loss is receiving ever-increasing attention. The question as to 
which i.mpulse noises are hazardous and which are not is frequently raj sed, 
and research js being conducted in a number of countries to obtain data 
relating to these problems. The approach has to be made along two lines: 
(1) to find a satisfactory method of measuring and expressing the physjcal 
characteristics of the noise, and (2) to assess the potential for audjtory 
damage of vari ous noise sources [1]." TM s statement, made by English and 
American scientists jn 1968, is still up to date. 

Measurements of some simple physical parameters of the weapon noises 
and observations of weapon noise induced TTS and PTS [1-4] led to the 
pro-posal of damage rjsk criteria (DRC). A thorough comparative review of 
these DRC was made by Smoorenburg [5]. 

These DRC differ from those established for occupational or environ
mental noise in two respects: a) by the method of measuri.ng the physical 
characteristjcs of the noise and b) by the criteria of evaluatjon of the 
hearing damage. 

a) Weapon noises differ generally from other noises in peak pressure 
level (which can reach 100 kPa) and duration (the time required for the 
initjal or prjncipal pressure wave to rjse to its positive peak and return 
momentarily to ambient pressure, or A-duration, ranges typically from a 
fraction of millisecond for light weapons to a few milliseconds for heavy 
weapons, in the free field). Peak pressure and duration are simple to 
measure, and have been widely used to define the physical characteristics 
of weapon noise. 

b) Since people are not exposed each time to the same weapon noise and 
are not generally exposed every day, DRC currently in use are based on TTS 
experiments. Criteria proposed by CHABA [1] and Smoorenburg [4] correspond 
to given values of TTS (which is widely assumed to indicate eventual PTS) 
as a function of frequency not to be exceeded by given percentages of 
soldiers. Pfander's criterion [2] is based upon the recovery of threshold 
shHts [5]. 
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If we consider: a) the actual exposure conditions to weapon noises 
(very often during only a few hours and not every day), b) the actual 
procedures of measurement of the so-called TTS (it is almost impossible, 
on the shooting range, to measure the TTS two minutes after the end of the 
exposure) and c) the possible erratic pattern of the recovery following the 
exposure to impulse noise [6], the kind of criterion proposed by Pfander 
seems more fitted to the exposure conditions to weapon noises in the 
military environment. 

The exposure limits of these ORC use both the peak pressure level of 
the weapon noise and its duration. The relationship between peak pressure 
level and duration of Pfander's and Smoorenburg's criteria [5] (Fig. 6) 
corresponds to the isoenergetic principle (i.e. doubling the number of 
exposures or the duration of the weapon noise corresponds to a decrease of 
3 dB of the peak pressure level). In these respect these procedures are 
nearly identical to those used for assessing the risks due to the exposure 
to other noises (ISO 1999). But the weapon noise ORC listed before do not 
take into account the spectral distribution of the acoustic energy: the 
Pfander's and Smoorenburg's criteria make no distinction between a same 
amount of acoustic energy due to one shock wave of x.kPa peak pressure and 
y.ms duration, and n shock waves of the same peak pressure and of (y/n)ms 
duration, though the acoustic energy in the second exposure condition is 
located at higher frequencies. These ORC also do not take into account the 
transfer function which relates the acoustic energy in the free field to 
the acoustic energy at the input to the cochlea, whereas for occupational 
and environmental noises, the A-weighting makes allowance for this transfer 
function. 

Nevertheless, people have been well aware for a long time of the im
portance of the frequency spectrum of the impulses on the effects observed 
on hearing: "There is evidence that different types of impulse noise pro
duce effects at different frequencies" [1J. But " •.• while a Fourier 
analysis can give information regarding the spectral distribution of 
certain impulse wave forms, in general the spectrum is difficult and time 
consuming to analyze. For this reason, this parameter has not been 
included in the ORC ••• " [1J. 

It is now much easier to perform a Fourier analysis than 17 years ago. 
Oue to the importance of the parameter "frequency spectrum" in assessing 
the hazard from exposure to weapon noises (in the free field, in reverber
ant areas, in case of combined exposures: continuous and impulse noises, 
with hearing protection ••• ), the French committee on weapon noises (Comite 
Francais "Bruits d'Armes") following Atherley and Martin [7J, Rice and 
Martin [8J and the recommendations of the workshop on "Impulse noise and 
auditory hazard" (I.S.V.R., Southampton, 1981) decided to propose to the 
French army a ORC [9J based upon the measurement of the A-weighted* acous
tic energy and the isoenergy principle like ORC for occupational and en
vironmental noises. 

This ORC takes into account the previous ones (mainly Pfander's and 
Smoorenburg's criteria), but it represents a very important improvement as 
a method for measuring** and expressing the physical characteristics of the 

* Evidence in favour of the A-weighting, for use with industrial continu
ous noise, is not compelling but, according to Robinson [10J, other 
standardized frequency weightings fail also to reveal significant 
advantage. 

** Nevertheless, it seems always necessary to obtain a pressure/time rela
tion even if the assessment of the noise is performed in terms of A
weighted energy. Otherwise, errors in measurement are likely to go 
undetected. 
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noise and is much more powerful for assessing the auditory hazard in all 
exposure conditions in the military environment [11]. 

Now the question is: can we use this DRC in all conditions and are 
there any limitations to its use? 

LIMITATIONS TO THE USE OF THE DRC 

As a DRC based upon the isoenergy principle and the measurement of the 
A-weighted energy is widely used for occupational and environmental noise 
(ISO 1999), and as this physical procedure seems to provide in many re
spects a better way to evaluate the auditory hazard due to weapon noises 
exposures than the previous ones, what could prevent us from using it in 
all exposure conditions? 
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Fig. 1. Hearing level 2 minutes postexposure as a func
tion of peak SPL. 100 trigger pulls, one round 
per pull, at the rate of one every 5 sec. 
Parameter is audiometric test frequency [12]. 
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Critical Level 

As shown before, the weapon noises differ from other kinds of noise in 
peak pressure level, which is generally much higher than that reached by 
occupational noises, and in duration, which is much shorter. 

It is possible to think that due to some nonlinear processes the 
iso-energetic relationship between peak pressure level and duration is no 
longer valid for very high peak pressure levels. That is one of the reasons 
why the use of DRC for occupational noise is restricted over a given peak 
level (145 dB SPL, ISO 1999), and it is the main reason for which the use 
of DRC for weapon noises was restricted to given peak levels even for very 
short durations (i.e., 160 dB according to Pfander [2], 140 dB for the US
MIL-STD-1974B-1979, 160 dB for the DTAT-AT-83/27/28 [9]). 

Data of Kryter and Garinther [12] for unprotected human ears exposed 
to four different weapon noises indicate a very rapid increase of TTS over 
about 167 dB peak pressure level (Fig. 1). These results, as well as those 
obtained with impulse noises by Ward [13,14], lead Price [15] to emphasize 
the existence of a "critical level" beyond which the DRC curves based on 
the isoenergy principle would no longer be valid. This "critical level" 
could correspond to a change of the type of mechanism by which the auditory 
injuries occur (this mechanism is probably purely mechanical for the high
est levels as indicated by histological observations performed immediately 
after the end of the exposure [16,17]). The existence of such a "critical 
level" was confirmed by Dancer et al., [18] on guinea pigs exposed to shock 
waves of different peak pressures and durations: in this case the "critical 
level" is located between 148 and 160 dB SPL, depending on the duration 
(and hence the frequency spectrum) of the shock waves. 

For unprotected ears and weapon noises like those produced by firearms 
in the free field, it seems absolutely necessary to determine a peak 
pressure level beyond which exposure should be prohibited (Whatever the 
duration of the noise is), even for an energy dose not exceeding the chosen 
criterion. 

Influence of the duration (and of the frequency spectrum) of shock waves 

Let us consider two shock waves of the same peak pressure level but of 
different durations. The longer one contains as much acoustic energy as the 
shorter at medium and high frequencies but more at low frequencies. What
ever the weighting curve used is, the measured acoustic energy will always 
be greater for the longer shock wave. All existing DRC will anticipate a 
larger hazard for the exposure to the long shock wave. 

Nevertheless, experiments conducted on two different animal species 
(cat [19] and guinea pig [18,20] show very surprising results: the longer 
the duration of the shock wave, the smaller the threshold shifts (Figs. 2 
and 3). There is no classical explanation for this phenomenon, though we 
can think that there exists some kind of interaction between the very low 
and the medium/high frequency components of the shock wave. The very 
low-frequency components could limit the medium/high frequency-induced 
displacements of the middle ear [21] or of the inner ear structures. 
According to Johnson [22]: " ••• there is evidence that the infrasonic part 
of an impulse may ameliorate the effects of the high-frequency components 
of an impulse." Such an effect was found in a human study on air bag noise 
inside a test automobile [23,24]: TS from the whole noise (low-frequency 
component and impulse noise) were significantly smaller than TS from the 
impulse noise only. Johnson attributes this phenomenon to the loading of 
the middle ear which could " ••• attenuate some of the high-frequency sounds 
that reach the inner ear." On the other hand, studies by Patuzzi et al. 
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and 3. 

TS eight days after the exposure of 
different groups of guinea pigs to 25 
shock waves of a nearly constant peak 
pressure level (Fig. 2 1.5kPa) 
(Fig. 3. 3kPa) and of A-durations 
ranging from 0.05 to 1.02ms. 

[25] of "The modulation of the sensitivity of the mammalian cochlea by low 
frequency tones" show that displacements of the basilar membrane toward 
scala tympani (induced by low-frequency tones) provide a reduction of the 
mechanical sensitivity of the basilar membrane. Whatever the exact mechan
isms are, these observations are contrary to the predictions of all DRe for 
weapon noises. 

These discrepancies seem very important, especially in the case of 
exposure to the noise of heavy weapons (which are very rich in low frequen
cies, and particularly during exposures with hearing protectors. Since a 
hearing protector provides a good attenuation for medium and high frequen
cies, but a poor attenuation for low frequencies, the relative importance 
of the low frequencies versus medium and high frequencies is therefore much 
higher. 
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It therefore appears that both the unprotected and the protected ears 
are more resistant to the shock waves from heavy weapons than current DRC 
predict. 

Influence of the spacing of impulses 

No DRC takes into account the influence of the spacing of the weapon 
noises (problem of the small caliber machine guns for example). This 
parameter is nevertheless important [20,26,27]. The most noxious duration 
of the interval between two impulses seems to be of one second: TS are 
generally much smaller for shorter or longer intervals. For shorter inter
vals, the mechanism of the decrease of the TS is generally thought to be 
due to the middle ear acoustic reflex. However, some results from anesthe
tized and curarized guinea pigs [27] seem to indicate that other mech
anisms, probably at the inner ear level, could also be involved. 

This problem represents one more difficulty in the formulation and in 
the use of the DRC. 

CONCLUSION 

From all these points it could seem not very reasonable to use the DRC 
listed above. Nevertheless, considering the demand of the military, re
sponsible persons, and the great hazard that weapon noises represent to the 
hearing of soldiers, researchers were obliged to propose the best available 
solution. 

In our opinion, the DRC developed by the French committee on weapon 
noise [9] can be regarded as the most appropriate and versatile guideline 
up to now. Nevertheless, this guideline suffers all the difficulties we 
have discussed in this paper, and it should be regarded only as a step to a 
fully reliable DRC. 

Since all these difficulties seem to originate from highly non-linear 
processes occurring only at the very high peak pressure levels and very 
short durations which characterize weapon noise, the solution can only be 
found in DRC based upon parametric studies in exposure conditions directly 
comparable to the real ones. 
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DISCUSSION 

Forrest: We always see a tremendous variation between individuals 
exposed to the same noise. Some people will show almost no hearing loss, 
others will show a very large loss from the same noise exposure. Did you 
nnd that? 

Dancer: No. At 600 Hz + 1 SD was from 60 to 90 dB TTS. The disas
trous thjng was that practically every man had a very big loss. 

Forrest: Yes, I think that is very interesting because it is not what 
we find with exposures to heavy weapons. It may be that the blank rounds 
which you were using are giving a different result or having a different 
effect from heavy weapons. 

Flottorp: The variation between individuals may be due to many dif
ferences, but one main difference j.s the position of the outer ear wj th the 
respect to the blast. I have seen people who have been exposed to a rifle 
shot for many times without getUng damaged, but then one shot, at a wrong 
position and you have a noise resonance which in that is use in the reach 
you know of 3000 to 4000 Hz. The resonance may add 20 DB to the peak 
pressure. 
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CRITICAL PEAK LEVEL FOR IMPULSE NOISE HAZARD: PERMANENT HEARING THRESHOLD 

SHIFTS IN MILITARY DRILL SQUADS FOLLOWING KNOWN VARIATION OF IMPULSE NOISE 

EXPOSURE 

INTRODUCTION 

H. M. BorchgreVink1, O. Woxen 1 and G. Ofteda12 

Joint Medical Service of the Norwegian Armed Forces 1 
FSAN, Oslo mil/Huseby. Oslo 1 Norway 
ELAB,2 NTH, 7000 Trondheim, Norway 

From 1982 to 1983, new recruits of The Royal Norwegian Guards Ceremonial 
Drill Squad (n=32, males, 20 yrs), on their own initiative, changed from low 
horizontal to high vertical rifle positions during ceremonial firing. In 
addition, they used the more powerful brass Energa 7.62 mm blank ammunition 
when firing a simultaneous round which ended each of the 20 official cere
monial drill performances distributed over a 3 months period. The soldiers 
did not use hearing protection during these ceremonies. Permanent noise
induced hearing losses in the 1983 squad were substantially increased (Fig. 
1). Apart from this change, routine and training programs were identical. 
This gave us the unique opportunity to make a retrospectively-designed, 
controlled study on the effects of known variations of weapon position and 
impulse noise exposure on permanent noise-induced hearing losses in man. 
This was accomplished by letting the 1984 Drill Squad (new recruits) go 
through the drill program with 1982 red blank ammunition and 1983 (vertical) 
weapon position under audiometric surveillance. 

METHOD 

The 1982 Drill Squad (new recruits) used red blank 7.62 mm ammunition 
both for ceremonial firing and for training. Ceremonial firing was per
formed standing with the gun in a low horizontal position lateral to the 
right pelvis, with the muzzle pointing forward and the arms stretched down
ward. 

The 1983 Drill Squad (new recruits) changed to a vertical weapon posi
tion for ceremonial firing with the muzzle pointing upward and the trigger 
40 cm in front of the man's face, arms stretched forward. In addition, on 
their own initiative, they had changed for each official ceremonial perfor
mance to the more powerful brass Energa blank ammunition. On each of 20 
performance days, which were randomly distributed over the 3 month drill 
season, one simultaneous round occurred per day. 
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Fig. 1. Audiometry Drill Squads 1982, 1983 and 1984. Mean dB Hearing 
Thresholds upon entering (-------) and leaving ( •••••• ) Military 
Service. Standard deviations shown for 4000 Hz (1983) and 6000 Hz 
(1982 and 1984). 
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The 1984 Drill Squad (new recruits) went through the drill program with 
1982 red blank ammunition and the 1983 vertical weapon position under audi
ometric surveillance. 

Impulse noise measurements were performed in the field on the ceremon
ial drill squad's standard asphalt-covered exercise field with hearing 
protection (E A R-plugs or Silenta mil cuffs per individual choice with 
proper fit controlled by an audiologist in the field). The field recording 
equipment consisted of 1+1 Bruel & Kjaer 4136 1/4" microphones, B&K 2619 
microphone amplifier, B&K 2807 power supply, SONY PCM-FI transformer, SONY 
SL-FIE Beta video cassette recorder with SONY L-370-HG cassette and a 
Hewlett-Packard HP8052A peak meter. Microphone distortion was <2% at 170 dB 
SPL, and the PCM recorder was low-pass filtered at 20 kHz and overloaded at 
176 dB SPL. The recorded signals were analyzed in the ELAB laboratory with 
the same cassette recorder coupled via a B&K 2606 amplifier to a Wavetek 
Rockland 5820A analyzer (normal FFT-technique) and the curves were drawn by 
a Hewlett-Packard HP7470A plotter. 

The microphone was placed on the man's left shoulder, 5 em lateral to 
the left ear canal, facing upward with a 600 forward tilt. Single rounds 
were recorded with one man standing alone, 10 m from the recording 
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equipment. Simultaneous rounds were recorded with the 32 men in a 8 x 4 man 
square ceremonial position, each man placed 2 steps (1 - 1.5 m) from his 
neighbor. Two microphones were used, one on the center man and one on the 
assumed least exposed left front wing man. 

Audiometry was performed on every member of the 1982, 1983 and 1984 
Drill Squads upon entering and leaving military service. For the 1984 
squad, audiometry was performed at least monthly during the drill season, 
as well as before and after impulse noise measurements. All audiometric 
measures were obtained by the same operator in a Tegner sound attenuated 
cabinet using a calibrated INTERACOUSTICS AD12 Diagnostic Audiometer 
according to standard procedure [1]. 

RESULTS AND DISCUSSION 

Audiometry showed that in the 1984 squad, permanent noise-induced hear
ing losses were as rare as in 1982 (Fig. 1). The effect of horizontal or 
vertical weapon position was thus negigible, leaving the 20 powerful cere
monial impulse events as the probable source of the substantial permanent 
threshold shifts in the 1983 squad since all other programs in 1982, 1983 
and 1984 were otherwise identical. 

Because of the low number of more powerful exposures (20) randomly dis
tributed over a long period (3 months), the high degree of hearing loss 
observed in the 1983 squad is hardly compatible with an iso-energy concept 
of impulse noise hazard. Instead, the results favor the presence of a 
critical intensity level for impulse noise hazard in man beyond which inner 
ear damage is extensive even after short and infrequent exposure. 

This is in line with the conclusions of the Oslo 1982 Noise Symposium 
[2] where the iso-energy hypothesis was reported to be incompatible with 
several well-controlled animal experiments using pure tone stimuli [3], 
different equal-energy impact noise exposures [4], and different presen
tation patterns of iso-energy impact and continuous nOise exposures [5]. The 
experimental results suggest a critical level exists for hazardous noise. 

Impulse noise measurements of single rounds fired with Garand 7.62 mm 
SL rifles showed that red blank ammunition (1982 and 1984 squads) had peak 
levels less than 158 dB linear. However, great variation was observed among 
rounds, with 5 of 10 rounds less than 150 dB linear, both in the low and 
high weapon positions. Brass Energa blank ammunition (1983 squad) had peak 
levels of 169-170 dB linear, with the high weapon position (only two rounds 
were available since that type had been replaced by a new, less powerful 
model: yellow Energa blank ammunition). Yellow Energa blank ammunition 
showed peak levels of 160-161 dB linear, with a high weapon position (5 
rounds) and 160-162 dB linear, with a low weapon position (5 rounds). 

Impulse noise measurements of simultaneous rounds showed that the 
impulses reached the ear as a rapid succession of largely single pulses, 
resulting in an increase in impulse duration, but with the peak level 
similar to that of a single round. Five of 6 rounds of red blank ammunition 
were less than 160 dB but greater than 150 dB linear, indicating that the 32 
simultaneous single rounds compensated for the great SPL variation between 
individual rounds. The 4 rounds of yellow Energa blank ammunition measured 
160-163 dB linear. Simultaneous rounds were only fired with a high 
(vertical) weapon position. Peak levels were identical in the center and 
left front wing position for yellow Energa simultaneous rounds, and were 
lower by 2-13 dB at the left front wing position than at the center position 
for red blank ammunition, indicating that the noise from the man's own 
weapon was the main source for the sound reaching that man's ear. 
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Measurement of simultaneous rounds could not be performed with brass 
Energa blank ammunition as only two single rounds were available (Ol-d---
model). From the above data, there is reason to assume that simultaneous 
rounds with brass Energa blank ammunition would have given a single round 
peak level around 170 dB SPL and an increase in duration. 

Selected time history and spectral distribution curves are given in 
Figs. 2A, 2B, 3A, 3B and 4. When the time history curves are studied, 
neither differences in rise time nor in A, B, C or D-duration (according to 
[6]) seem to account for the differences between the noise hazard potentials 
of red blank ammunition and brass Energa blank ammunition. The spectral 
distribution of brass Energa blank ammunition, however, shows an even slope 
towards the higher frequencies (and the limits of the 20 kHz low-pass 
filter), whereas the red blank ammunition shows two rather distinct peaks 
around 500 Hz and 1 kHz frequencies. The significance of these distribu
tions, in terms of noise hazard, is not known to the authors. It is also 
hard to state whether the frequency difference in the maximum mean hearing 
loss in the 1983 squad (4000 Hz) versus the 1982 or 1984 squad (6000 Hz) 
(Fig. 1) is related to peak or spectral differences between red blank 
ammunition and brass Energa blank ammunition (Figs. 2A, 2B, 3A, 3B). 

CONCLUSION 

We feel that the above data indicate that it was the high peak level of 
170 dB that caused the substantial permanent noise-induced hearing losses 
observed in the 1983 squad. This indicates a critical peak level for impulse 
noise hazard which, in man, lies between 160 and 170 dB linear (at least for 
impulses with the above frequencies, rise times, durations and repetition 
rates). If the above noise exposures are replicated in animal experiments, 
the results may serve to link PTS data in man and various animal species. 
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CAN TTS BE AN INDICATOR FOR INDIVIDUAL SUSCEPTIBILITY TO PTS? 

Karl Buck and R. Franke 

Franco-German Research Institute of Saint Louis 
St. Louis, France 

INTRODUCTION 

It has long been agreed that there would be great interest in finding 
a test which predicts individual susceptibility to permanent threshold 
shift (PTS). Such tests would allow identification of people who are most 
likely to develop a noise-induced hearing loss in high noise areas and 
thereby reduce the number of people who suffer hearing impairment (and save 
much in compensation costs). Twenty years ago, Ward [1] analyzed about 20 
proposed tests of individual susceptibility, and found none of them good 
enough to be useful. 

Since that time, many other publications on this subject have 
appeared. Most of the procedures were described by Howell [2] in 1982. In 
this publication he tried to evaluate the whole repertory of proposed 
tests. The proposed tests can be divided into two major groups, auditory 
and nonauditory. 

Nonauditory Tests 

Bonaccorsi [3] showed, in men and guinea pigs, that a correlation 
exists between the concentration of melanin in the stria vascularis and 
susceptiblity to noise. Because the concentration of melanin in the iris 
of the eye is positively correlated with the concentration in the stria 
vascularis, it follows that dark eyes are correlated with low noise 
susceptibility. It has also been proposed that there is a correlation 
between general health and susceptibility. Different studies [4,5] in
dicate that good cardiovascular function decreases the risk of hearing 
loss. Overall, however, the relationship between nonauditory factors and 
susceptibility is sufficiently weak that they do not seem to offer a basis 
for an effective susceptibility test. 

Auditory Tests 

There are a very large number of proposed tests, almost all of them 
using some procedure to determine the sensitivity to temporary threshold 
shift (TTS). A few of them will be mentioned. Carhart [6] proposed the 
"Threshold of Distortion Test" as an index of susceptibility to TTS. This 
test used the level at which pure tone nonlinear combination tones could be 
heard. The "Threshold of Octave Masking Effect" proposed by Humes et al. 
[7] is based on a similar principle. 
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The "Loudness Discrimination Index" was proposed as an early indicator 
for TTS [8]. This test is based on recruitment, which is usually seen 
after a subject is exposed to intense noise. 

Pederson [9,10J showed that changes in the cochlea due to intense 
noise alter the slope of the temporal integration function. Thus, Humes 
[11] proposed that "Brief Tone Audiometry" might be an indicator of sus
ceptibility. 

Humes [11] also proposed that "Speech Discrimination in Noise" might 
be used to detect 'fragile' ears because frequency integration in the ear 
might be affected long before any TTS could be detected. "Acoustic Reflex 
Measurement" [12J has also been suggested as a test of susceptibility. It 
has been proposed that reflex latency, rise time and fall times could give 
an indication of sensitivity to TTS. 

All the auditory tests purport to predict individual susceptibility to 
TTS, but not to PTS. In fact, most of the tests deal with TTS in humans, 
and there is no ethical way to induce a PTS in humans for experimental 
purposes. So the problem for all tests is that there must be a correlation 
between sensitivity to TTS and sensitivity to PTS if they are to have any 
practical value. 

Relationship between TTS and PTS 

Temkin [13], in 1933, first stated the hypothesis that there should be 
some relationship between TTS and PTS. In the intervening years, discus
sion has gone on and there is still no definite answer as to whether this 
relationship exists or not. Burns and Robinson [14] measured the PTS 
acquired during a worker's previous employment and compared it to the TTS 
acquired during one working day. They reported that the group of workers 
which showed a lower initial hearing sensitivity developed less TTS at the 
end of the working day. They also concluded "that a higher susceptibility 
to TTS tends to be associated with higher susceptibility to occupational 
hearing loss, and vice versa." However, there is considerable uncertainity 
with respect to the hearing thresholds before the work experience, which 
makes it difficult to interpret these findings unequivocally. 

Using the data of Richartz [15], Kraak [16,17] reported a close 
relationship between TTS integrated over time (ITTS) and PTS. This 
approach correlates the ITTS (growth and recovery) for a four hour ex
posure with the PTS due to about one year's exposure to the same noise 
(measured after several weeks of vacation). Although there are some 
methodological questions (Richartz's original article was not available), 
this method shows a surprisingly good correlation between ITTS and PTS. 

Kryter et al. [18] postulated that the TTS observed after one work
ing day should approximate the amount of PTS after ten years work in the 
same environment. The postUlate was mainly based on data of others [19-
23]. However, these data are mean data for groups and are not applicable 
to the prediction of individual susceptibility. 

Jerger and Carhart [24J exposed subjects to 3 kHz tones at 100 dB for 
60 seconds and then measured the time it took threshold at 4.5 kHz to 
return to within 20 and 10 dB of preexposure levels. The subjects then 
took a course on jet-engine maintenance where they were regularly sub
jected to intense noise exposure. Eight weeks after the exposure, PTS was 
measured. Their results suggest that subjects with a longer recovery time 
for TTS are more susceptible to PTS. Although there is a trend in their 
data, the large scatter shows that recovery time is not highly correlated 
with susceptibility to PTS. 
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Fig. 3. Animal restraint used during 
audiometry and exposure. 

Pfander [25] did a study in which 100 soldiers were exposed to three 
different types of noise (two white noises and gunshot). The five soldiers 
who showed the slowest recovery from the gunshot also showed PTS at the end 
of the shooting training. Therefore, he suggested that the recovery time 
of TTS might be the factor characterizing susceptibility to noise. 

The foregoing tests show some relationship between TTS (or related 
factors) and PTS. Unfortunately, they were designed to show the correla
tion for groups, rather than for individuals. It is possible that a test 
of susceptibility to PTS based on TTS measures may also work very well for 
individuals. The literature gives no direct answer to this issue, but 
rather a lot of inconsistencies. Therefore, we decided to evaluate whether 
or not it was possible to find some correlation between TTS (or related 
parameters) and susceptibility to PTS for at least one case. 

EXPERIMENT 

This experiment was planned to give us maximum data about TTS from the 
moment at which it was induced until full recovery, and also to provide 
data from the same animals after the induction of a PTS. The experiment 
was intended to give us a maximum number of parameters to evaluate the 
correlation between TTS and PTS in the same animal. 

Experimental Plan 

In Phase One of the experiment, a TTS was induced in each animal. The 
exposure (level and time) was chosen so that the maximum TTS was about 25 
dB, which insured that only fatigue and not PTS was induced, and that all 
animals would recover within one week. Ears were stimulated for five 
minutes with a 103 dB, 1/3 octave band of noise having a center frequency 
of 8 kHz. Threshold shifts were monitored as shown in Fig. 1. 
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Phase Two consisted of an exposure intended to produce a PTS (the same 
noise as before, but at 110 dB for 30 minutes). It was carried out a week 
later, after all animals had recovered. Fig. 1 also shows the times at 
which thresholds were monitored in this phase of the experiment. 

The noise used to induce TTS and PTS had the same spectral composi
tion (see Fig. 2). The major reason this noise was chosen was that it 
permitted us to limit threshold shifts to a narrow frequency range. Thus, 
stable thresholds outside the affected area assured us that the changes 
measured were in fact due to the exposure and not to instabilities in the 
preparation. This was important because the animals were tested over a 
period of about 40 to 60 days. An additional consideration was that a 
stimulus of 8 kHz is less affected by the acoustic reflex than stimuli at 
lower frequencies [26J. 

TIME IN DAYS 

Fig. 4. Mean threshold shift and its standard
deviation as a function of time after 
exposure to 103 dB for five minutes. 
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The threshold measurements were made using an implanted round window 
electrode [27]. The threshold was measured with "filtered clicks" and 
defined as the level which was needed to obtain a 3 uV amplitude of the N1 
wave of the compound action potential. The threshold measurements and the 
noise exposure were made with awake guinea pigs in a free sound field. The 
animal's head was held in a semi-rigid restraint apparatus (Fig. 3); its 
body was only slightly restrained in a plastic tube, so the animal could 
move but its head was held in a stable position with respect to the loud
speaker. 

RESULTS 

TTS 

Fig. 4 shows the evolution of the TTS in phase I for all frequencies 
tested. The data are mean values and standard deviations of a group of 
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24 animals. For frequencies lower than 8.0 kHz (which is below the 
noise-band), there was almost no TTS. The standard deviations at these 
lower frequencies were also smaller than those in the areas where TTS was 
induced. This figure shows that a fast recovery takes place during the 
first 6 hours after exposure (linear time scale) and that full (mean) 
recovery is obtained within three days. 

Fig. 5 shows the mean TTS at three different time intervals after 
stimulation as a function of the frequency. It is clear that the maximum 
TTS is not located at the same frequency as the maximum energy of the 
noise, but about one octave higher (for the measurement five minutes 
after stimulation). The maximum shifted toward even higher frequencies 
for the 6 and 24 hour curves. 

The mean recovery at the four frequencies that showed a shift (8.0, 
11.3, 16.0 and 22.6 kHz) is plotted in Fig. 6 (the broken line represents 
the recovery function given by Kryter [23]. For the frequencies which 
show the highest TTS (16 and 22.6 kHz), the rate of recovery is quite 
close to that published by Kryter, but for the frequencies showing less 
TTS, the slope is not as steep (1.3 instead of 3.0 dB per doubling of 
time) • 

Fig. 7 presents the mean threshold shift (TS) in phase II as a 
function of time. All measured frequencies are displayed. The standard 
deviations plotted refer to 24 animals after stimulation, and to seven 
animals at the end of the experiment (60 days after stimulation). This 
loss in number is due primarily to the interruption of the electrical 
circuit of the implant (N=12). These problems occurred because of the 
growth of the animals during the experiment. The other reasons were: 
otitis media (N=3), lesion of the ear drum (N=1) and one death. This 
figure also shows some TS for all frequencies immediately after the noise 
exposure. At this time, TTS and PTS processes are mixed and the maximum 
value of about 50 dB is found at 16 kHz. The recovery for frequencies 
below 5.6 kHz and above 11.3 kHz is almost complete after about 15 days. 
Because recovery is essentially finished at this time, we later refer to 
these values at "PTS." The figure also shows some TS for low frequencies 
which becomes greater with time. It seems that this effect also has (at 
lease in part) to be attributed to the noise exposure, because a study of 
the reproducibility of the method [29] showed no degradation of sensitiv
ity. This effect could partially be due to microlesions in the ossicular 
chain during the exposure, which later induce some sclerotic effects in 
the ligaments. 

Fig. 8 shows the threshold shifts at the time of maximal recovery 
(14 days after exposure) and the 5% confidence interval (measured with 21 
animals). Note that frequencies lower than 5.6 kHz and higher than 11.3 
kHz show essentially no PTS, whereas thresholds at 8.0 and 11.3 show a TS 
of more than 15 dB. At 5.6 kHz, the TS is only about 5 dB. As with 
TTS's, the dispersion of the PTS data becomes much larger when a thresh
old shift is present. This is consistent with the interpretation that 
the scatter of the threshold shifts is really due to intra-individual 
differences in susceptibility, and not to methodological uncertainties. 

Individual Data 

A set of data similar to those shown in Figs. 4 and 7 were obtained 
for every animal (the PTS used in data analysis was derived from TS at 14 
days because of reasons which were discussed earlier). In the following 
figures, we try to correlate the TTS or related parameters to the PTS 
acquired by the same animal in order to see if any of these parameters 
show some relationship. 
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Individual Sensitivity 

Fig. 9 shows individual PTS's at 5.6, B.O, 11.3 and 16 kHz as a 
function of the initial hearing thresholds at the three surrounding fre
quencies. There is apparently little or no correlation between initial 
sensitivity and PTS. 

TTS Five Minutes and Six Hours After Noise Exposure 

Fig. 10 shows the individual PTS's for the most affected frequencies 
(8.0, 11.3, 16.0 and 22.6 kHz) as a function of the TTS measured five 
minutes after the first stimulation (103 dB for five minutes). The PTS's 
at the three frequencies lower or equal to the TTS frequency are plotted 
using different symbols. Again, no correlation could be found. Fig. 11 is 
analogous to the previous one, but the TTS plotted is that measured six 
hours after noise exposure. Again, no correlation could be found. 

Frequency at TTS Max 

Fig. 12 shows the maximum individual PTS as a function of the 
frequency of maximum TTS obtained five minutes or six hours after the end 
of exposure. No correlation could be found. 

Recovery Time of TTS 

Fig. 13 shows the individual PTS as a function of TTS recovery time. 
The recovery time was defined as the time an individual animal needed to 
recover to within 2 dB of the pre-exposure value. No correlation could be 
found. 

TTS integrated over the frequency range and over recovery time 

Fig. 14 PTSMax is plotted as a function of the integral of the TTS 
(Fig 14a: TTS5min; Fig 14b: TTS6hours) over all measured frequencies. No 
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correlation could be found. PTS for individuals is plotted in Fig. 15 as a 
function of TTS integrated over the whole recovery time for four different 
frequencies (8.0, 11.3, 16.0, and 22.6 kHz). Again, no correlation could 
be found. 

CONCLUSIONS 

During the last 20 years, a large amount of work has been done to 
determine the individual susceptibility to PTS. In general, there have 
been promising results for group data; however, no conclusive test for 
individual susceptibility has been demonstrated. As far as just TTS is 
concerned, there are some interesting approaches, especially tests 
concerning the temporal evolution of TTS. However, tests predicting 
susceptibility to PTS by using susceptibility to TTS are likely to be 
successful only if TTS and PTS are induced by the same mechanisms. 

The essentially low correlations between PTS and TTS found in our 
study seem to indicate that there are different mechanisms involved (or at 
least for these conditions). Some data for groups of subjects also indi
cate the same thing. For example, maximum TTS appears at about 16 kHz, one 
octave higher than the noise stimulus, but the maximum PTS was measured at 
about 8 kHz (the center frequency of the noise stimulus). This means that 
TTS is induced in a different part of the cochlea than PTS. Liberman [30J 
reported that TTS is essentially due to metabolic depletion, evidenced by 
vacuoles at the base of the hair cells; whereas, it is generally agreed 
that PTS is the result of structural modification or destruction of hair 
cells. If TTS and PTS are due to different mechanisms, then susceptibility 
to PTS should be tested using methods which are more directly related to 
PTS. Unfortunately, this means that any test which is perfectly reversible 
might not give enough information about PTS. It follows that a test which 
induces irreversible changes would be the best "predictor;" but it is 
doubtful that such a test would ever be practical. 
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DISCUSSION 

Oftedal: Have you ever measured the correlation between the 
individual TTS's from repeated exposures to the same noise? 

Buck: No. But it might be a nice experiment to determine if there 
is some-correlation within a single animal. 

456 



FIELD STUDIES ON IMPULSE NOISE ANNOYANCE IN 

THE ENVIRONMENT OF GARRISON FIRING RANGES 

INTRODUCTION 

Olaf Tech and Heinz Brinkmann 

Bundesamt fur Wehrtechnik und Beschaffung, AFB FE IV 
(Federal Office for Military Technology Procurement) 
clo Erprobungsstelle 91, 4470 Meppen 

Apart from their primary function, namely the firing of projectiles, 
both small- and large-caliber weapons generate a rather unpleasant side
effect - the muzzle blast. This phenomenon is caused by the propellant 
gases being suddenly released from the barrel behind the projectile. 
Directly near the weapon, this muzzle report may present a hazard to life 
and limb and may also cause damage to material. This limits, to a certain 
extent, the use of the weapon. Personnel working in the near vicinity of 
the weapon must wear either protective earmuffs or earplugs. Further away 
from the weapon, people are (or at least feel) disturbed by the impulse 
noise. 

DESCRIPTION OF PROBLEM 

According to 1982 statistics, the Federal Republic of Germany ranges 
fourth on the list of the most densely populated countries in the world, 
with 248 inhabitants per km (after Japan with 284, Belgium with 322, and 
the Netherlands with 400 inhabitants per km2); therefore there are hardly 
any large areas available which are far removed from populated areas. For 
this reason it :is obvious that the problem of impulse noise annoyance is 
given particular attention in the FRG. 

For the construction of new firing ranges, it is therefore useful to 
have a forecast model to permit predictions of expected noise levels and to 
amend the planning for the installation if required. A description of an 
investigation aimed at garrison firing ranges will be given below. 

PROBLEMS RELATED TO MEASUREMENT OF IMPULSE NOISE AND EVALUATION OF TEST 
DATA 

When trying to determine the effect of any given noise on the human 
body, and to make an objective quantitative assessment on the basis of 
measured data, the test must be designed to adequately simulate a statis
tical average of the properties of a "standard ear," excluding any disper
sion of data caused by subjective impressions. 
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The function of the human ear is very complicated, with some details 
still being unknown; therefore, an instrumented test can only achieve a 
more or less adequate approximation. How close this approximation is to 
reality also depends on economic considerations such as instrumentation, 
time or personnel required. For the practical application of the test, it 
must be ensured that the same phenomenon may be measured at different times 
and different locations, but still leading to the same result. The com
parability of test results is therefore more important than the degree of 
"accuracy" in absolute terms. 

It is even more difficult to evaluate in fairly general terms the 
impulse noise, in view of its annoying and disturbing effects on human 
beings. It is therefore not the objective of this presentation to evaluate 
impulse noise along those lines, but rather to exclusively present the 
physically-defined properties of the acoustic phenomenon. 

In Germany, a precision impulse sound level meter for the deter
mination of impulse noise levels has been used since the late sixties, 
gathering comparable data on noise levels, which are relatively true to the 
acoustic impression on the human ear. For this reason, the results quoted 
below refer to LAI values, although in recent years the use of LAFMAY for 
impulse noise 1.s favored both within German and international stanaardi
zation agencies. 

STUDIES 

Impulse Noise Source in Open Terrain 

The first step to determine the disturbing effect of various noises by 
measurement 1.s to evaluate the noise source for its objective acoustic 
emission. In preparation of these measurements, any factors 1.nterfering 
with the noise propagation must be removed as far as possible. The first 
extensive tests in this field were carried out as early as 1969. The 
measurements, as summarized by Prof. Burck of the Technische Universitat 
Munich in his expert report published in WG VI - 3 [1], were taken by a 
team from Proving Ground 91 at Meppen, members of the former Arbeitsbereich 
Akustik (department for acoustics). The tests were conducted on a flat and 
open terrain. Although the tests had been carried out with various small 
cal1.ber weapons. this presentation will only deal with one noise source, 
namely the rifle G 3. Th:ls rifle was also used for all further f:leld 
studies as the standard noise source. The resulting test data, which are 
based on a number of individual parameters, may be presented as directivity 
diagrams giving the omnidirectional character1.stics for distances of 50 and 
100 m from the noise source (see Fig. 1). The directivity pattern for the 
sound radiation of the rifle G 3 is a wide oval shape, with the directional 
effect in firing direction. 

As stated in the expert report (dated 1969), the marked deviation of 
impulse noise levels registered even at distances of only 50 m, a trend 
which increases with the distance from the noise source, can obviously not 
be attributed to variations generated by the noise source itself (at a test 
point located 100 m from the noise source, the differences in noise level 
are about 10 dB). As further proof of the above-mentioned statements, 
radiation characteristics of measurements of the G 3-rifle carried out at 
short ranges (1 m, 2 m and 5 m) are also shown on Fig. 1. These measure
ments, aimed at determining the muzzle blast, were carried out in 1977 [2] 
and 1981 [3] by Meppen Proving Ground. The peak pr.essure level L was 
determined after elimination of the ballistic shock wave which may have 
shown on an oscillogram. The deviation of results lies 1.n this case within 
a range of less than 1 dB. This demonstrates that the basic features of 
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the radiation characteristics shown at the 50 m or 100 m range are already 
evident in the short range (1 - 5 m). Only in the dlrection of fire (0 
degrees), and to a minor extent at 45 degrees or 315 degrees to the direc
tion of fire, the N-wave constitutes the dominating noise source, especial
ly around the 100 m circle. 

Noise Source in an Open Garrison Firing Range (Type A) 

After examining the noise source as to its objective acoustic 
emission, the effect of the characteristic and firing range-specific 
environment on the emitted sound phenomena should be investigated. The 
test to be examined was carried out at the garrison firing range at 
Haberloh and aimed at determining the effect of the standard design of a 
garrison firing range type A with blast walls, screens and stop butts, all 
of conventional design. The Haberloh fi d ng range is situated in a flat 
terrain surrounded mainly by meadows and boggy ground with low shrubs. 
Apart from the effect of facilities, there is no additional interference 
factor caused either by rough terrain features or dense vegetation. It was 
again the acoustics worbng group of the Meppen Proving Ground that carried 
out the measurements, recording simultaneously outputs from eight test 

\' ' 
\ ", ' \: \ 
\ : ' I I 

M 1'jO 160 .70 180 .1l 
I, I I : ' , 

/ : I ! , ' 

Fig. 1. Directivity Pattern for the Sound Radiation of the Rifle G3 
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Fig. 2. Circular Sound Emission Pattern of the Garrison Firing Range 
Haberloh (Type A) 

points. The test points were arranged in a circle around an assumed 
centerpoint of the firing range, with a radius of 200 m or 400 m (Fig. 2). 
The firing position on rifle range 111/150 m being located 25 m away from 
the assumed centerpoint caused a shift of the measured data of omnidirec
tional characteristics to one side, because to the right of the firing 
direction there were two blast walls and to the left, three blast walls be
tween firing position and respective test points [4]. The 200 m test point 
in firing direction was located directly behind the projectUe butt, so 
that this test point was in the acoustical shadow. For this reason the L 
-value at the 400 m test point was higher than at the 200 m test point 
(Ftg. 2). A further conclusion of this investigation was the fact that the 
effects of metereological conditions on the sound propagation have an im
portant influence. Specially, the effect of wind causes a strong disper
sion of noise level values. Based on numerous individual measured data, 
Burck [4] has proposed the following rule of thumb: for taU-wind 
conditions, an increase of 2 dB(AI) per mls mean wind speed and for head 
wind, a decrease of the same order must be taken into account. In October 
1970, Burck [5] described the omnidirectional characteristics of a firing 
range type A, with the noise source being near the center of the range 
(Fig. 3). Th:l.s value represents a symmetrically adjusted average of the 
"Haberloh" test data with the G 3-rifle as noise source. The changes in 
the omn:l.directional characteristics as compared to the radiation charac
teristics of the G 3-rifle in the open terrain are to be attributed to the 
firing range-specific features. These measurements, however, offer no 
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basis for generally valid statements which may also apply to other facili
ties or types of facilities, because of basic differences, such as the 
number of firing lanes and thus the number of blast walls separating the 
lanes, as well as the di.ffering arrangement of screens and their location 
relative to each other. All these features may vary from range to range. 

Noise Source on Firing Range with Transverse Screens (Type C) 

At the Mainz garri.son firing range, a test was carried out in 1983 and 
1984 to determine the effect of screens and of metereological conditions on 
sound propagation. This particular range was chosen because it was a type 
C firing range situated in a relatively flat terrain with elevati.ons of up 
to + 10 m and ground depressions of up to - 6 m at a distance of 400 m or -
33 m at a distance 3200 m. The surrounding vegetation consisted mainly of 
farmland (grain), orchards and vegetable plantations, as well as some wood
land. To get a better understanding of the effect of vegetation and dif
ferent weather conditions, measurements were taken in five test series over 
one year (June, August, October 1983, January and March 1984). The chosen 
test points were located at distances of 200 m, 400 m, 800 m, 1000 m and 
3200 m from the firing position (at station 150 m). Measurements were 
taken in eight different directions around the range. The 360 degree meas
urements, the results of which were to be compared with the previously 
generated omnidirectional characteristica, were taken at eight test points 
arranged around a 400 m circle. This 400 m was chosen because the same 
di.atance was used during the earlier measurements and also because it is 
outside the near-field of the garrison firing range. Some parameters, 
however, which are required to exactly determine the directional charac
teristics of a range with transverse screens had not been met. For 
example, the frequency of occurrence of the different wind directions was 
not evenly spread over the five test series. Furthermore, the US firing 
range with its own screens, bordering the Mainz firing range to the South, 
affected the acoustic events. 

Omnidirectional characteristics were generated at each test series, 
the respective effect of wind being quite obvious [6]; therefore, an 
average of the directional characteristics for all five test series was 
computed. An average of the wind properties had also been calculated: 
wind direction being expressed as a veotorial average, wind speed as an 
arithmetic average. Using the correction methods described below, the 
omnidirectional characteristics of the Mainz installation are as shown on 
Fig. 3. Due to the particular arrangement of the screens and multiple re
flexions at the front of one screen and at the back of another, a butter
fly-type directivity pattern in contrast to the oval pattern of the 
"Haberloh range" was generated. The 4-6 dB increase in noise level at 90 
and 270 firing lane, where even at the Mainz installation there is no 
reflexion of the muzzle blast, is probably due to the fact that on both 
sides there is one blast wall less than that at Haberloh. 

With the intention of examining the sound propagation, 10 test points 
were arranged at 180° degrees. The test points were staggered at distances 
between + 200 m and + 3200 m as well as between - 200 m and - 3200 m. 
After one measurement was completed, the measurement axis was shifted by 
45 0 , and the sound propagation measurement was repeated. These symmetrical 
measurements, along two different measurement beams in opposite directions, 
allowed an examination of both head-wind and tail-wind conditions. Due to 
the large number of individual test data to be processed, computer was 
used, plotting a regression curve through the :i.mputs points and calculating 
at the same time the appropriate regression coefficients. Head-wind or 
cross-wind condtttons caused a considerable variation of results whereas 
tail-wind conditions showed a marked trend in the test data. Although the 
absolute noi.se level of the ;ndi vidual firings varied considerably, the 
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Fig. 3. Circular sound emission pattern of the garrison firing 
range mainz (type C). 

decrease in noise level remained more or less the same. This is confirmed 
by a very high regression coefficient of approximately 1. The low regres
sion coefficient of the January measurement (0.4 - 0.7) was caused by 
terrain features and vegetation properties. The test point 1600 m directly 
opposite the firing direction was located in front of a forest, which 
obviously caused reflexions and thus affected the test results. Due to the 
fact that in Germany tail-wind conditions must be considered for any noise
level forecast, this particular condition is of special interest as a sub
ject for investigation. 

For the calculation of sound propagation, the 200 m test points were 
not taken into account, because they are still within the inner boundary of 
the installation. Only the readi.ngs from the 400 m circle may be regarded 
as reproducible data, since these test points are no longer in the near
field of the range, and because metereological influences are not too 
marked at this distance. 
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The correlation between the change of wind speed and the changes of 
the noise-level reduction shows that the noise-level reduction per duplica
tion of range decreases by 2 dB if the wind speed increases by 1 m/s. In 
contrast to Burck's [4] findings where the effect of wind on sound 
propagation had only been examined for a test range of 200 - 400 m, the 
investigation under discussion has shown that wind speeds up to 1 mls may 
be considered as zero-wind condition. This leads to the result of 

\VWind-1) x 2 dB 

for noise-level reduction. 

Taking the above-mentioned facts into account, it has been found that 
under tail-wind conditions, the noise-level reduction per duplication of 
range is 12 dB. 

PRELIMINARY FORECAST MODEL 

On the basis of the radiation values recorded over the changing 
seasons, the following formula has been developed as an algorithm for 
noise-level calculations. 

L = L400 - [40 x 19 ~o - 2 x (Vwind-1~ 

List of symbols used: expected noise level in dB (AI) 
noise level at reference range of 400 m 

= examined range in m 
reference range in m (400 m) 

= wind speed in mls 

This function is applicable to tail-wind conditions. Since th:!.s :!.S the 
most critical condition, the expected noise levels :!.n other direct:!.ons are 
never higher than the values calculated with the a.m. formula. Using this 
formula, the noise-level reduction per duplicat:!.on of range :!.S calculated 
to be 12 dB. Furthermore, the noise-level reduction decreases by 2 dB per 
mls of wind speed with wind speeds above 1 m/s. 

Comparing the calculated noise level using the forecast model with the 
recorded no:!.se levels measured during the various test series, the sug
gested model proves its worth. The differences are mainly such that the 
measured noise level is below the calculated levels. A yearly average is 
presented below: 

Tail wind for test beam 45°, vwind = 2,5 m/s. 

This leads to a noise-level reduct:!.on of 9 dB per duplication of distance. 

Distance 

calculated 
noise level 

measured 
noise level 

L 

__ 4_o_o __ m ________ 8o_o __ m ______ 1_6_o_o~m _____ ~3~2_0~0_m~ ____ _ 

67 ~ 3 58 r 3 49.! 5 dB (AI) 

76"!:: 3 68 :- 2 57:! 3 44:!:" 3 dB (AI) 

o - 1 + 1 + 6 dB (AI) 
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The forecast model is therefore also applicable to other installations, if 
measured data for the distance of 400 m are available. 
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DISCUSSION 

Stevins 

Do you have any idea of the relation between your measurement of the 
impulse noise and that obtained with an A-weighted equivalent level taken 
over eight hours? 

Brinkman 

No, I have not made such a determination for weapons noise. 

Forrest 

Britain, like most other countries, has a problem with proving ranges. 
Most of our problem relates to heavy weapons rather than rifles. We have, 
to some extent, already developed methods of forcasting noise as a function 
of weather conditions which include windspeed and the presence of tempera
ture inversions. On the whole, with the larger weapons, we tend to find 
the quantity of interest to be the peak pressure measured linearly. It is 
the over-pressure in kPa which is related to minor damage to buildings 
which seems to be heavily related to complaints in the local populace, 
rather than dBA. Probably dBA is more appropriate to rifles though. 

Brinkman 

In our experience, if we do not use A-weighting, but rather unweighted 
impulse levels, then there are greater differences introduced by wind 
effects. 
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THE RESULTS OF LONG-TERM FIELD STUDIES ON ACOUSTIC TRAUMATA IN MILITARY 

PERSONNEL 

INTRODUCTION 

Friedrich Pfander 

Research Commission, FRG Medical and Health Services 
Schwachhauser Heerstr.163a, D-2800 Bremen, Germany 

In the Federal Republic of Germany, a criterion of exposure limits has 
been developed on the basis of pre- and post- audiometric results obtained 
from soldiers participating in firing practice and field studies. The data 
base has over 10,000 audiometric studies from various field studies, each 
involving 100 soldiers and the exposures were to many different types of 
weapons (Fig. 1). 

The physical measurement of peak pressure levels and effective dura
tions was compared with the audiometric tests conducted two minutes after 
acoustic exposure. The results led to noise control regulations for 
military personnel in the Federal Republic of Germany that require ear 
protectors to be worn with practically all types of weapons. The protection 
of 95% of exposed personnel was taken as the basis for the exposure 
criteria; for the remaining 5%, a recovery from temporary threshold shift 
(TTS) within two weeks of exposure was considered probable. In addition to 
TTS [1-9], the recovery time was taken as the standard otological evaluation 
criterion, because comparative studies on TTS [1] and recovery time have 
shown that the recovery time is the more reliable evaluation criterion. 

In general, these studies indicate that recovery from an audiometric
ally ascertainable TTS within ten minutes after an acoustic impact may be 
regarded as unproblematic. Depending on the amount of exposure, recovery 
times of up to one half hour have been found in 10 to 20% of the personnel 
tested. Again, these recovery times are within the physiological fluctua
tion range and can be regarded as unproblematic. TTS recovery times of up 
to 3 hours can be considered as limits within which physiopathological 
processes may occur in the cochlea. Recovery times of 24 hours or more 
indicate a danger of final impairment, particularly if there is any further 
exposure. 

The diagram of exposure limits is designed for daily exposures. During 
the further course of these studies, there arose the question as to the 
number of days to which the criterion of exposure limits could be applied. 
For this reason, we conducted field studies on hearing behavior involving 
daily exposures in field exercises lasting up to or more than ten days. 
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In the memorandum by von Gierke, Robinson and Karmy [10] read at the 
International Workshop on Impulsive Noise and Hearing Damage conducted by 
the Institute of Sound and Vibration Research at the University of 
Southampton in October 1981, it was recommended that predictions concerning 
the risk of auditory deterioration should preferably be based upon statis
tically significant permanent threshold shifts (PTS) as a function of the 
effective dose of acoustic impact. Data on temporary threshold shifts (TTS) 
may be used to supplement these, however, they should be considered as less 
exact predictions. 

Our studies, conducted over many years at regular firing exercises of 
the Federal Armed Forces, each involving approximately 100 military 
personnel and various types of weapons, have resulted in very definite 
indications that the hazard of a permanent auditory impairment in the form 
of a PTS is indicated by the TTS and, especially, by the recovery time. 

The structure of an army, with its frequent changes of location (trans
fers and limited periods of service), realistically permits a statistical 
detection of a PTS connected with acoustical noise for only career service
men and only with good cooperation and great effort. 

However, the above-mentioned evaluation criteria pertaining to recovery 
time from TTS provide reliable indications of the length of time to either 
recovery or to PTS. Furthermore, in general it can be expected that the 
greater the TTS, the longer will the ear require for a return to the origi
nal auditory condition. 

The instantaneous generation of a PTS due to explosions or grenade 
impacts in the immediate vicinity is generally known in the literature; it 
therefore constitutes a service-induced disability, especially for war 
veterans. Fortunately, however, this type of generation of a PTS as a 
result of an acoustical trauma is a rare occurrence in the peace-time sit
uation of today's army. 

The contemporary development of permanent auditory impairment in armies 
is, in the majority of cases, caused by repeated exposures to impulse or 
impact noise. A special hazard exists in exercises of longer duration in 
which ordnance and supervisory personnel are exposed to considerable impacts 
day after day. 

We have just completed audiological tests of soldiers having exposure 
to the firing of the FH 155/1 field howitzer in open terrain with the M 109 
charge, the heaviest so far; peak pressure was 175 to 180 dB. The essen
tial acoustic element in the hazard to hearing ability is to be found in the 
number of rounds fired. We have found that the recovery time increases 
after exposure on the second day of firing, whereas the recovery time on the 
first day of exposure is considerably shorter. These results are examples 
of an observation that we have made repeatedly in our long-term studies. 

In our experience, the duration of the intervals between rounds is not 
of much significance. In field exercises, these values range from 1-1/2 to 
15 minutes, with the duration of the intervals continuously decreasing 
toward the end of the exercise. 

Regarding the question of danger of a permanent auditory impairment 
developing from an increasing TTS, we have made audiometric controls on a 
number of career servicemen continuously exposed to acoustic impacts. The 
instantaneous generation of a PTS as a result of explosions or grenade 
impact in the immediate vicinity is a situation which frequently occurred 
during the war, but which can be practically ignored in peacetime, since it 
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is restricted to accidents. The development of a PTS from a TTS with longer 
recovery times is of practical significance, however. 

Here are some examples from a series of tests on career servicemen 
continously exposed to highly intensive impulse noise: 

Sergeant S (Fig. 2) 
This pertains to a career serviceman, a sergeant who supervises and 

controls the training at the firing position and is exposed to numerous 
traumata from impact noise. Curve No. 1 shows the preliminary audiometry, 
Curve No. 2 shows the TTS following exposure to 20 rounds. From Curve No. 
3, it can be seen that 4 hours after exposure there was a recovery of his 
hearing ability to its original level. Curve No. 4 indicates the TTS after 
exposure to charge No.7. No recovery occurred after 16 hours. There was 
no change in the curve after renewed exposure. Three months later there was 
still the same threshold decline. However, after almost one year his hear
ing ability recovered. This is an example of the fact that the recovery 
takes longer after exposure, but that recovery is still possible, even after 
several months. 

Private B (Fig. 3) 
The preliminary audiometry on 19 September already displayed a thresh

old decline, indicating acoustic impact. However, it only amounted to 20 
dB. After a lengthy period of exposure from driving, there was a distinct 
worsening of the decline. Finally, after additional long-term exposure due 
to driving and employment as a cannoneer, the audiogram indicated a further 
deterioration of the threshold. Three months later, this hearing ability 
improved again to the level of the preliminary audiometry. If there is any 
further exposure, this hearing will probably become subject to a PTS. 

G.S. 4.111-11.82 J 11.83 
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Fig. 3. 1. 19.09.83 Pre-audiometry 
2. 21.09.83 TTS after strain due to driving self-propelled 
Howitzer M110 on 19.09.83 (2.0 hours) and on 20.09.83 (2.75 hours) 
3. 29.09.83 TTS after strain due to driving the M110 during 21-29 
Sept. (total = 15 hours) and as gunner after 21 rounds/4th to 6 
charge 
4. 08.12.83 Control audiometry without interim strain 

Corporal S (Fig. 4) 
This corporal was employed as a cannoneer and gun commander. The pre

liminary audiometry already indicated a moderate threshold decline in the 
high frequency range. Continuous exposures resulted in an increase in the 
TTS. At the last examination, which was conducted almost two months after 
the conclusion of the long-term exercise, his hearing ability had not yet 
recovered. A PTS is to be expected. 

SUMMARY 

Long-term field studies indicate that daily exposure to highly 
intensive impulse noise increases TTS and prolongs recovery of the ear. 
Observations on career military personnel who are assigned as training 
supervisors and frequently exposed to impulse noise traumata indicate that 
continued exposure may gradually lead from a TTS to a PTS, despite the use 
of ear protectors. On the other hand, it appears that recovery is possible 
even after several months of exposure, despite increasing TTS and 
increasing duration of recovery. The otological experience that hearing 
damaged by a single acoustic trauma tends to improve (or at least to remain 
constant) when such exposure no longer occurs, apparently also applies to 
auditory impairment that has developed gradually, due to multiple exposures 
to im- pulse noise. The wearing of ear protectors required by the noise 
control regulation has reduced the proportion of endangered personnel to 
5%. How- ever, even these subjects have a tendency to recover from hearing 
loss once exposure ceases. A service-connected disability due to hearing 
damage caused by impulse noise should therefore not be regarded as final 
until several months after the trauma. 
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Fig. 4. 1. 21.11.82 Pre-audiometry 
2. 24.11.82 TTS2_6 after strain caused by FH 155-1, 9 rounds/5th 
charge on 22 Nov., 8 rounds/7th charge on 23 Nov., 10 rounds/7th 
charge on 24 Nov. 
3. 18.09.83 Renewed pre-audiometry (interim strain with 20 rounds 
in March 83) 
4. 20.09.83 TTS2 6 after strain caused by FH 155-1, 3 rounds/3rd 
charge on 19 Sep~:, 5 rounds/7th charge on 20 Sept. 
5. 29.09.83 TTS2 6 after strain caused by FH 155-1, 44 rounds/2nd 
to 7th charges, 21-29 Sept. 
6. 11.11.83 Control audiometry without interim strain 
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DISCUSSION 

Tyler: Some of the individual results that you showed had a hearing 
loss in the right ear, others had a hearing loss in the left ear and some 
had a hearing loss in both ears. Can you comment on the different kinds of 
situations that produced a unilateral or bilateral hearing loss? 

Pfander: We have looked at that question in subjects exposed to rifle 
fire. The left ear is damaged more than the right ear because the right 
ear, generally is pOinted away from the noise source. For Howitzers, the 
level of exposure to an ear depends on the locatio~ of the individual ex
posed. We have made measurements all around the cannons and, of course, 
different hearing losses result because peak pressure can be very differ
ent in the various positions. Differences are especially great in confined 
versus free field firing conditions. 

Stevins: Do you have any feeling for the applicability of your 
results on weapon noise to the kinds of impulse noises one is likely to 
encounter in industry? 

Pfander: The damage to the ear following exposure to weapons noise is 
probably a result of a mechanical disturbance, while lower level impulses 
noise trauma in industrial situations may result more from biochemical 
factors. 

Phillips: Are your damage risk criteria based upon the limitation 
that approximately 5% of your population will incur a prolonged threshold 
shift from a single (multiple impact) exposure event? Following one 
exercise, the damage risk criteria would allow up to 5% of those soldiers 
exposed to have a prolonged temporary threshold loss, is that correct? 

Pfander: Yes. 

Phillips: I am concerned about the soldiers who had repeated 
exposures to these noise sources. Presumably, their TTS developed into PTS 
after some length of time. Predictions based on human experiments are 
needed which relate TTS in a proportion of the exposed population to 
consequences of a lifetime or of a career of exposures. 

Pfander: While 5% of our subjects are at greater risk, they usually 
recover in a fortnight. 
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EFFECTS OF BLAST WAVES ON 

NONAUDITORY EPITHELIAL TISSUES 

INTRODUCTION 

James B. Moe, Charles B. Clifford, 
and Douglas D. Sharpnack 

Division of Pathology 
Walter Reed Army Institute of Research 

Injuries in mammals exposed to various forms of blast have been recog
nized for many years, at least as early as the 1920's [1,2J. Classically, 
blast injury was considered to be an injury resulting from direct exposure 
to an explosion, originally from highly explosive, conventional type 
weapons. Later, blast injury was included as one of the potential 
casualty-producing effects of nuclear weapons [3J. Blast injury was known 
by a number of terms, including "air concussion," "blast concussion," "wind 
of shot," "shell concussion," "blast chest," "bomb blast," and "shell 
shock," in the period before World War II [4J, but these terms are seldom 
used in contemporary reports. A comprehensive report and review of the 
pathologic changes associated w.ith blast injury was prepared by Chiffelle 
[5J. This report separated the direct effects, those assoc:l.ated with the 
blast wave, from :l.ndirect effects. Secondary effects are injuries which 
result from the victim being struck by flying objects energized by the 
blast. Tertiary effects are injuries which result from the victim being 
translated and thrown against firm, stationary objectives. Miscellaneous 
effects are those injuries which occur following exposure to dusts or gases 
generated by the explosion, direct thermal burns in conjunction with the 
explosion, and thermal burns resulting from secondary fires ignited by the 
primary blast [1J. This report will be limited to a consideration of the 
primary effects of blast on mammalian tissues. Many of the reports on 
blast injury have focused on the effects of a single, high intensity 
explosion which produces an acute casualty. Recently, the potential 
occupational hazards associated with long term exposure to multiple, low 
intensity blast waves in the military environment have become a cause of 
concern. Low intensity will be used here to designate blast waves which 
are below or near the recognized threshold for injury when delivered as a 
single blast wave. This report will present descriptions and comparisons 
of the types of non-auditory injury observed in mammals experimentally 
experiencing these two different categories of exposure. Addit:l.onally, 
"blast waves" in this report refer to the simple, short-duration (a few 
milliseconds) type. 

Single, High Intensity, Short Duration Blast Wave Exposure 

The principal military :l.nterest in this type of exposure is to derive 
more effective means of preventing, diagnosing, and treating blast casual-
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ties. Of special interest is determining the potential for long-term se
quelae in casualties which survive the acute phase of blast injury. 

One experiment was designed to compare the nonauditory effects of 
blast exposure in two large mammalian species, sheep and pigs, and to 
determine the feasibUi.ty of using one of these species for an animal model 
of human blast exposure. 

A total of 10 sheep and 10 pigs were used for the studies. Exposures 
were accomplished on two days, using 5 animals of each species on each day. 
Animals were anesthetized and secured in slings in a ci.rcular pattern 
around the blast-generating device at a distance calculated to deliver 
approximately 75 pounds per square inch (psi) of overpressure. Animals 
were oriented so that half of the individuals in each species received a 
left-sided exposure and the other half a right-sided exposure. Animals 
which died immediately following the blast were necropsied as soon as 
possible, while those which survived were euthanized and necropsied 
according to predetermined, scheduled times up to eight (8) hours after 
exposure. During necropsy, all respiratory and gastrointestinal les:i'ons 
were assigned a combined severity/distribution/location score, according to 
a standard scoring system, and photographed. Representative sections of 
grossly detected lesions and standard sections of the lung were exanined 
microscopically. In the respiratory system and the gastrointestinal tract, 
injury was reliably produced by a single blast. 

In the respiratory system there were various types of gross evidence 
of injury, usually substantiated by microscopic findings (Table 1). In the 
larynx and trachea there were petechiae in the mucosa, with more diffuse 
hemorrhage in the mucosa/submucosa overlying the trachealis muscle. The 
lungs contained varying amounts of hemorrhage, seen in the least severe 
cases as ecchymoses or broad strips of hemorrhage, in the subpleural 
pulmonary parenchyma of the dorsal (posterior) aspect of the diaphragmatic 
lobes, often following rib-print pattern. In the animals having more 
extensive involvement, the hemorrhage extended deep into the pulmonary 
parenchyma, often involving the hilar, ventral, and anterior aspects of the 
lobes. Standard histologic sections of the perfusion-fixed lungs revealed 
fibrin thrombi in the bronchi. In all individuals of both species there 
was microscopic evidence of pulmonary hemorrhage accompani.ed by pulmonary 
edema in seven sheep and two pigs. There was morphologic evi.dence of 
ruptured pulmonary alveolar septa in six sheep and pigs. The pleura was 
separated from underlying alveolar parenchyma in both species; this was 
more conspicuous in pigs where pleural bullae often up to 1.0 cm in 
diameter were seen at the dorsal (posterior) and ventral (anterior) borders 
of the diaphragmatic lobes of the lung. 

In six sheep there was gross evidence of hemorrhage in the fore
stomach, most frequently present as focal involvement of the wall of the 
dorsal sac. The size and depth of involvement was variable, ranging from a 
few ecchymoses to large transmural hematomas. Although the incidence of 
ruminal hemorrhage was similar (3/5) in sheep exposed on either side, the 
subjective severity score (S.S.S.) was much greater (17.8) in those 
receiving left-sided exposure as compared to right-sided exposure (5.3). 
In some of the sheep these ruminal hemorrhages appeared histologically to 
have been of sufficient magnitude to have caused devitalization of the wall 
and probably would have caused diastrous sequelae in the form of perfora
tion and peritonitis. 

There was gross evidence of hemorrhage in the stomach (abomasum) of 
only one sheep, a right-exposed individual which had mild lesions (S.S.S. 
6.0). Two of the pigs had gastric hemorrhage, one left-exposed (S.S.S. = 
8.0) and a right-exposed (S.S.S. = 18.0). Microscopically, hemorrhage was 
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most extensive and disruptive in the mucosa and submucosa in both specj.es, 
and only occasionally involved the muscularis externa. 

The small intestine of sheep was grossly affected by exposure to blast 
in four individuals, whereas nine Df the pigs had gross evidence of small 
intestinal hemorrhage. There was also evidence of the side of exposure as 
a factor influencing the effects of blast on the small intestine. In 
sheep, only 1/5 of left-exposed animals, as opposed 3/5 right-exposed, had 
lesions. Additionally, the left-exposed sheep had milder (S.S.S. = 4.0) 
lesions than the right exposed (S.S.S. = 12.0). In pigs, severity of small 
intestinal lesions was quite symmetrical (left-exposed S.S.S. = 14.0, 
right-exposed S.S.S. = 15.6) and of somewhat greater magnitude than 
observed in sheep. Therefore, the small intestine of sheep were somewhat 
protected by the rumen or other anatomic structures from the effects of 
left-si.ded blast, whi Ie pig small intestines were more uniformly affected. 
As was the case in the stomach, small intestinal hemorrhage was most severe 
in the mucosa/submucosa in both species, although hemorrhage extended to 
the muscularis externa in one sheep and six pigs. 

In the cecum of sheep there was evidence for preferential involvement 
assoctated with right-side exposure where 4/5 of the individuals had 
moderate (S.S.S. = 15.0) lesions, while only 2/5 receiving left-sided 
exposure were affected, and had mild (S.S.S. 4.0) lesions. In pigs, 2/5 of 
the animals receiving exposure on either side had hemorrhagic ceca and 
these were rather mild (left S.S.S. = 5.0, right S.S.S. = 2.5). 
Microscopically, predominantly-submucosal/mucosal hemorrhage extended 
through the muscularis externa in 2/5 of the right-exposed pigs and 
appeared to present genuine risk of serosal perforation with additional 
time. 

Evidence of hemorrhage in the colonic wall was identified in 7/10 of 
the sheep and 9/10 of the pigs. While the pigs showed relatively similar 
involvement, regardless of side exposed to blast, the sheep exposed on 
their right side had markedly more extensive and serious hemorrhage (S.S.S. 
= 19.5) in the colon than those which received left side exposure (S.S.S. = 
2.3). Histologically, there was dissecting hemorrhage which extended to 
the serosa in one sheep and two pigs, including some individuals which were 
clj.nically normal up to eight hours after blast exposure. 

Other lesions attributable to blast exposure were observed in various 
organ systems. Air emboli were present in the meningeal vessels and in the 
coronary arteries of five sheep. Capsular hematomas or lacerations were 
evident in the spleens of two sheep and four pigs. External manifestations 
of blast included mild contusions in the skin, epistaxis, and hemorrhage 
from the mouth. 

From these observations, the following conclusions were drawn: 

1. The response of the respiratory system was quite similar in sheep 
and pigs with only minimal evidence of a tendency for greater severity on 
the blast-exposed side. 

2. Blast injury in the forestomach was more severe in left-side 
exposed sheep. 

3. The small intestines of sheep were less severely affected in the 
left-side exposed sheep than right-side exposed sheep or in pigs exposed on 
either side. If sheep are to be used as models for small intestinal 
injury, the exposure should be right-sided. 

4. Large intestinal injury was common in both species, except for 
left-exposed sheep. 

5. Throughout the intestinal tract, injuries were of a type that sug
gested substantial potential for long-term complications. 
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6. Based solely on pathological data, either sheep or pigs are accep
table host models for study of high level (LD50 ) blast, provided adequate 
consideration is given to anatomical variations in the sheep. 

Multiple, Low Intensity, Short Duration Blast Wave Exposure 

These studies [6J were part of a long-term comprehensive effort to 
determine the risk of occupational injury to operators and crew members of 
military weapons systems. There was considerably less scientific informa
tion in the literature regarding the biological effects of multiple, low 
intensity exposures to blast waves than for single, high intensity 
exposures. Therefore, it was necessary to do basic quantitative and 
qualitative studies of response to multiple exposures to short duration 
blast waves. The principal area of concern was the range of overpressure 
generated in the vicinity of crew operators of extended range artillery 
systems, especially in the range of 3.5 pounds per square inch (psi). The 
highest overpressure delivered to crew operator positions of weapons firing 
extended range ammunition is approximately 3.5 Psi, therefore, a decision 
was made to monitor the effects of exposure at this and higher 
overpressures. 

The primary objectives were: 

1. To determine whether exposure to 50 consecutive blasts with peak 
overpressure of 3.5, 7.5 and 15.0 resulted in damage to the respiratory 
system of sheep. 

2. To determine the relative sensi.tivity of various parts of the 
respiratory system to blast-induced injury. 

3. To establish gross and microscopic pathology to serve as bases for 
later comparison with radiography and various biochemical tests as tools 
for detecting and evaluating lung injury induced by blast overpressure. 

4. To survey other organs and tissues for evidence of blast-related 
injury under field conditions. 

A total of 98 sheep was used for this study. Each sheep was re
strained in a specially-designed stand, given a sedative dose of ketamine 
hydrochloride, and provided hearing protection via placement of ear plugs. 
Stands were positioned in an array around an artillery weapon to receive 
appropriate levels of blast overpressure (15,7.5,3.5 and 0.5 psi) as 
determined by previous pressure monitoring. During test firing, sheep 
receiving less than 0.5 psi were in stands approximately 50 meters from the 
muzzle of the weapon, serving as range control animals which were subjected 
to similar preparatory, transportation and sensory stresses as those re
ceiving 3.5, 7.5 or 15 psi. Barn control sheep were those which were 
prepared in the same manner as other sheep, but were not transported to the 
range. During the firing, sheep were observed closely to determine their 
behavior and prevent postural artifacts. Pressures at each position were 
monitored during the firing. Blood samples were collected from the sheep, 
via catheters, before, during, and after the blast exposure period. At 
necropsy, the lungs were weighed, examined, and photographed. The lungs 
were then perfused enmasse with 10% neutral buffered formalin instilled at 
a pressure of 25 cm H20. Necropsy was performed within eight hours of 
blast exposure (immedlate) except for half of the sheep exposed to 7.5 psi 
and half the range controls which were necropsied 22-24 hours post-exposure 
(delayed). Necropsy was delayed in these groups to deterndne whether any 
lesions progressed or resolved with time. Because there were no percep
tible differences between immediate and delayed groups, data are combined 
in thi s report. 

Gross pathologic changes in the lungs were interpreted in regard to 
the probability of representing blast-type injury and scored from 1 
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(essentially normal) to 4 (probably blast-type injury). A system was 
devised for assigning a subjective severity/intensity score for various 
histopathologic lesions in the lung, whereby a subjective severity score 
(S.S.S.: l=minimal, 2=mild, 3=moderate, 4=marked, 5=severe) was assigned 
for lesion i.n each section. These scores for each section were then 
totaled and divided by the number of lung sections exanined for each animal 
to arrive at a mean S.S.S., e.g., mean hemorrhage score. Additionally, the 
proportion of sheep affected of sections affected were calculated for 
selected lesions. Lungs and trachea from two sheep which had been exposed 
to one blast at 50 psi were handled and exanined in a similar way for 
purpose of reference. 

There was no evidence in the data obtained of hemorrhage, edema 
inflammation or focal atelectasis in the pulmonary parenchyma of sheep 
exposed to 7.5 or 15 psi when compared to controls or those exposed to 0.5 
or 3.5 psi (Table 2). Analysts of dorsal subpleural sections revealed no 
tncreased incidence of extent/severity of surface-related hemorrhage with 
increased blast overpressure. Epithelial strtpping, often associated with 
mucosal hemorrhage, was observed in the stem bronchi of five sheep in the 
15 psi group. 

The predominant laryngeal lesion observed was hemorrhage, seen grossly 
as petechial ecchymotic foci in the mucosa of the epiglottis or vestibule. 
Although laryngeal hemorrhage of varying severity was seen to some extent 
within each group, there was a trend toward higher incidence starting at 
the 3.5 psi group, continuing at approximately the same level through the 
7.5 psi groups (Table 3). There was a markedly increased :incidence of 
hemorrhage (14/15) at the 15 psi level of exposure. Edema followed an 
incidence pattern similar to, but slightly lower than, that of hemorrhage 
in the larynx. In the 15 psi exposure group, edema was subjectively viewed 
as being more severe than in lower exposure groups. In a few of the 
larynxes having the most severe hemorrhage and edema, the epithelium of the 
lateral walls of the vestibule, anterior to the arytenoid carti.lages, was 
slightly elevated. EpttheUal strippi.ng, expressed as loss of superficial 
layers of the ciliated respiratory epitheltum, was seen i.n the larynx of 
only one sheep, a member of the 7.5 psi group. 

Tracheal lesions are listed in Table 4. Tracheal hemorrhage, present 
in one range control sheep, and two sheep exposed to 3.5 psi, increased 
slightly in inci.dence in the 7.5 psi group, then occurred uni.versally in 
the 15 psi group. Hemorrhage generally occurred as petechial to ecchymotic 
(0.1- 1.0 cm dtameter) focal zones in the submucosa of the trachea. These 
zones of hemorrhage often extended throughout the wall of the tracheas, 
involving all layers, especially in affected sheep in the 7.5 and 15 psi 
groups. There was seldom any evidence of significant elevati.on of the 
epi.thelial ltning and in no case was there a visible reduction i.n airway 
lumen diameter. Severi.ty of hemorrhage, judged subjectively, was more 
severe in the htgher pressure groups. Edema was less prevalent than 
hemorrhage in tracheas of blast-exposed sheep. Epitheltal stripping was 
evident in the trachea of at least one sheep in every group recetving 3.5 
psi or more exposure to blast overpressure. Half of the sheep exposed to 
15 psi had evidence of stripping of tracheal epi.thelium in close associa
tton wtth underlying hemorrhage. 

In the gastrointesti.nal tract there was a trend toward htgher i.nci
dence of hemorrhage wtth i.ncreasing overpressure in rumen, small intesti.ne 
and large intestine (Table 5). The abomasum was seldom involved. More
over, there was a deftnite i.ncrease in severity of ruminal hemorrhage wtth 
i.ncreasing overpressure. In the control groups of sheep and those exposed 
to 3.5 psi, rumtnal hemorrhage was mainly mild, occurring as paintbrush 
zones in the superficial layers on the serosal surface. Rumens of the 
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sheep which received 7.5 psi had hemorrhages that were a few centimeters in 
diameter and extended through the entire thickness of the wall from mucosa 
to serosa, forming hematomas in two sheep in this group. Hemorrhage was 
severe in rumens of sheep in the 15 psi group, frequently existing as 
hematomas, 10 cm or more in diameter. These hematomas dissected the 
ruminal wall and caused intra-peritoneal hemorrhage and spillage of 
ingesta. Hemorrhage in the rumen was tn the dorsal sac region in most 
cases, corresponding to the normal location of the gas pocket. Hemorrhages 
were present in the small intestine of a single animal in the range 
control, 3.5 and 7.5 psi groups and 3 animals in the 15 psi group. In the 
large intestine, (both cecum and colon) hemorrhage was seen more frequently 
in those regions where the lumen was physiologically distended with gas and 
liquid. Small and large intestinal hemorrhage were noticeably more severe 
at 15 psi than at lower overpressures. 

The inci dences of hemorrhage i.n larynx, trachea, and rumen were 
roughly parallel at low-levels of exposure, but steadily increased through 
the 7.5 psi exposure groups, with dramatic increases in inctdence at 15 psi 
(Fig. 1). These data are statistically significant (.05) for relationship 
between increasing blast overpressure and increasing inctdence of hemor
rhage in these three tissues, when analyzed by Chi square test for trend. 
Lung wet wei.ght to body weight ratios were not altered in sheep exposed to 
blast overpressure. Radiologic and bi.ochemical examinati.on failed to pro
vide correlates for the pathological changes observed. 

Incidence and sever:l.ty of pathologic changes in various tissues of 
sheep exposed to weapon-generated blast overpressure indtcated gradations 
of sensit:l.vity amongst various systems of the body. There was parallel in
c:l.dence of hemorrhage in larynx, trachea and rumen (forestomach) of these 
sheep. In all three locations there were sl:l.ghtly higher incidences of 
hemorrhage in sheep exposed to 3.5 psi and 7.5 psi, with nearly universal 
inci.dence of hemorrhage in those exposed to 15 psi. Of these most common 
lesions, ruminal hemorrhage was the most biologically significant, espe
cially at the 15 psi level of exposure. Laryngeal and tracheal hemor
rhages, although occasionally extensive, were interpreted as not having 
posed sign:l.ficant threat to airway-aptency. Stripping of the superficial 
layers of the respiratory epithelium in the larynx, trachea and stem 
bronchi was a blast-assoctated phenomenon, occurr:l.ng most frequently in the 
15 psi exposure group. 

The alveolar parenchyma of the lung appeared to be quite resistant to 
blast-associated damage in the range of exposure 3.5 to 15 psi. There was 
no discernible evidence of a trend for greater incidence of severity of 
hemodynamic, reactive or physical changes in alveolar parenchyma of the 
lung :l.n any of these exposure groups, when compared to background incidence 
of similar changes in control animals. 

Studies of Blast Wave Injury in a Small Species 

Recent experiments have been designed to confirm the previously
described observations in a small species and to determine the basis of 
these pathological changes. For these studies, rats were exposed to either 
1, 2, 4, 8, 9.7, 16, or 22.5 pst, repeated 20 times with approximately 5 
minutes intervals between blast exposures. Appropriate controls were 
included to allow assessment of the effects of animal handling and tissue 
dissection. 

Results are summarized in Table 6. From these subjective observa 
tions, quantified according to a standardized set of predetermined 
criteria, it is possible to estimate that the threshold for light 
microscopic injury to the lung parenchyma of the rat is between 9.7 and 
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Fig. 1. Incidences of hemorrhage in larynx, 
trachea, and rumen of sheep exposed to 
multiple blasts at varying intensities. 

16.0 psi. Injury tended to affect a greater proportion of the rats with 
higher overpressures and severity was judged subjectively to be somewhat 
greater for both edema and hemorrhage. 

Epithelial stripping in the trachea, detected by scanning electron 
microscopy, was confidently identified only in rats exposed repeatedly to 
9.7, 16, or 22.5 psi (Table 6). Affected areas were seen as foci of 
epithe- lial denudation with adherent aggregates of fibrin and 
erythrocytes. There was no attempt to grade the severity of these 
stripping lesions. 

The results of the rat studies were in general agreement with the 
threshold data generated for other small species of mammals. The epi
thelial stripping and pulmonary parenchymal injuries also seem to have 
simHar thresholds in the rat. The biological implications of pulmonary 
hemorrhage and edema, as well as focal epithelial stripping, are uncertain. 
There is potential for hemorrhage in the air spaces to be organized and 
lead to pulmonary fibrosis, with serious affects on pulmonary function. 
Focal denuding injuries of the airway epithelium can be repaired, with 
complete restoration of morphologic features and apparent function [7J. 
Additional research is needed and planned in two critical aspects of injury 
resulting from repeated low intensity blast exposures in rodents. 1) Dy
namics of the recovery/repair phase; and 2) Effects of additional repeated 
exposures, over a period of several days on previously injured tissues. 

CONCLUDING COMMENT 

Recent experiments with animals exposed to various levels of blast 
intensity are in agreement with much of the previous information relating 
to experimental blast exposure of mammals. Results from more basic 
pathologic studies have provided a basis for proceding with more definitive 
experiments on the biodynamics of nonauditory blast injury. An encouraging 
note which has arisen from these, and much earlier, studies has been the 
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similarity in types of injury which occur following exposure of various 
species to blast. There seems to be, however, some interspecies variation 
in susceptibility to blast injury which must be considered when inter
preting experimental data. The similarity of the pathological changes in 
mammals experimentally exposed to blast waves to lesions in humans wounded 
by blasts in hostile actions supports the validity of using animals, when 
necessary, to investigate the biological effects of various types of blast. 
Sheep are currently being used as the predominant large mammalian species 
for more definitive experiments, especially in the respiratory system. 
Domestic swine may be preferable for gastrointestinal injury. In addition 
to ultrastructural and morphometric examination, future pathologic studies 
should focus on noninvasive functional and biocheIlLical tests. Ideally, 
results from these experiments will provide a generic basis for risk 
assessment using in vitro systems, mathematical estimates, and computer 
modeling. 
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DISCUSSION 

Phillips: You mentioned a couple of times that the injury to 
non-auditory structures are not encountered in normal occupational 
exposures. I think it is important to realize that the kind of lesions 
that were shown here are not the common occurance and do not occur in any 
of the occupational exposures that are allowed by present U. S. Standards 
or any of the other labor standards. 

Moe: That is correct. We feel that the current standards provide a 
protective effect pf 2 to 4 times. 

Pfander: In our stUdies of soldiers that were shooting the Carl 
Gustav cannon, the peak pressure was 182 dB. Laryngoscopy on these 
individuals did not reveal any laryngeal hemorrhages, and they voiced no 
complai.nts. However, Mr. Bri.nkmann who was also exposed to several shots 
complained of chest pressure during the evening. We also exposed mini-pigs 
to the same blast pressure and saw hemorrhages on the pleura. However, we 
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discovered that this was an artifact of the method of sacrifice, i.e., 
electroshock. In your experiment, how were the animals killed? 

Moe: Our animals were anesthesized with barbituates and then 
exsanguinated. Our feeling is the same as yours about the Carl Gustav 
armed with the long range ammunition. There is no effect that we can 
determine on biological systems at the 3.5 PSI repeated exposure level. 
Not only is this the worst case exposure level, but 50 shots with the long 
range ammunition is far outside U.S. operational guidance for that 
parUcular type of ammunition. Dr. Phillips gave a risk assessment 
statement on this and our feeling was that there was no significant 
bjologi.cal risk from operating this weapon with repeated firing of the long 
range ammunition. Incidently, eardrum rupture was essentially uni.versal in 
those animals exposed to the 74 PSI peak. 
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ABSTRACT 

Exposure to intense impulse noise can cause injury to all of the air 
containing structures of the body. While the ear is the most sensitive 
organ, the upper respiratory tract (URT), the lungs, and the gut can be 
damaged by air blast. Thi.s nonauditory injury has been studied as a 
consequence of weapon effects research. The development of light, long
range artillery and powerful shoulder-fired antitank weapons has increased 
the intensity of impulse noise to whjch soldiers are exposed. Hearing 
damage i.s recogni.zed as a mi.litary occupatjonal health hazard, and the 
advent of louder weapons has raised the possibility that nonaudi.tory injury 
mi.ght become a limi.ti.ng safety concern. Animal research was begun i.n 
Europe and the Unjted States in an attempt to define that new hazard. 
Anesthetized sheep and swine were necropsied after being exposed to a 
variety of impulse condi.tions. It was readily demonstrated that wi.th 
repeated exposures, nonauditory i.njury could build-up at relatively low 
overpressure levels. In these experi.ments, groups of six ani.mals each were 
exposed to 20 blasts of equal peak pressure (P: 68 kPa) but varyi.ng 
positive phase impulse (I: 63, 110, 145, 184 and 222 kPa-msec). In a 
complementary study, groups of the same size were exposed to 20 blasts of 
similar I (136 kPa-msec) but variable P (26, 48, 69, 115, 126, and 262 
kPa). These experiments showed that damage occurred in the URT, the gut, 
and lung with both increasing frequency and severity as either I was 
increased with constant P or as P was increased with constant I. The URT 
was most sensitive, with at least minor petechial hemorrhage being evident 
in the larynx whenever injury to the gut or lung was present. URT injury 
often occurred in the absence of injury to other organs. Nonaudi.tory 
injury from Friedlander waves is determined by the i.nteractlon of number of 
exposures, P, and I. URT petechiae are the first gross evidence of injury 
and can be used to define limiting conditions for exposure. 

INTRODUCTION 

The pressure wave from an explosion exerts a direct damaging cussive 
effect on structures, including the human body. This prjmary effect of a 
blast wave has been recognjzed as the cause of injury to air-containing 
organs since the Fjrst World War [1,2]. Airblast, irrespective of 
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associated fragments or gross body d1splacement, may damage the lungs, the 
gastrointestinal tract (gut), the upper resp1ratory tract (URT), and the 
ear [3,4J. Injury to the ear may range from frank rupture of the tympanic 
membrane with osslcular d1srupt1on to subtle b1ochemd,cal or ultrastructural 
changes 1n the neurosensory apparatus [5J. The latter, reflected clini
cally as a decrease in hearing sensit1v1ty, is a w1dely recogn1zed m1l1tary 
occupational health hazard wh1ch occurs even 1n peacetime training. The 
pathophysiology of this audHory injury is the principle subject of this 
symposium. The development of light, long-range artillery and mortars and 
powerful shoulder-fired rockets has increased the intensity of impulse 
noi se to which soldi ers are exposed. This has raised the possiblity that 
injury to nonauditory structures may become a limiting concern, 
particularly where the ears are well protected [6,7J. 

The potential for primary blast to cause combat casualt1es has been 
the subject of' military medical research. Work 1n Sweden [8J, France [9], 
and the U.S. [3,4J has centered on the injur10us potent1al of exposure to a 
single 1ntense blast as is produced by large quan1ties of high explos1ves 
or nuclear weapons. Injury assessment has centered on mortal1ty or gross 
1nternal hemorrhage. Cons1derat1on of both the peak pressure (P) and 
posit1ve phase durat10n (T in F1g. 1) has been shown to be necessary to 
define the injury potent1a1 of a blast wave [3,4,8,9J. In contrast to the 
strong blast wh1ch may produce combat casualt1es, the blast overpressure 
that affects a soldier whenever he di scharges his own weapon is of much 
lower 1ntens1ty, is likely to be repeated many t1mes in a short period and 
is a hazard in the peacetime training environment. 
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Table 1. Airblast Injury Scoring Scheme for Assessing Nonauditory Injury 
at Gross Necropsy 

Injury 
Level 

Slight 

Moderate 

Severe 

Gastrointestinal 
Tract 

Contusions, 1 cm2 or 
less, isolated. 

Submucosal contusions 
1 to 5 cm2 

Submucosal contusions, 
multiple greater 
than 5cm2, hematomas, 
rupture. 

Upper Respiratory 
Tract 

Petechiae, hyper
emic areas. 

Ecchymosis, small, 
submucosal contu
sions. 

Submucosal contu
sions, multiple, 
dark; edema and 
hematomas. 

Lungs 

Ecchymosis 

Hemorrhages, 
isolated 
focal. 

Extensi ve 
areas of 
confluent 
hemorrhage 
extending 
deep in 
parenchyma. 

The first studies to consider the effect of the number of exposures on 
nonauditory injury were those carri.ed out at the Franco-German Institute at 
Saint Louis (ISL) [10,11J. They showed that mortality and morbidity from 
pulmonary lesions in rats and pigs were clearly related to both blast 
strength (as measured by peak pressure with a constant duration) and the 
total number of exposures. Independent studies carried out at the Lovelace 
Biomedical Research Foundation have also indicated that lethality for large 
animals for a blast of given strength is a strong function of the number of 
exposures [12J. Work done by the Walter Reed Army Institute of Research 
(WRAIR) exposing large animals to very intense muzzle blast from large 
caliber weapons demonstrated an effect of peak pressure on injury to the 
gut, the URT and the lungs in the setting of a large number of repetitions 
[6J. The work detailed in this report was undertaken in an attempt to 
better define the important blast parameters and target organ sensitivities 
for non-auditory injury from repeated exposures to intense impulse noise. 

METHODS 

Adult, mixed breed sheep of both sexes weighing 25-50 kg were sedated 
with intramuscular Xylazi.ne. Individual sheep were suspended in loose net 
slings from a metal frame with their right sides oriented towards the blast 
source. Shaped blocks of TNT weighing from 0.5 to 30 kg were used and the 
distance from animal to explosive was varied to obtain the desired blast 
strength. The explosives were suspended over a concrete pad and 20 charges 
were detonated at 1 to 3 minute intervals. Pressure measurements of the 
blast waves were made using piezoelectric transducers (Susquehana ST-4). 
Transducer signals were amplified and recorded on magnetic tape. Paper 
records were obtained using a fiberoptic light beam oscilloscope and 
descri.pti ve parameters (peak pressure and duration) of the shock wave were 
read graphically. 

Following exposure, the animals were transported to a laboratory where 
they were euthanatized with a massive intravenous bolus of Nembutal. A 
complete gross necropsy was performed within an hour after exposure. 
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Injury was scored in accordance with the scale in Table 1. Comparisons of 
the degree of injury in each organ system at different levels of blast were 
made with chi-squared analysis. One degree of freedom was obtained by com
pari.ng no injury with any degree of injury as an i.ndication of incidence or 
by comparing the incidence of mild or no injury to that of moderate or 
severe i.njury as an indication of severity. Significant differences were 
noted where p<0.05. 

In what is termed the "iso-peak pressure study" (Table 2), the peak 
pressure of individual blast waves was kept as constant as possible at 68 
kPa and the A-impulse was varied from 63 to 222 kPa-msec by increasing A
duration from 2.3 to 8.6 msec. Groups of 6 animals were exposed simul
taneously to 20 consecutive blasts. In a complementary experiment called 
the "iso-impulse" study (Table 2), the A-impulse was held relatively con
stant for 20 blasts at about 136 kPa-msec for groups of animals, and the 
peak pressue was changed from 26 to 262 kPa by varying the A-duration from 
11.7 to 1.8 msec. 

It can be demonstrated that for triangular approximations for the 
initial positive phase of a Freidlander wave (Fig. 1), the positive phase 
energy is proportional to A-impulse duration times peak pressure [13]. The 
results of the iso-peak pressure study can then be interpreted as indi
cating increased damage for increased total delivered energy (or i.mpulse). 
A similar effect is evident in calculating relative energies for the iso
impulse study. To examine this dose effect further, a third experiment was 
performed in which peak pressure (P) was held constant and A-impulse (I) 
and number of exposures (N) were varied such that accummulated impulse 
(NxI) and accummulated relative energy (NxPxI) were the same at two levels 
(Table 3). 

RESULTS 

Table 2 summarizes the blast wave parameters and necropsy results for 
the iso-peak pressure (iso-P) and iso-impulse (iso-I) studies. The varia
bility of peak pressure (P) is smaller in the iso-P study than that of the 
A-impulse (I) in the iso-I study. The difference in I in the latter case 
is mHigated by the fact that the lowest impulses are found at the highest 
peak pressures where the observed injury was greatest. If the I at these 
levels of P were increased, we would have seen even more injury. 

For the iso-P study there was no grossly detectable lung injury at the 
relatively low P. There was laryngeal injury present for all conditions 
with a significant build-up in severity with increasing I. Gastrointes
tinal injury was not present at the lowest I. However, gut damage in
creased significantly in both incidence and severity as I was increased. 

For the iso-I study, lung injury was not present at the lower P condi
tions; however, incidence and severity increased significantly as peak 
pressure increased above 115 kPa. There was a significant increase in both 
incidence and severity for both gut and URT injury with increasing P. Both 
occurred at lower P than that seen for gross lung injury. 

Figs. 2-4 summarize the work above and include data from other 
experiments [14]. Also included on those figures are the results obtained 
by researchers at ISL exposing small pigs to 16 repeated exposures of 2 
msec duration and variable peak pressure [11]. The figures illustrate the 
interactive effect of P and I on injury incidence and severity for all 
three target organ systems in the setting of repeated exposures. 
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Table 2. Iso-Peak Pressure and Iso-Imoulse Studies of Nonauditory Injury 

PEAK A-IMPULSE A-DURATION LUNGa URTa GUTa 
PRESSURE (kPa-msec) (msec) 

(kPa) 

68 + 3b 63 + 3 2.3 + 0.1 6/01010 1/5/010m 6/01010m,q 

64 + 4 110 + 8 4.3 + 0.2 6/01010 0/4/2/0 4/2/010m,s 

69 + 6 145 + 8 5.8 + 0.8 6/01010 0/2/4/0n 2/4/010m,r 

69 + 3 184 + 18 6.8 + 0.8 6/01010 0/3/3/0n 2/2/0/2r 

69 + 7 222 + 23 8.6 + 0.9 6/01010 0/4/2/0 0/2/0/4n ,r,t 

262 + 18 127 + 10 1.8+0.1 01010/6n ,r 01010/6n ,r,v 01010/6n ,r 

126 + 10 143 + 10 3.8 + 0.3 0/5/010m,r 010/1/4n ,r,v 01010/5n ,r 

115 + 6 139 + 10 3.6c 6/01010m,q 011/5/0n ,r 1/010/5n ,r 

69 + 6 145 + 8 5.8 + 0.8 6/01010m,q 0/2/4/0n ,r 2/4/010m,r 

48 + 5 153 + 15 8.5 + 1.3 6/01010m,q 0/41210r ,u 6/01010m,q 

26 + 2 132 + 10 11. 7 + 0.8 6/01010m,q 6/01010m,q 6/01010m,Q 

---

Grossly observed non-auditory injury in sheep exposed to 20 repeated 
blasts. In first 5 rows, peak pressure was held relatively constant at 69 
kPa and A-impulse was varied. In last 6 rows (9th identical to 3rd row) 
the A-impulse is held relatively constant between groups and the peak 
pressure is increased. a: Denotes injury observed ln the lungs, upper 
respiratory tract (URT) and gut. Columns 3-6 show the numbers of anfmals 
scored by the scheme in Table 3 as havfng lnjury levels of 
none/slight/moderate/severe (see Table 1). b: Values are reported as mean 
+1- one standard deviation. c: Data not recorded, value Is estimated. 
Animal groups with injury score superscripts of n have a more severe degree 
of injury in the same organ system than those with m and those with v have 
more severe injury than those with u (p<.05). Groups with superscript r 
have a greater incidence of injury Tn the same organ system than those with 
.s. and those with t have a greater incidence than those with s (p<.05). 

Table 3 details the results of the summated impulse (sum-I) portion of 
the study. Two groups of 6 animals were exposed to the same sum-I of 2300 
kPa-msec with the same P (68 kPa) by halving the number of exposures in the 
group with the largest I. None of the animals showed lung injury and there 
was no difference in laryngeal injury between the two exposure groups. Gut 
injury was more severe in the group with the larger I, with 2 animals 
having moderate injury, but the difference was not statistically signifj
cant. At the higher sum-I value of 4600 kPa-msec, the same trend is 
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Table 3. Summated Impulse Study for Repeated Blasts. 

----------~------

PEAK A-IMPULSE NUMBER SUMMATED LUNGa URTa GUTa 
PRESSURE (kpa-msec) IMPULSE 

(kPa) (kPa-msec) 

68 230 10 2300 6/01010 0/5/1/0 3/1/210 

68 115 20 2300 6/01010 0/4/210 5/11010 

68 230 20 4600 6/01010 0/4/210 1/0/5/0b 

68 115 40 4600 6/01010 2/4/010 5/1/010b 

------------------
Grossly observed, non-auditory injury in sheep exposed to a variable number 
of blasts with the same peak pressure. The impulse of the individual 
blasts was varied so as to obtain similar summated impulses (number of 
exposures times impulse per exposure). 
a: Denotes injury observed in the lungs, upper respiratory tract (URT), and 
gastrointestinal tract (gut). Columns 5-7 show the number of animals 
having injury levels of nonelslightlmoderatelsevere (see Table 1). 
b: Groups dUfer in injury severity (p<.Ol) and incidence (p<.05). 
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evident, with more severe injury being present at the condition with the 
lowest number of exposures but higher individual blast I. The difference 
in gut injury severity and incidence was statistically significant. 

DISCUSSION 

The interactive effect of peak pressure (P) and A-impulse (I) is 
evident for injury severity and incidence for all three organ systems 
(Table 2 and Figs. 2-4). The larynx is most sensitive, with at least minor 
petechial hemorrhage being present in the larynx whenever injury to the gut 
or lungs ts present and often occurrtng in the absence of other injury. 
Laryngeal petechiae or small hemorrhages do not present a serious risk of 
morbidjty, whereas contusions in the bowel or lung may pose the risk of 
incapacitation or worse. Laryngeal injury tn the sheep appears to be a 
sensitive indicator of other organ involvement (Le., all with gut or lung 
injury have laryngeal injury), but is not specific (1.e., many have laryn
geal injury only). Laryngeal damage is not predictive of the severity of 
non-laryngeal injury (e.g., only slight laryngeal injury may occur with 
severe gastrointestinal injury). The vast majority of the data comes from 
sheep [6,13,14]. Corroborative exper1ments performed by ISL and WaAIa 
using the pig as a large animal model have shown a similar buildup in 
gastrointestinal injury in the absence of significant lung damage [15]. 
Laryngeal injury 1n pigs also occurred, but did not appear to be as sen
sitive as laryngeal damage 1n the sheep. 

Based on the results described above, it seems likely that given a 
three-dimensional space with axes of number of blast repetitions (N), (P), 
and (I), a surface defining the threshold of injury could be described 
(Fig, 5). The plot of P versus I for any N ts parabolic in nature, a 
characteristic shared by many structural damage criteria [16,17]. On one 
side of this surface each point would correspond to conditions (N,P,I) at 
which at least laryngeal injury would be expected to occur in some animals. 
The farther the point from the surface (on the injury side), the greater 
the likelihood and/or severity of injury. Gastrointestinal and pulmonary 
injury would occur at more severe conditions. Any point on the noninjury 
side of the surface would describe conditions (N,P,I) which would not 
result in consequential injury to any nonauditory structure. Thus, the 
occurrence of trivial laryngeal injury in a sensjtive model (the sheep) 
could be used to assess risk when the exposure is defineable in these 
easily measured acoustic parameters. Knowledge of this injury boundary 
would allow for a safety assessment to be made for occupational exposure 
for any weapon system which generates simple Friedlander blast 
overpressure. Exposure conditions (N,P,I) would either be on the 'safe' 
side of the boundary, and thereby associated with little or no risk of 
non-auditory injury, or on the 'unsafe' side entailing a risk to exposed 
indjviduals. 

The relationship between injury and blast parameters (N,P,I) described 
above is entirely empirical and one would like to be able to deal analyti
cally with some measure of accummulated dose to predict an effect. Total 
impulse or energy delivered is a logical model. For triangular approxi
mations of the initial positive phase of a Friedlander wave, A-energy is 
proportional to A-impulse times peak pressure [13]. The iso-peak pressure 
study can then be interpreted as indicating increased damage for increased 
total delivered impulse and hence delivered energy. A similar effect is 
evident in calculating relat1ve energies for the iso-impulse study. To 
examine this further, a series of experiments were performed in which P was 
held constant and I and N were varied so that accumulated impulse (NxI) and 
accumulated relative energy (NxPxI) were the same at two levels (Table 3). 
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BLAST WAVE IMPULSE 

Fig. 5. Hypothetical three-dimensional 
representation of an iso-damage 
surface for nonauditory blast 
injury as a function of peak 
pressure, A-i.mpulse, and number 
of exposures. 

Groups of six sheep exposed to the same accumulated A-impulse for the first 
(10, 68, 230 N,P,I) and second (20, 68, 115 N,P,I) conditions showed no 
lung injury and no difference in laryngeal injury. However, 
gastrointestinal injury appeared to be worse in the condition where the 
individual blast had greater I. This was borne out in comparison of the 
third (20, 68, 230 N,P,I) and fourth (40, 68, 115 N,P,I) groups where the 
difference in gut lnjury was slgnifi.cant. Indeed, the animals In the first 
group (10, 68, 230 N,P,I) had more gastrointestinal injury than those In 
the fourth group (40, 68, 115 N,P,I), desplte having recelved only half the 
accummulated A-lmpulse. It is evident that nonauditory injury is dependent 
not only on the total energy or impulse delivered, but also on the 
characteristics of each "packet" of energy. 

It must be stressed that there is no evldence that any lmpulse noise 
exposure permitted by the present military noise exposure standards of NATO 
member nations presents any rj.sk of nonaudi tory injury. Laryngeal and 
chest examinations performed on 103 soldiers after firing four rounds of 
the Karl Gustav 84 mm MAW (peak pressure 22-36 kPa with A-duration < 2 
msec) showed no blast related abnormalities [18]. Fifty-nlne sold leI's also 
failed to show any evldence of laryngeal, pulmonary, or gastrolntestinal 
injury after firing 12 rounds of top zone charge from the 155 mm howltzer 
(peak pressure 24 kPa, A-impulse, 62.7 kPa msec) [19]. These observatlons 
lend credence to the predictions of human safety for these circumstances 
based on animal data. The prevention of nonaudltory injury for soldlers 
must depend upon keeplng exposure conditions below some threshold level. 
The only known means of protecting nonauditory structures is through the 
use of rigid armor or barriers. Both human and animal studies indicate 
that standard balHstic vests offer no protection from blast [20,21]. 

The work described above has dealt exclusively wlth free fleld 
Friedlander blast waves (Fig. 1). The P and I of such waves effectlvely 
define both the power density spectrum and the duration of blast exposure. 
Use of either A-duration or A-impulse i.s equlvalent when consldering 
Friedlander waves, as either value plus peak pressure defines the other. 
The relationshlp breaks down when considering the complex pressure-tlme 
hlstories in reverberant condltions. Strong complex waves are found in 
such places as the cabs of self propelled artillery and in emplacements or 
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enclosures where antitank rockets are fired. At present there is no syste
maUc way to judge the nonauditory hazard of such environments. Studies by 
Clemedson et al. of Sweden [22J, WRAIR [23J, and ISL [24J have indicated 
that consideration of peak pressure alone or peak pressure and A-impulse 
can underestimate injury. However, attempting to weight the total positive 
impulse or total energy in the blast wave can greatly overestimate the 
hazard. A more basic understanding of the bi.ophysical interacUon of the 
human and animal body with the complicated pressure environment is neces
sary before we can deal with complex waves in a generalizable fashion. 
Until that time, complex wave environments will have to be assessed on a 
case by case basis and some empiric large animal exposures may be necessary 
to estimate risk. 
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DISCUSSION 

von Gierke: In your last study, the 20 exposures were all on the same 
day, but what is the interval between successive exposures? 

Phillips: For the volunteers, we will allow one set of exposures tn 
any 24 hour pertod. 

von Gierke: Yes, but do you use the same volunteers agatn at a htgher 
level? 

Philltps: Yes, the next day. 

Albertt: I note that you expose the animals stdeways. Is there any 
difference if they've got thetr backs or fronts to the explosion as far as 
the larangeal or pharangeal damage? 

Phillips: Yes, our animals are all oriented right side on in 
accordance wtth the way we've done things, for gastrotntesttnal tnjury. 
We've not noticed any difference in left or rtght side with upper res
piratory tract injury. Casualty level blast studtes have shown decreased 
tnjury by orienting the streamlined portions of ones body to the blast 
source. I would not expect a btg effect. If you are familtar with sheep, 
they have rather a pendulous neck with a very anteriorly located trachea 
that is very much below the surface. We see the injury principally on the 
stde of exposure on the membraneous portion of the trachea and in the 
larynx. As a matter of fact, in the sheep the most sensitive injury prob
ably turns out to be tracheal petechia. 
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Alberti: Are there any good human studies of severe exposure effects? 
I know for example that there is a very detai.led study of the effect on the 
ear of a bomb explosion in a Belfast restaurant as a result of a terrorist 
attack. 

Phillips: There is a great deal of autopsy work from war casualties. 
We talked to the people, Graham Cooper and Bob Mayerd, who wrote the 
article to which you are referring. Those exposures are so much higher 
than what we are talking about now, that they are not really applicable. 
The physical response of people is quite predictable and similar to that of 
the experimental animals, i.e., the species difference is probably a pure 
mass difference. 

Alberti: Is the human upper respiratory track and larynx as much at 
risk as in your experimental animals? 

Phillips: We think not. The only direct evidence we have of that is 
some of the work of Dr. Pfander, where individuals had been examined after 
exposure to the Carl Gustaf. We have also examined the larynx of volun
teers exposed to the 198 mm howitzer. However, those circumstances are 
again below the predicted threshold levels. We will be examln1ng them in 
an incremental fashion as exposure level increases. We will stop them if 
we find such changes. 

Stevins: It would be very interesting if during these trials you 
could record the A-weighted energy. Also, do you plan to compute the 
D-welghted energy? 

Phlilips: We will have the full data records, and we will be 
recording or calculating all of the parameters used in the standards of the 
various member NATO countries. 

McFadden: How do you get the volunteers? 

Phillips: We get them by requesting volunteers for participation. 
The Army has a very tough criteria, more so than civilian institutions. We 
must satify a very rigorous scientific peer review and human use review. 
Individuals can back out with no prejudice at any time. 

Brlnkman: If I understood you correctly, you would like to get a 
damage risk criteria in terms of impulse A-duration and peak pressure? 

Phillips: What we are saying is that is the structure of the study. 
The way in which the data are interpreted, is to a degree open. I would 
suggest that the over pressure from large weapon systems can be charac
terized in that paradigm. Now whether or not those are really the 
important characteristics for auditory injury is not going to be clear. 

Brinkman: Do you plan to use only Friedlander waves or will you also 
look at sources such as mortars? 

Phillips: Mortars generate waves similar to Friedlander waves. There 
are reflctions on all of these blasts so they are not absolutely pure 
Friedlander waves. That is why we prefer to deal with the A-impulse and 
peak pressures as opposed to duration. We are primarily interested in 
essentially single sources, i.e., without environmental reflections as 
occurs with mortars and with howitzers in the open. At a later time we can 
perhaps deal with more complex waveforms. 
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EXPERIMENTAL AND ANALYTICAL STUDIES OF BLAST WAVE EFFECTS ON MAJOR ORGAN 

SYSTEMS OF THE BODY 

ABSTRACT 

J. H. Stuhmiller 

Fluid Dynamics Division 
JAYCOR 
P.O. Box 85154, San Diego, California 92138 USA 

Evidence of acute nonauditory injury in animals from intense blast 
overpressure (BOP) exposure and the possibility of chronic injury from BOP 
in the crew area of conventional weapons has prompted the need for detailed 
biomechanical models to assist the U. S. Army in defining damage risk 
criteria (DRC) for humans. The methodology uses mathematical models and 
computer codes to construct a causal, verifiable connection between the 
external blast environment and the local tissue stresses. Direct, in vitro 
observation of the damage process and measurement of the tissue strength 
leads to the determination of critical stress thresholds for damage that 
define the mechanical conditions producing injury. 

Load distribution on a torso model exposed to blast waves of 3-30 psi 
peak pressure were used to validate gas dynamics calculations of the blast
body interaction and to develop a preliminary blast load relationship. A 
finite element model (FEM) of the thorax cross section of the sheep has 
been constructed and parametric calculations varying the material proper
ties has revealed that the only sensitive quantities are the density and 
compressibility of the lung parenchyma and the effective shear modulus of 
the thoracic cavity. All of the material properties of the lung required 
for the thorax model have been measured for a variety of species and the 
ability of the lung parenchyma to support a low speed compression wave has 
been directly observed. Comparison of the FEM predictions against the 
currently available animal data on intrathoracic pressure response have 
been satisfactory and the variation of ITP under iso-impulse conditions 
agrees well with data. 

A perfusion technique has been developed that allows in vitro investi
gation of the mechanical origins of injury to the gastrointestinal tract. 
The results strongly point to the role of local gas bubbles in the gut sec
tions that lead to large motions and stresses in the neighboring gut walls 
and eventually cause injury. 

INTRODUCTION 

Interest in the lethality of the blast following a nuclear explosion 
prompted several animal studies in the 1960's that identified the circum-
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stances in which death would occur [1,2]. Although there was no need to 
define the conditions of incipient or chronic injury, the results clearly 
showed that the soft, air-filled organs (lungs, gastrointestinal tract, 
larynx, and tympanic cavities) are damaged. Research into the mechanisms 
of injury have continued since then at several laboratories around the 
world [3-5,7,8]. 

In the past decade, there has been interest by the U.S. Army in blast 
injury at occupational exposure levels. Several weapon systems, notably 
self-propelled howitzers and shoulder-fired anti-tank rounds, are of such 
power that the crews and troops using them are exposed to pressure fields 
of unprecedented magnitude. Although it is certain that such exposures are 
not associated with acute injury, they do approach the exposure limits set 
by military standards. The limits are based on experience with safe condi
tions, rather than on known injury thresholds. To extend these boundaries 
for training purposes, it is necessary to establish the conditions under 
which subtle or chronic injury will not occur. 

A common procedure for determining human risk is to make comparisons 
with similar animal exposures. The uncertainty of this procedure arises 
from the extrapolation of results between species. Body weight, size, 
orientation, internal organ arrangement, and other anatomical factors must 
be considered in interpreting test results. Furthermore, large numbers of 
animals must be used to produce statistically significant averages and to 
overcome variations in individual animals. As the number of blast condi
tions to be studied increases, the total number of animals, as well as the 
cost and duration of the testing, grows dramatically. 

One way of reducing the amount of animal testing required is to use 
mathematical models. In the simplest applications, mathematics is used to 
fit a smooth curve through some test conditions in order to extend the 
results to other conditions. This approach may not correctly predict 
results outside of the range already tested and cannot address extrapola
tion to other species. 

A more satisfactory model results from incorporating the mechanics of 
the process and physiology of the animal. Such a model was proposed as an 
adjunct to the animal testing at the Lovelace Inhalation Toxicology 
Research Institute (ITRI) [6]. The lung was represented by a gas-filled 
volume, the chest wall by a piston, and the rigidity of the skeletal system 
by an opposing spring. When the pressure history of the blast wave is 
applied to the external surface of the piston, the piston accelerates 
inward, compressing the gas until it is finally brought to rest by the 
combined action of the gas pressure and the force of the spring. The 
various parameters of the model were calibrated to reproduce the peak 
internal pressures seen in the test animals. It was also proposed that the 
parameters would scale with total body mass of the animal according to 
certain geometric rules. 

This model is able to correlate, and to some extent explain, a limited 
range of internal pressure data for simple waves. Still, it is not capable 
of answering the hazard questions discussed earlier. First of all, the 
parameters of the model are not directly related to measurable physiologi
cal properties; instead they have been chosen to give the best agreement 
with internal pressure data. Therefore, although one may speculate as to 
their origin, one cannot confidently judge how they would change between 
species. Secondly, there is no connection made with the mechanism of in
jury. While large internal pressures undoubtedly indicate a more hazardou3 
environment, the location and severity of injury cannot be inferred from 
such a model. 
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There is another kind of model of the thorax that has taken the physi
ological details into account. Borrowing from the techniques of structural 
engineers, detailed models of the skeletal system of the chest have been 
produced that use measurable, mechanical properties of the bone and incor
porate all of the connections and linkages. These models have been quite 
successful is studying the blunt trauma of automobile crashes, where the 
body is thrown into a solid object. The injury of interest in a crash is 
bone fracture, so that no modeling of the soft tissue is included. In 
blast exposure, however, skeletal deformation is relatively small and 
serves only to transmit motion to the compliant organs inside where the 
damage process take place. Therefore, although the ambiguity of the 
description is removed, the models do not address the problem of interest. 

The work summarized in this paper has expanded upon these ideas to 
construct a model of the thorax that contains a structural description of 
the hard and soft tissues. Supplemented with field measurements of load 
distribution and laboratory measurements of tissue properties, the model 
predicts the detailed motion of the thorax and indicates the magnitude and 
distribution of stresses that may be linked to damage. The detailed work 
and results are documented in Reference 13. 

A parallel effort in our laboratory has been studying the mechanisms 
of gastrointestinal injury [9]. Field studies with test animals have shown 
that GI injury has a lower threshold of occurrence and may be the limiting 
process in occupational safety. Biomechanical modeling of the phenomena is 
in its exploratory phases as more quantit~tive data is being collected. 

SUMMARY OF RESULTS 

Blast Loading Description 

In order to determine the load distribution on a subject in a blast 
field, model tests were conducted at ITRI and calculations were made with 
JAYCOR's EITACC computer code. From this work we found that load impulse 
can be a multiple of the free-field impulse, depending on the wave inten
Sity, and that the spatial and temporal distribution of the load can be 
reasonably predicted by computational models for the occupational level 
exposures. 

Structural and Material Description 

The animal chosen for field test exposures was the sheep. The sheep 
has a thorax size and construction that is similar to man and has been the 
test animal in previous blast investigations so that a body of data already 
exists. The first step in the structural determination was to review the 
available anatomical literature and select typical dimensions and orienta
tions of organs. The primary difference is that sheep have large, multiple 
stomachs that have a considerable air content. It was important to estab
lish early in the investigation what effect this difference might have on 
the cross-species inferences. 

Next, the structural analYSis method called finite element modeling 
was applied [10]. The object to be studied is divided into contiguous 
blocks, called elements, with shapes that fit natural boundaries. The 
continuous, differential laws of mechanics are transformed into algebraic 
equations for the position, velOCity, and stress at points within each 
element. More accuracy (and complexity) results from using more pOints per 
element. The properties of the material enter as parameters that are 
determined by conducting particular experiments. The more complete the 
description of the material, the more parameters that must be determined. 
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Finally, to advance the model one time-step requires solving thousands of 
equations for thousands of unknowns. There are a variety of numerical 
algorithms available and a trade-off between cost and accuracy of the 
solution must be made. 

There are four types of choices to make in performing a finite element 
analysis: size of the element, number of points within the element, com
plexity of the material description, and the numerical solution technique. 
For this project we used the FEAP computer code [llJ, which employs the 
Newmark method of solution. Each element contained four nodal points with 
a bilinear interpolation scheme. The material was assumed to be of a 
linear viscoelastic type, requiring that seven parameters must be deter
mined for each substance. Finally, the size of elements was chosen to be 
small enough to resolve the phenomena of interest, yet resulting in a math
ematical problem that can be solved at reasonable cost. 

In order to determine if the gas content of the sheep stomach would 
significantly influence measurements taken within the thorax, a finite 
element model was constructed of the entire sheep torso. Three-dimensional 
blocks were used of a size sufficient to capture the major organs (Fig. 
lb). In this model, the inertia of the rib cage, skeletal muscle, and 
diaphragm were incorporated at the appropriate nodal pOints, thus reducing 
the number of elements required. 

A blast loading, corresponding to cases in which field data was avail
able, was applied to the model surface and the subsequent intrathoracic 
pressure (ITP) time histories were compared with data. Two extreme cases 
had the rumen filled with all water and with all air. The difference in 
the predictions of ITP was judged to be slight and no greater than that due 
to uncertainty in the data or material constants. Other calculations using 
this model, however, showed that the element size was too large to capture 
the behavior of more rapid events. Based on these results, it was decided 
to develop a separate thorax model with sufficient resolution to follow the 
phenomena of interest. 

From the earlier collection of anatomical data, a sheep cross-section 
was selected that corresponds to the approximate location where intratho
racic pressure measurements are made. Based on that view, a two-dimen
sional finite element model was constructed that captured the geometriC 
arrangement of four distinct parts: skeletal muscle, rib, lung, and a 
water-filled organ such as the heart (Fig. lc and d). 

There are several approximations that must be taken into account when 
using and interpreting a two-dimensional representation of a three-dimen
sional body. First, the motion should be primarily in that plane. Since 
the thorax of a sheep or man is somewhat cylindrical, and since it was pre
viously shown that the motion of the diaphragm has only a small influence 
on the thorax, this assumption is reasonable. Second, the internal 
arrangement of the organs varies with the cross-section location and with 
individual, so that the results are only typical, rather than specific. It 
is likely that intrathoracic pressures, which are taken in a region removed 
from the lung boundaries, will be less affected by the choice of cross
section. Third, the cross-section view at some locations cuts across the 
diaphragm, showing thoracic and abdominal organs in the same plane. Since 
we know these two regions are not strongly connected dynamically, the 
region has been modeled as an equivalent water-filled organ. Finally, the 
rib cage adds stiffness to the chest wall through forces that do not origi
nate in the plane being analyzed. Studies were made to determine the best 
way to include this effect and it was concluded that modifying the rigidity 
of the muscle/bone region to a value intermediate between muscle and bone 
produced the most satisfactory result. This point is discussed in more 
detail in the section on thoracic response. 
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Material Properties Determination 

The properties of the lung parenchyma have the greatest influence on 
the thorax response, the evolution of intrathoracic pressure, and the 
nature of damage to the tissue itself. Because of its central role, a 
special effort was made to determine its properties precisely. The experi
ments were conducted in the Bioengineering Laboratory at the University of 
California, San Diego under the direction of Professor Y. C. Fung [12]. 
There, special instrumentation was used to determine the viscoelastic pro
perties of the lung tissue and of the whole lung, and to conduct dynamic 
experiments on wave propagation through the parenchyma. 

Thoracic Response 

To use the finite element model described in the previous section, it 
is necessary to provide values for the seven material parameters for each 
of the four body material chosen to represent the thorax. Those parameters 
can be summarized by the relations 

Mass density = p 
Bulk modulus = K + Kl • exp(-t/A) 
Shear modulus = 80 + Gl • exp(-t/6) 

Only a few of the 28 parameters have been measured directly, so before 
elaborate tests were devised and performed, calculations were made to 
determine which of the parameters are important to predicting and under
standing the data currently available, that is, intrathoracic pressure time 
histories. Data from a particular field test was chosen to be the basis of 
comparison. In this test, an animal was exposed to two blast waves sepa
rated by about 7 msec. Each parameter of the model was varied systematic
ally and in combination with others, and the predictions compared with the 
measured data. 

The results can be summarized as follows. None of the viscoelastic 
parameters (Kl , A, G1, or 6) had significant influence on the predicted 
ITP. Any differences observed were small compared with the deviation of 
the prediction from measurement, and were small compared with the effects 
of varying other parameters. Next, it was found that the elastic proper
ties of the rib and heart elements had little effect on the predictions, 
provided they were chosen reasonably close (within an order of magnitude) 
to the known physiological values. The mass density of the rib, muscle, 
and heart are well known and reasonable variations (tens of percent) were 
not significant. The only truly sensitive parameters were the mass density 
and bulk modulus of the lung, which have been well measured in the experi
ments described earlier, and the effective shear modulus of the muscle 
layer (see Fig. 2a for a summary). 

It was mentioned earlier that one approximation introduced by a two
dimensional representation is that out-of-plane forces, such as those due 
to the rib cage, cannot be mechanistically modeled. If the shear modulus 
of muscle, G =104, were used in the model, the model would predict unnatur
ally large d~stortions and produce ITP results completely unlike measure
ment (Fig. 2b). If, on the other hand, the muscle layer is assigned a 
shear modulus that will give the two-dimensional chest the kind of stiff
ness actually observed, then the ITP predictions are much more reasonable. 
This parameter can be independently determined through experiments measur
ing the displacement of the chest wall under loading. 

With the material parameters determined, comparison was made with 
field test data for sheep exposure to blast. For each case, the measured 
free-field blast wave was translated into a loading distribution based on 
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the findings of the torso tests and calculations. When multiple blasts 
were involved, the loading was simply repeated at the appropriate time 
interval. 

Fig. 3a compares prediction and measurement for a 16 lb TNT charge 
that produced a single peak blast wave with a peak pressure of about 12 
psi. The agreement is considered to be within the uncertainty of the blast 
conditions, instrument response, and particular animal anatomy. Similar 
results were obtained for other single blast conditions. After the initial 
peak, the predictions show continuing reverberation that arises from not 
including damping processes in the material description. 

Fig. 3b compares the results for an exposure to two blast waves with 
peak pressure of 40 psi separated in time by 7.6 msec--this was the case 
used in the sensitivity study. The agreement is also good, although the 
reverberation is more pronounced. The peaks are rounded off due to the 
finite spatial size of the elements and the negative phase is significantly 
overpredicted because constant material properties are being used. 
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Fig. 3. (a) Exposure to a single peak blast due to a 16 lb TNT charge and 
(b) exposure to two 40 psi blast waves spearated in time by 7.6 

msec. 
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The dominant feature of the calculated lung pressure distribution is 
the propagation and reflection of relatively slow waves, predicted by the 
model to be about 30 m/sec. This phenomena arises in the model because of 
the combination of highly compressible, yet moderately dense lung material. 
In a parallel effort in Professor Fung's laboratory at UCSD, the propaga
tion of parenchyma waves due to direct blast exposure was observed and 
measured. The results varied somewhat with species and trans pulmonary 
pressure, but fell in a range about 30-40 m/sec (Fig. 2c). These results 
not only support the qualitative nature of the model predictions, but con
firms that the dominant material properties for describing lung dynamiCS 
are the mass density and the elastic bulk modulus. 

Correlation with Lung Injury 

A series of tests have been conducted in which sheep were exposed to 
single blast waves of constant, positive impulse, as measured by a side-on 
pressure gauge. By varying the test conditions, a range of peak pressure 
and duration combinations were achieved. The tests showed that the maximum 
ITP varied with the peak pressure, despite the fact that the waves were 
iso-impulse, and that the severity of injury increased with the maximum 
ITP. The finite element model produced the same qualitative trend as the 
data (Fig. 4). In contrast, the lumped parameter model indicates that peak 
ITP is nearly constant over the pressure range. 

This result is the most encouraging evidence that blast injury can be 
predicted using an engineering model. The prediction is dependent on the 
entire causal chain described in the Introduction. First, based on the 
torso study, the loading on the body increases as the peak pressure of the 
wave increases. Next, the stress in the lung is amplified by the slow wave 
speed of the parenchyma. Finally, the location of the esophageal measure
ment corresponds to a geometriC focusing point of the compression waves. 

Gastrointestinal Injury 

Simulated blast overpressure was generated in a water-filled test 
chamber to study the gastrOintestinal injury mechanism. High speed movies 
and pressure transducers were used to determine the physical and phenome
nological aspects of blast injuries. 

To help understand the injury-loading relationship, bursting strengths 
for each part of the large intestine were measured under static pressuri
zation. There appears to be no well-defined differences in bursting 
strengths between male and female, nor among the various weight adult 
rabbits. The results show that ascending colon has the highest values 
followed by caecum, transverse colon, and descending colon. The strength 
per unit thickness, however, decreases systematically along the GI tract 
from caecum to descending colon. 

One of the crucial issues of using isolated GI tract for blast injury 
testing was whether adequate blood supply was provided to the test sections 
during the test. A perfusion technique using the test rabbit's own cardio
pulmonary system as the source of blood supply was developed. Fluorescein 
tracer showed that, except for a two inch descending colon section near the 
caudal mesentery artery, the GI tract was well perfused. The approach 
appeared to be a viable one, and was adopted for all subsequent tests. 

Correlation between surface deformation and pressure-time history 
across the intestinal wall at the bubble site was established. For a given 
test configuration and blast pressure, the bubble pressure signal and the 
surface deformation were found to oscillate at a frequency several times 
higher than the input blast signal. Furthermore, pressure signals inside 
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Fig. 4. Iso-impulse study comparison of the FEM model prediction with 
WRAIR experimental results. 

the bubble and along the outer surface indicate that a pressure differen
tial across the intestinal wall was developed during blast. The high 
differential pressure and high rate of surface deformation were found to 
correlate well with the initiation of GI injury. 
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HEARING IN FISHERMEN AND COASTGUARDS 

SUMMARY 

AlfAxelsson, Ingmar Arvidsson, and Tomas Jerson 

Dept. of Audiology and Occupational Audiology 
Sahlgrenska hospital, Gothenburg, Sweden 

Both fishermen and coastguards have a very peculiar working pattern 
which deviates considerably from that of the regular industrial worker. 
Instead of 8 hours work followed by 16 hours rest 5 days a week, fishermen 
and coastguards frequently work for several days with continuous high noise 
exposure. Also, during sleep they are exposed to high sound levels from 
the ship engine. In addition, they are exposed to other unfavorable work 
environment factors such as heave of the sea, whole body vibration, rapid 
climatic variations, sleep deprivation, work at night, etc. It is quite 
possible that noise is more deleterious to hearing under such unfavorable 
conditions. The hearing examination of a large number of fishermen and 
coastguards showed quite poor hearing, particularly among those at a fairly 
young age. It is assumed that the major etiology of this poor hearing 
status is work-related noise exposure, possibly in combination with other 
interactive ototraumatic factors. In particular leisure time shooting 
activities performed by 24 and 28% of fishermen and coastguards 
respectively appear to have contributed to the poor hearing status. 
Repeated annual hearing check-ups, improved ear protection, and technical 
noise abatement on board these vessels could improve the hearing of people 
in these professions considerably. 

INTRODUCTION 

Maritime workers such as fishermen and coastguards have a working 
pattern which differs significantly from most other professions. They do 
not work the regular 8 hours with an interval of 16 hours rest during 5 
days a week, but they are more or less continuously exposed to occupa
tional hazards up to one week at a time. During this time they seldom have 
the possibility of noise-relief. Instead, they spend all their time on 
board with the engines at work. The vessels are small and the sound levels 
relatively high in most places on board. This implies that maritime 
workers are exposed to high sound levels during long periods at a time. In 
addition, there are a number of interacting effects which might increase 
the risk of noise-induced hearing loss (NIHL), e.g., vibrations, large 
temperature variations, physical work load, sleep deprivation, heave of the 
sea and noise during sleep etc. [1-7]. Very little is known about the 
development of NIHL under such different exposure conditions. Since 
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the exposure time exceeds the normal 8 hours, 5 days a week, the interna
tional standards are not applicable. The damage risk criteria consequently 
are different. In the WHO-docwnent "Environmental health criteria 12: 
noise" equivalent sound level Leq for 24 hours sound exposure is limited to 
70 dB(A). Inter-governmental Maritime Organization (IMO) suggests 80 dB(A) 
Leq for 24 hours exposure. 

During the past ten years, we have been consulted by a large number of 
coastguards and fishermen with NIHL. However, there is only limited in
formation concerning noise levels on board vessels like these and about 
hearing conditions [8-14]. Consequently, it appears to be of interest to 
examine these two categories of maritime workers concerning their hearing 
and sound levels on board. 

MATERIAL AND METHODS 

Fishermen 

On the west coast of Sweden, there are 1586 registered professional 
fishermen. Our sample of this population consists of 529 (33%) randomly 
selected fishermen who were offered a hearing test, either at the depart
ment of occupational audiology or in a mobile van which visited most of the 
fishing ports along the west coast. All tests were performed by 'an audio
metric technician in a small sound-treated booth placed in the van, using 
an audiometer (Madsen TBN 80) with earphones (TDH 39). The hearing thresh
old was established at frequencies 250 - 8000 Hz with an ascending 
technique and the audiometer calibrated according to ISO 389. All those 
tested were first examined with otoscopy and on suspicion of middle ear 
pressure deviations, a tympanogram was taken. The use of the mobile van 
made it easy to select silent hearing test places with low background 
noise. Fishermen had avoided noise exposure at least 24 hours before the 
hearing test. In TTS-measurements, 16 fishermen were tested before and 
after noise-exposure [7] with sweep-Bekesy-audiometry (Demlar 120). In 
evaluating the audiograms, only cases with a "typical" noise-dip and a 
predominance of high-tone hearing loss were regarded as possibly noise 
induced. The statistic evaluation used was the T-test with a significance 
level of 95%. 

Coastguards 

From the different districts in Sweden, 423 coastguards (99% of all 
Swedish coastguards) were investigated in the same mobile van using the 
same test booth under the same audiometric conditions. The hearing was 
screened at 20 dB HL at frequencies 250 - 8000 Hz. For those who failed 
the hearing screening level at 20 dB HL, the exact hearing threshold below 
70 dB HL was established using ascending technique. Those with a hearing 
threshold of more than > 70 dBHL were treated as having a hearing level of 
65 dBHL. -

History 

For both fishermen and coastguards, a careful history was taken 
analyzing different ototrawnatic factors such as hereditary hearing loss, 
noise during childhood and teenage years, noise during military service, 
previous noisy jobs, noise conditions on board the actual vessel, subjec
tive note of hearing loss and other symptoms, etc. Also, an analysis was 
made concerning other previous diseases, accidents and leisure time activi
ties. 
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Sound level measurements 

In all rooms on board fishing and coastguard vessels detailed, mea
surements of peak sound levels, frequency spectra and equivalent sound 
levels were performed. Individual noise-dose measurements were also per
formed using portable noise-dose meters. 

RESULTS 

Fishermen 

Conditions on board. Typically, except for the skipper, all members of the 
crew performed all kinds of activities. For 55% of the fishermen, a fish
ing tour lasted 3-5 days without breaks and for 45%, approximately one day. 
The catch was predominantly herring, whitefish, crayfish, and shrimp. 40% 
of the fishermen considered themselves to be exposed to high noise levels 
on board. In spite of this, ear protectors were used only occasionally, 
and in such cases more or less exclusively in the noisiest place on board, 
the engine room. Next to the engine, the herring sorting machine was 
regarded as the noisiest machine on board. 

Sound level measurements. The measurements showed hearing-damaging sound 
levels in all engine rooms in those 8 fishing vessels measured. In most 
of the engine rooms the maximum permissable exposure time, according to 
Swedish regulations, was 2-5 min., with a maximum of 10 min. per day. 
Concerning other spaces on board only, fishing vessels with the sleeping 
quarters forward showed acceptable sound levels ranging between 65 and 80 
dB(A) with short duration maxima of 90 dB(A). Measurements of individual 
noise-dose analyzed on board one of these vessels showed an equivalent 
noise-dose of 84 dB(A) over 16 hours, including short visits in the engine 
room. For fishing vessels with the sleeping quarters astern the sound 
levels were higher in most spaces with levels from 75 to 95 dB(A). Indi
vidual noise-dose measurements showed equivalent sound levels of 88 dB(A) 
during the continuous exposure of one working week (50-100 hours). Two 
small coastal fishing vessels were measured; these showed hearing-damaging 
sound levels at normal pace, and dosimetry with portable noise-dose meters 
showed an equivalent sound level of 89 dB(A) over 8 hours. Our impression 
is that these noise levels are typical for the noise situation in the 
Swedish fishing fleet. 

Most fishermen run a considerable risk of being exposed to hearing
damaging sound levels on board. The risk is especially high on board steel 
trawlers with the sleeping quarters astern, and with a herring sorting 
machine in the hold. Measurements of infra sound never showed levels 
exceeding "dangerous" levels. A compilation of the sound levels measured 
are shown in Fig 1. The sound levels on board are often somewhat lower 
during the transfer to the haulage area, since most noise sources are 
turned off then, such as radio communication and the herring sorting 
machine. In addition, the main engine is usually not used at full speed. 

Hearing. Of the 529 fishermen who were offered to be examined, 360 (68%, 
all male) were hearing tested (Table I). There were no indications that 
the nonparticipants differed from the population as a whole in terms of 
hearing, professional or leisure time activities, etc. of the 360 fisher
men: 6.1% had noted a family history of hearing loss which could be of a 
hereditary kind; 10.6% had suffered head trauma; 6.4% had hypertension; 
2.2% had high blood lipids; 4.7% remembered an event corresponding to an 
acute acoustic trauma; 12.8% had suffered from other illnesses which might 
have affected their hearing. 
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Fig. 1. Sound levels on board a typical fishing boat - dB(A) 

TABLE I. Present material 

Fishermen Coastguards 

Number tested 360 423 
Age, average years 40 39 
Actual profession, average years 22 15 
Previous other noisy professions 27% 61% 
Average years 1.9 
Leisure time shooting, hunting 24% 28.5% 
Fishermen previous/years 14%/6 years 
Seamen previous/years 5%/8 years 29%/5 years 
Marine corps previous/years 17%/4 years 
Industry previous/years 22%/6 years 10%/5 years 

The "average" fisherman was 40 years old and had worked for 22 years 
as a fisherman, had done 11 months of military service, had worked 2 years 
in other professions than fishing, had noticed hearing loss for 2 years, 
and had participated in hunting or other leisure time shooting activities 
for 3 years. He worked on a vessel which was 24 meters long with an engine 
of approximately 600 HP and with 4.3 other fellow fishermen on board. Of 
the 360 fishermen, 65% had only had this occupation. 

There were no indications that fishermen had been more exposed than 
others to acoustic trauma during childhood or to more shooting during 
military service. The relatively high incidence (24%) of hunting and 
leisure time shooting is probably greater than can be expected for the male 
population on an average. Ear protectors were only used occasionally. 

Hearing tests. The mean hearing threshold for the different age groups of 
fishermen is shown in Fig. 2. The worst pure tone threshold is found at 6 
kHz, which already in teenage years is the least good hearing frequency. 
The older the fishermen, the more high-tone hearing loss with a typical 
NIHL configuration. The high frequency pure tone average (3,4,6 kHz) in 
relation to exposure time as a fisherman is shown in Fig. 3. Linear 
regression analysis shows a mean loss of 0.9 dB/year during the first 25 
years as a fisherman. For the following 15 years the high frequency 
average decreases 0.4 dB annually. For those who had been fishing more 
than 40 years, the high frequency pure tone average decreases 1.5 dB 
annually. The individual results at 6 kHz for fishermen is shown in Fig. 
4. In this figure, they are compared to an otologically normal population 
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(ISO 7029). When compared to this norm, 31% of fishermen exceed P95 in the 
left ear at 6 kHz (Fig. 4, Table II). Corresponding figures for the dif
ferent test frequencies are shown in Table II. Fishermen exceed the ex
pected 5% of individuals with poorer hearing "than expected" at almost all 
test frequencies. 

Temporary threshold shift (TTS). TTS in those 16 fishermen where noise
dose and TTS were measured are presented in Table IlIa. TTS only exceeded 
15 dB in three ears, in spite of high noise doses and long exposure times. 
Maximum TTS in approximately half of the cases occurred at frequencies 
below 3 kHz. This finding is interesting concerning the very low frequency 
sound emitted from the fishing vessels. In summary, in those 16 fishermen 
where the hearing threshold was established immediately before and after 
the fishing trip, in spite of equivalent noise doses between 84 and 92 
dE(A) measured over many hours, the TTS was very limited. 

Factors contributing to hearing loss in fishermen. There was no indication 
that those fishermen who also had been exposed to other noisy professions 
on an average had poorer hearing than those who exclusively had worked as 
fishermen. The analysis of the actual fishing technique showed that 42 
coastal fishermen, who were often working in small open vessels, had poorer 
hearing in the left ear than the average, probably due to their position in 
the back of the vessel close to the outboard engine. 

An evaluation of hearing in relation to the machine power showed that 
fishermen working on boats with the least powerful engines had poorer 
hearing at 2-8 kHz in the left ear. A number of other parameters were also 
tested in order to differentiate hearing loss. This analysis showed that 
hunters and leisure time shooters (24%) had significantly worse hearing at 
3, 4, 6 and 8 kHz in the left ear and at 6 kHz in the right ear than 
others. 
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TABLE II. Percent fishermen and coast guards exceeding P95 (ISO 7029)1 

Frequency Ear Fishermen Coastguards 
kHz % % 

0.25 Right 4.7 2.1 
0.5 " 6.9 4.0 
1 " 8.3 3.3 
2 " 10.3 5.7 
3 " 22.5 17.3 
4 " 18.9 23.2 
6 " 21.9 30.8 
8 " 9.7 13.7 
0.25 Left 6.7 2.6 
0.5 " 6.1 2.4 
1 " 7.5 3.1 
2 " 12.8 7.1 
3 " 26.7 20.9 
4 " 26.7 26.3 
6 " 30.6 36.0 
8 " 12.2 17.1 

Individual audiograms for the fishermen treated as screening audiograms 
with minimum threshold 20 dBHL and maximum 65 dBHL. 

lP95 = the level that 95% of an "otologically normal" population are 
expected not to exceed. "Otological normal" = a population without noise 
exposure, ear diseases, etc. 

TABLE III a. Temporary threshold shift (TTS) in fishermen. 

TTS 
worst frequency 

Individual Type of Noise-dose Measured right ear left ear 
initials vessel dB(A) over hrs dB kHz dB kHZ 

JH small vessel 89 8 +15 8 +5 0.25 
DB herring trawler 92 65.5 +8 0.5 +14 8 
PAO " 92 65.5 +7 4 +25 1.5 
TH " 90 66.0 +6 6 +10 1 
JA prawn trawler 84 16 +6 8 +2 1.5 
FL " 16 +7 1.5 +6 8 
BAB " 16 + 11 1.5 +13 6 
RH " 16 +5 2 -3 8 
MO herring trawler 88 60 +10 1 +5 0.5 
DOA " 88 85 + 3-4 +20 1.5 
TB " 88 91 +5 4 +5 2-8 
TC " 94 97 +10 1.5 +5 6 
PAA " 98 81 +30 0.5 +15 0.25-1 
SC " 86 82 +5 3-4 +15 3 
UB " 88 74 +10 1 +10 0.5-6 
JB " 90 65 +10 1,6 +5 1-2 
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Fig. 4. Fishermen: Individual hearing threshold at 6 kHz left ear in 
relation to age, compared with P5, P50 and P95 according to ISO 
7029. 

Those who reported previous acute acoustic trauma (5%) had signifi
cant poorer hearing at test frequencies 1.5, 2, 4, 6 and 8 kHz. Fisher
men who had hypertension did not differ in terms of hearing threshold from 
those with normal blood pressure. Those fishermen reporting a possible 
hereditary hearing loss (6%) had significant poorer hearing than others at 
0.25-2 kHz in both ears and 8 kHz in the right ear. The compiled hearing 
results are shown in Table IV. Normal hearing on both ears was found in 
approximately 24%. Another 20% of the fishermen had one normal ear and one 
with a slight NIHL, and 23% slight NIHL in both ears. At least 15% of the 
fishermen had severe NIHL in at least one ear. 

COASTGUARDS 

Conditions on board. On the coastguard vessels there were 3-5 members in 
the crew. These vessels have strong engines (500-3000 hpj in order to be 
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able to move at high speed. The ear protection used has been less than 
satisfactory; mostly, ear protectors were used only in the engine room. 
There are several noise sources other than the engine on board. Most of 
them are found in the wheel house. Particularly noisy are the communi
cation systems with coastguard authorities, military radio stations, sea 
rescue service, police air crafts, etc. The most typical coastguard raid 
is either 24 hours or 4 days. In contrast to fishermen, coastguards have 
more occasions to rest and sleep without high sound levels from the 
engines. 

On an average, the coastguard had been employed in this profession for 
15 years (13-17 years). As many as 39% had not been exposed to noise in 
other professions before the employment as coastguards. Of those 61% who 
reported previous noisy jobs, the majority had been working in one or 
several jobs with relation to maritime professions (Table I). Since use of 
weapons is mandatory in this profession, target practice was, on an 
average, performed 4 times a year, with a mean total of 150 shots. Leisure 
time shooting was practiced by 28% on an average of 13 times a year, with 
an annual average of 340 shots. 

Sound level measurements. Sound level measurements and portable noise
dose meter measurements on coastguard vessels showed sound levels which are 
indicated in Fig. 5. Similar to the fishing vessels, the sound levels 
frequently exceeded hearing-damaging levels and were most conspicuous in 
sleeping quarters. The measurements were performed during regular ser
vice, sometimes during bad weather with pronounced heave of the sea and 
strong winds. Under these circumstances both vibrations and sound levels 
from communication radio systems appeared to increase the sound levels. In 
several of the coastguard vessels, resonances were registered from the 
propeller shaft caused by the gear box of the engine. Sound level measure
ments indicated that pure tones were sometimes emitted during such condi
tions, making the sound levels even more harmful to hearing. On the 
bridge, particularly the three to five different radio communication 
systems decide the sound levels, since the radios are turned up to a high 
volume in order to mask the background sound levels from the engine, wind, 
etc. 

Hearing tests. The individual hearing status is shown in Table IV. 
Approximately 1/3 of the coastguards have normal hearing in both ears. 
Another 20% have one normal ear and one with a slight NIHL, and another 20% 
a slight NIHL in both ears. Approximately 10% of the coastguards have 
severe NIHL in at least one ear. 

Temporary threshold shift (TTS). TTS was established in 13 coastguards on 
33 occasions. The equivalent noise-dose varied between 79 and 97 dB(A) 
over 2-86 hours (Table IIIb). It can be seen that the TTS exceeded 15 dB 
in three ears only. The TTS was most pronounced at frequencies below 3 kHz 
in 18/66 ears. Similar to fishermen, TTS occurred at fairly low frequen
cies in many instances; however, it was much less pronounced than in 
fishermen. This, of course, might be due to different noise patterns on 
board, sug-
gesting that coastguard vessels have more high frequency components in the 
noise than on board fishing vessels. 

Factors contributing to hearing loss in coastguards. In general, the work 
environment and conditions are similar for fishermen and coastguards. 
However, as already shown, the engine in the vessels used by coastguards 
are much more powerful than those generally used by fishermen. Similar to 
some fishermen, coastguards sometimes used small boats with outboard 
motors, particularly when entering ships to be searched. These outboard 
engines are between 18 and 200 hp and regularly emit equivalent sound 
levels of 90-100 dB(A). However, the exposure time to this noise probably 
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TABLE III b. Temporary threshold shift (TTS) in coastguards 

TTS 
Individual Type of Noise-dose Measured worst frequency 
initials Vessel dB(A) over hrs right ear left 

dB kHz dB 
---.------------.-----------~ -----

GA Patrol boat 85 22 20 2 15 
GA 87 7 10 8 15 
GA " 82 22 10 8 15 
BA " 87 22 5 4 5 
BA " 82 7 10 3 5 
RE " 82 22 5 6 5 
RE " 79 22 15 2 10 
RE " 85 7 20 3 10 
RE " 87 22 5 2 10 
AA Patrol boat 82 22 5 0.5 10 
AA " 84 21 5 0.5 10 
EE " 81 22 5 5 
EE 79 21 5 4 10 
KK " 82 22 10 8 10 
KK " 83 21 10 2 5 
GE Aircraft 95 2.0 10 4 10 
GE " 96 2.5 10 4 5 
GE 95 2.0 5 8 5 
BF " 97 2.0 5 3 10 
BF " 96 2.5 10 6 5 
BF " 96 2.0 10 6 10 
RL Cruiser 5 8 10 
RL " 84 86 10 6 10 
RL " 87 78 10 3 15 
KE " 10 8 5 
KE " 83 86 15 4 0 
KE 85 78 10 4 10 
AJ " 80 86 10 1 15 
AJ " 85 78 15 2 10 
JL " 92 86 30 6 5 
JL " 78 10 8 15 
DF " 85 86 5 4 15 
DF " 85 78 5 6 10 

ear 
kHz 

6 
6 
6 
0.25 
6 
6 
6 
2 
4 
1 
6 
6 
3 
4 
4 
2 
2 
2 
0.5 
4 
4 
6 
6 
2 
3 

6 
4 
6 
2 
6 
6 
0.5 
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TABLE IV. Individual hearing results 

Fishermen Coastguards 
N % N % 

Normal hearing both ears 85 23.6 138 32.6 
One normal + one slight NIHL 70 19.4 84 19.9 
One normal + one moderate NIHL 3 0.8 4 1.0 
One normal + one severe NIHL 1 0.3 4 1.0 
Slight NIHL both ears 84 23.3 85 20.0 
One slight + one moderate NIHL 12 3.3 31 7.3 
One slight + one severe NIHL 15 4.2 14 3.3 
Moderate NIHL both ears 14 3.9 23 5.4 
One moderate + one severe NIHL 11 3.1 10 2.4 
Severe NIHL both ears 29 8.1 13 3.1 
Other combinations 36 10.0 17 4.0 

360 423 

Normal < 20 dB (all test frequencies) 
Slight <20 dB 0.25-2 kHz 

-25-60 dB 3-8 kHz 
Moderate <20 dB 0.25-2 kHz 

>65 dB 3-8 kHz 
Severe = >25 dB 0.5-2 kHz 

>40 dB average 3-8 kHz 

is limited in time (in general, less than one hour). Ear protectors are 
typically not used under these conditions. One of the reasons for not 
using ear protectors under these circumstances, is the use of portable 
handheld two-way radios. 

Similar to fishermen, quite a few coast guards (28%) are regular 
hunters or participate in leisure time shooting activities. Under these 
conditions ear protector use is probably much better than in their normal 
working environment. At certain times the shooting activities may be quite 
substantial, particularly when killing oil-polluted birds. A relative risk 
analysiS of the high-frequency, pure tone average (3, 4, 6 kHz) showed that 
those participating in hunting and leisure time shooting activities run 1.5 
times higher risk of hearing loss than other coastguards, i.e., there ap
pears to be a slight risk of increased hearing loss for these coastguards. 

DISCUSSION 

The present material comprises a substantial number of fishermen and 
coastguards working in Sweden. The analysis for both groups considering 
hearing was similar. However, the analysis of results and questionnaire 
was somewhat different for the two groups. The present investigation shows 
that there is a considerable number of hearing-impaired fishermen and 
coastguards in all age groups, with fairly rapidly deteriorating hearing 
with age. A careful analysis of possible factors contributing to such a 
sensorineural high-tone hearing loss reveals that, in many cases, certain 
factors such as hereditary hearing loss, previous noise exposure in other 
professions, skull trauma, ear disease, and in particular leisure time 
shooting, might have contributed to the high frequency of noise-induced 
hearing loss (NIHL). Both groups, the fishermen in particular, are 
characteristic in that they have held few other jobs and the predominance 
of noise exposure is from small vessels. 
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Sound level measurements on board both fishing vessels and coast
guard vessels showed high and often dangerous sound levels. Considering 
the fact that the exposure time is quite different from the regular 8 hours 
for the industrial worker followed by 16 hours "ear rest," obviously damage 
risk criteria may be different with the actual long duration exposure for 
both fishermen and coastguards. The International Maritime Organization 
(IMO) has recommended an equivalent continuous maximum sound level of 80 
dB(A) over 24 hours. According to IMO recommendations, the maximum per
missable sound level in the engine room is 110 dB(A), on the bridge 65 
dB(A), in the sleeping quarters 60 dB(A), in the mess 65 dB(A), and on deck 
85 dB(A). Most of our measurements on board fishing vessels and coastguard 
vessels exceed the IMO recommendations. 

Consequently, it is appropriate to conclude that the confinement for 
many hours at a time in this enclosed environment with exposure to high 
noise levels contributes to the high frequency of NIHL. It is also 
characteristic for both types of professions that there are many other 
possible interacting factors which might contribute to the NIHL, at least 
theoretically. Some of these have been confirmed in previous investigat
ions, others have been suspected. It is well known that vibrations, either 
local hand-arm vibrations or whole-body vibrations, may increase the risk 
for NIHL when they occur simultaneously with exposure to high sound levels. 
It is also well known that a long-standing exposure for many hours/days to 
high sound levels increases and enhances the risk for NIHL. 

Both fishermen and coastguards are exposed to noise for days at a time 
with high sound levels which are easily transmitted to all areas on board. 
Other possible characteristics which might contribute to the rapid develop
ment of NIHL are simultaneous noise exposure and heavy work load, work at 
night, sleep deprivation, sleep in high-sound levels, rapid climate varia
tions, and heave of the sea. It remains to be more closely investigated 
how these individual factors interact with noise for the development of 
NIHL. 

A surprlslng and interesting finding for the fishermen was that hardly 
any temporary threshold shift (TTS) was found in spite of noise-dose meters 
showing ototraumatic levels over long equivalent periods of time. For 
coastguards, the equivalent noise dose frequently exceeded 85 dB(A), and 
more or less regularly exceeded 80 dB(A). In spite of this, the TTS 
measured immediately after returning with a ship very seldom exceeded 15 dB 
at the most TTS-sensitive frequency in the individual coastguard. Appar
ently, this seeming contradiction between exposure to high sound levels on 
the one hand and a lack of substantial TTS on the other is an important and 
interesting field for future research concerning the relationship between 
noise dose, TTS, and permanent threshold shift. In previous short term 
experiments [15,16], 2 kHz narrow-band noise presented at 105 dB SPL for 10 
min. resulted in a 10-15 dB TTS more or less regularly. According to the 
equal energy principle, 105 dB for 10 min. is equivalent to 83 dB during 24 
hours. Then it is surprising that noise levels of 85 dB(A) for more than 
25 hours did not result in "dangerous" TTS amounts when fishermen or coast
guards were tested immediately after coming ashore. One explanation may be 
that the TTS differs for the extreme low frequency noise emitted by these 
vessels or that a possible TTS could have "healed" during the comparatively 
lower sound levels while returning to port. (From the two populations it 
seems that the TTS otherwise would appear for this type of noise at equiva
lent sound levels of over go dB(A) and )24 hours). 

Fishermen constitute an interesting professional group. Characteris
tically, they have only held this profession. They are often part owners 
of the vessel. In Sweden they have not been embraced by the regular 
occupational insurances. They appear to be individuals with great self-
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confidence and have a poor attitude toward use of ear protectors. Once 
this type of hearing examination with follow ups has been instituted, as 
well as better ear protector use, the hearing situation for fishermen may 
improve. 

For coastguards the conditions are somewhat different. The Department 
of Occupational Audiology has tested the hearing of all Swedish coastguards 
during the last 7 years with annual check-ups. During the first check-ups 
we registered a considerable hearing decrement. From 1979 to 1981 a 
moderate hearing deterioration (>15 dBHL on 1-3 test frequencies) was found 
in approximately 12% of the coastguards and a severe hearing deterioration 
(>20 dBHL at one or >10 dBHL at four frequencies) in approximately 5% of 
the coastguards. The very poor hearing status in the early examinations 
has improved considerably. As is well known, the personal influence of the 
hearing tester on those tested emphasizing even slightly increased impair
ments in pure tone thresholds, leads to better ear protector use, and 
subsequent less decrement in hearing. Further, technical noise abatement 
certainly can be improved on these vessels. Clearly the engine could be 
better isolated as well as the propellers. The use of skewback propellers 
has proven to diminish sound levels on board considerably. Further, 
sleeping quarters in both types of vessels should be kept apart from the 
engine room noise. 

As a spin-off effect of our hearing examination in fishermen and 
coastguards, another project with the object to diminish sound levels on 
board has recently been instituted. With improved technical noise abate
ment, regular hearing check-ups, personal influence, and advice given to 
those exposed with an emphasis on better ear protection, there is reason to 
believe that audiological problems for those working in these professions 
can be improved substantially. 
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DISCUSSION 

Salvi: The lack of TTS in your results may not be too surprising. 
Some data on asymptotic threshold shift measured in animals indicates that 
the amount of hearing loss resulting from these long duration noise 
exposures was dependent upon the preexisting hearing loss. The animals 
that already had a hearing loss developed only a small increase in TTS. 
Preexisting hearing losses could perhaps explain the lack of TTS in your 
data. 

Axelsson: The subjects that we selected for this study, in general, 
were persons that had good hearing. 

Alberti: That was a very interesting paper, with much broader 
implications than just for fisherman off the coast of Sweden. We have the 
same problems in our country in the shipping, airline and chemical 
industries. Workers are exposed Tor very long periods of time, not just 
for 8 hours a day. Break periods are variable. How do we specify the 
acceptable noise levels? I have no idea. Also, I do not think we need to 
look for many other stressors than just the prolonged noise exposures. 

von Gierke: I just wanted to say something in connection with Salvi's 
comments. The asymptotic TTS data on humans were obtained primarily in 
response to the military and aviation requirements for exposures that last 
more than 8 hours or even 24 hours a day. We have no criteria for such 
continuous long term exposures. It would be interesting to compare your 
PTS data with what you would predict from Leq weekly equivalent noise 
exposures based on the dosmetry you did. Just looking at the data, I would 
agree with what Dr. Alberti said. Namely, that probably one does not have 
to look for any other factors; the noise exposure alone will explain the 
hearing loss. 

525 



INTERACTIONS BETWEEN DIFFERENT CLASSES OF NOISE 

INTRODUCTION 

Olavi J. Manninen 

The Academy of Finland, Department of Public Health 
Faculty of Medicine, University of Tampere 
Box 607, SF-33101 Tampere, Finland 

Some results on the combined effects of environmental factors have been 
published recently in a book based on the reports delivered at the First 
International Conference on Combined Effects of Environmental Factors [lJ. 
Despite the recent publications, our knowledge of the temporary changes in 
hearing due to complex exposure situations is still very scarce. 

The purpose of the following experiments was to study how the temporary 
hearing threshold in controlled laboratory conditions produced by nOises 
with different intensities and frequency ranges is affected by physical or 
mental work and how whole body vibrations or different temperatures interact 
with noise. The results above are meant to illustrate how cardiovascular 
changes are connected to changes in the temporary hearing threshold. 

MATERIAL AND METHODS 

The results are drawn from five different experiments. The experiments 
were conducted in a special exposure room, which has been described in more 
detail in earlier publications [2-6J. 

In all experiments, the duration of the test was 105 minutes. It con
sisted of a control period of 30 min., of three consecutive exposure periods 
of 16 min. each, of a measuring period of 4 min. after each exposure period, 
and of a recovery period of 15 min. 

The experiments were based on a random block design (Experiments I-III) 
or on a factorial experimental design (Experiments IV-V). 

Experiment I 

Fourteen (14) healthy, volunteer male students (28 ears) were exposed. 
The cutoff frequencies for the noise bands employed were 1 and 2 kHz, 1 and 
4 kHz, 1 and 8 kHz and 0.2 and 16 kHz. The intensity of each noise band was 
90 dB. Vibration was si~usoidal 5 Hz signal along the Z-axis with an accel
eration (rms) of 2.2 m/s. During these experimental sessions, the average 
dry bulb temperature was 20.0oC (see also Manninen [3J). 
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Audiometric Measurements 

The hearing threshold values were determined with a pure tone audio
meter, using the ascending technique. The hearing thresholds of both ears 
were measured in the same way each time at frequencies of 4000 and 6000 Hz, 
and exactly 2 min. after the cessation of the exposure (TTS2). 

Cardiovascular Measurements 

Cardiovascular changes were described by heart rate (HR), systolic 
blood pressure (SBP) and haemodynamic index (HDI). The haemodynamic index 
characterizes cardiovascular activity and oxygen consumption of the myocard
ium of the subjects. To make the index, the product of the heart rate value 
and the systolic blood pressure value was divided by 1000. The heart rate 
(beats/min.) was determined manually from an ECG band during each measure
ment, exactly 10 s after the end of the pre-exposure, exposure and post
exposure periods. Systolic blood pressure was measured with a sphygmomano
meter operating on the ultrasound principle. Blood pressure was measured 
40 s after the end of the pre-exposure, exposure and post-exposure periods. 

Analysis of the data 

The subjects acted as their own controls during the experiments. 
Before the analysis of the results, the values obtained after the 15-min. 
control period were deducted from the values obtained after the exposure and 
post- exposure (recovery) periods. The hearing threshold values for each 
ear were regarded as observation units for audiometric measurements (hence 
28, 26, 22, 144 and 216 ears), whereas observation units for HR, SBP and HDI 
determinations were the number of subjects (i.e., 14, 13, 11, 72, and 108). 

The statistical significance of the differences between paired and un
paired means was determined using two-tailed Student's t-tests. Statistical 
significance of the main effects of and interactions between various factors 
was examined with the aid of variance analyses. 

RESULTS 

Of the four noise band conditions, that with a bandwidth of 1 to 2 kHz 
caused a significantly smaller increase in hearing threshold than the others 
(Fig. 1). With a higher cutoff frequency, when the upper frequency limit of 
noise was heightened (from 2 to 4 kHz), the TTS2 of test subjects exposed to 
a noise increased very rapidly. By further broadening the band by three 
octaves towards the higher frequencies (from 1 to 8 kHz) or to both higher 
and lower frequencies (to 0.2 to 16 kHz) simultaneously, the hearing thresh
old changes were still clearly observable at 4 and 6 kHz. When subjects 
were exposed simultaneously to sinusoidal 5 Hz vibration and to such broad 
bandwidth noise, their TTS2 values increased 1.4 times (first exposure), 1.2 
times (second exposure), and 1.5 times (third exposure) more at 4 kHz than 
due to exposure to such broad bandwidth noise alone. 

Correspondingly, systolic blood pressure increased during the first, 
second and third exposures especially, due to mere noises with bandwidths of 
1-2 kHz, 1-4 kHz and 1-8 kHz (Fig. 2). By contrast, a broadband noise with 
the cutoff frequencies of 0.2 and 16.0 kHz tended to decrease the SBP values 
slightly during all exposure periods. The means of the SBP values also 
decreased due to mere sinusoidal 5 Hz vibration as compared to the resting 
values prior to the exposure. 

When the subjects were exposed simultaneously to noise and vibration, 
all combinations resulted in decreased blood pressure values after the first 
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Fig. 3. Arithmetic means (X) of the HR values and half of the standard 
error of the means (SEM) when subjects were exposed to stable 
noise of varying bandwidth alone, to whole body vibration alone, 
or to simultaneous noise and vibration (n=14 subjects). 

period of exposure as compared to the resting values. After the second and 
the third exposure period, the SBP values were highest as compared to the 
resting values when the cutoff frequencies of the noise in the combination 
were either 1 and 4 kHz or 0.2 and 16 kHz. 

Fig. 3 shows that mere noises with the cutoff frequencies of 1 and 2 
kHz or 1 and 8 kHz increased heart rate; noises with the cutoff frequencies 
of 1 and 4 kHz or 0.2 and 16 kHz decreased heart rate during the first 
period of exposure. During the second and the third exposure period, average 
HR values were (with one exception) lower than the resting values prior to 
the exposures. Mere vibration also tended to decrease heart rate. 

Those combinations of noise and vibration where the cutoff frequencies 
of the noise were 1 and 2 kHz, 1 and 4 kHz or 1 and 8 kHz increased the HR 
values during the first and the second period of exposure. However, the 
very combination to increase the HR values most during the third successive 
period of exposure, consisted of a sinusoidal vibration and a broadband 
noise. 

Experiment II 

Thirteen (13) healthy, volunteer male students (26 ears) were exposed. 
The cutoff frequencies for the noise bands employed were 2 and 4 kHz, 4 and 
6 kHz, 6 and 8 kHz, 4 and 8 kHz, and 0.2 and 16 kHz. The intensity of each 
noise band was gO dB. Vibration was sinusoidal 5 Hz signal along the Z-axis 
with an acceleration (rms) of 2.12 m/s2• During these experimental sessions 
the average dry bulb temperature was 19.7°C (see also Manninen [3]). 
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Fig. 4. Arithmetic means (X) of the TTS2 values at 4 kHz when subjects 
were exposed to stable noise of varying bandwidth alone, to whole 
body vibration alone, or to simultaneous nOise and vibration (n=26 
ears). 

On the basis of these mean changes, we may conclude that the most im
portant exposure combination during all the successive periods of exposure 
was the combination where the frequencies of the noise were 1 and 4 kHz. It 
increased the TTS2 values, as well as the SBP values and the HR values. 
During the last period of exposure, a combination of vibration and a broad
band noise (0.2-16 kHz) gained more importance. After this exposure 
combination, too, the TTS2 values, the SBP values and the HR values 
increased significantly, as compared to the values measured prior to the ex
posure. 

In the second experiment, the mean TTS values at 4 kHz were at their 
highest when the subjects were exposed to noise with a bandwidth of 2 to 4 
kHz (Fig. 4). The threshold shifts were slightly smaller due to noise with 
the 0.2-16 kHz bandwidth. For each of the two exposure bands, the average 
threshold values gradually increased during successive exposures. The 
additional effect of vibration in raising the hearing threshold could be 
observed when the exposure combination included vibration and the broadest 
band noise (i.e., noise with a bandwidth of 0.2-16 kHz). 

Fig. 5 shows again that the SBP values increased during the first ex
posure period when the subjects were exposed to mere noises with the cutoff 
frequencies of 4 and 6 kHz, 6 and 8 kHz, or 4 and 8 kHz. The only kind of 
noise to increase the SBP values during both the second and the third expo
sure period, was one with the cutoff frequencies of 2 and 4 kHz. During the 
third period, noises with the cutoff frequencies of 4 and 6 kHz or 4 and 8 
kHz also increased the SBP values. 

out of all exposure combinations used in the study, only a combination 
consisting of a sinusoidal vibration and a noise with the cutoff frequencies 
of 2-4 kHz increased the SBP values during all three successive exposure 
periods. A combination of broadband noise (bandwidth 0.2-16 kHz) and vibra
tion also increased the SBP values after the second and third exposure 
period. The SBP values also increased after the third exposure period in 
all cases except the one where the cutoff frequencies of the noise were 4 
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Fig. 5. Arithmetic means (X) of the SBP values and half of the standard 
error of the means (SEM) when subjects were exposed to stable 
noise of varying bandwidth alone, to whole body vibration alone, 
or to simultaneous noise and vibration (n=13 subjects). 

and 8 kHz. As compared to mere noises, a simultaneous exposure to noise and 
vibration seemed to accelerate the increase in SBP values when the cutoff 
frequencies of the noise were 2 and 4 kHz or 0.2 and 16 kHz. 

As in the previous study, the HR values decreased during all three ex
posures when the subjects were exposed to mere broadband noise (Fig. 6). 
Other kinds of noises increased the HR values during the first and the 
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Fig. 6. Arithmetic means (X) of the HR values and half of the standard 
error of the means (SEM) when subjects were exposed to stable 
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second exposure period, and noises with the cutoff frequencies of 6 and 8 
kHz or 4 and 8 kHz increased the HR values during the third exposure period 
as well. During the first exposure period, the only combination to increase 
the HR values was one where the cutoff frequencies of the noise were 2 and 4 
kHz, and during the third exposure period the HR values increased only due 
to a combination where the cutoff frequencies of the noise were 0.2 and 16 
kHz. 

The most essential differences between the results of the first and the 
second experiment were that in the first experiment mere noises most often 
decreased the HR values, and in the second experiment they most often in
creased it. When combined with vibration, the noises usually increased the 
HR values in the first experiment, whereas in the second experiment they 
usually decreased the HR values. In interpreting the results, it should be 
noted that the noises used in the first experiment (except the most broad
band noise) were limited above 1000 Hz and their bandwidths were set at 1000 
Hz, 4000 Hz and 8000 Hz. In the second experiment, the bandwidths were 2000 
Hz and 4000 Hz (except the most broadband noise), and the lower cutoff fre
quencies of each band were 1000 Hz higher. As regards changes in the SBP 
values, there were no differences between the results of the first and the 
second experiment. 

Changes in heart rate, in turn, seem to reflect in changes in temporary 
hearing threshold: the more heart rate increased due to noise or simulta
neous noise and vibration, the higher increase in temporary threshold. The 
increase in temporary hearing threshold is further accelerated if systolic 
blood pressure remains relatively high or increases with heart rate. This 
observation is supported by the results which concern the effects of the 
most broadband noise or this noise and sinusoidal vibration on heart rate, 
systolic blood pressure and temporary hearing threshold. 

Experiment III 

Eleven (11) healthy, volunteer male students (22 ears) were exposed. 
The cutoff frequencies for the noise bands employed were 0.2 and 16 kHz. 
The intensity of noise was either 15 dB, 85 dB or 95 dB. Vibration was 
sinusoidal 5 Hz signal along the Z-axis with an acceleration (rms) of 2.12 
m/s2 • The subjects were always exposed to noise and vibration in pairs, at 
dry bulb temperatures of both 200 C and 300 C (see also Manninen [4]). 

The means of the TTS2 values at 4 kHz increased correspondingly as the 
intensity of the noise was raised from 15 to 85 or to 95 dB (Fig. 1). The 
increase in the hearing threshold was usually strongest during the first 
exposure period. The means of the TTS2 values were higher at 300 C than at 
20oC. On the other hand, the more intensive the broadband noise to which 
people were exposed in addition to vibration, the greater the influence of 
the ambient temperature. A 15 dB noise did not cause much change in TTS2 
values, even with simultaneous exposure to vibration at either temperature. 

Fig. 8 shows mean changes in haemodynamic index when the subjects were 
exposed to simultaneous noise and vibration at two different temperatures. 
As was previously stated, the haemodynamic index can be used to evaluate 
changes in heart rate and systolic blood pressure at the same time. 

The HDI values were at lowest and decreased with exposure when the dry 
bulb temperature was 200 C and the subjects were exposed to a relatively low 
level noise (15 dB) and 5 Hz vibration. The same combination at 300 C caused 
a decrease in the HDI values during the second and third exposure, too. 
When the intensity of the noise in the combination was raised from 15 to 85 
and 95 decibels, the means of the HDI values also increased. The means of 
the index scores were highest when the subjects had been exposed to a 95 dB 
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broadband noise and 5 Hz sinusoidal vibration at 300 c. The values of the 
TTS2 at 4 kHz were also highest at this combination (compare results shown 
in Fig. 7 to results shown in Fig. 8). It is also worth noting that the 
means of the index scores remain relatively high even after the recovery 
period. 

Experiment IV 

Seventy two (72) healthy, volunteer male students (144 ears) were ex
posed. The cutoff frequencies for the noise bands employed were 0.2 and 16 
kHz. The intensity of noise was 90 dB. The noise categories were no extra 
noise, noise of 90 dB, and noise of 90 dB with simultaneous sinusoidal 
vibration at a frequency of 5 Hz along the Z-axis (rms acceleration 2.12 
m/s2 ). The exposure combinations were comprised of two dry bulb tempera
tures, either 200 C or 300 C. Two different physical work loads were used, 
corresponding to power outputs of 2 Wand 8 W (see also Manninen [2]). 

Table 1 gives the arithmetic means of the TTS2 values and standard 
errors of the means determined for 4 kHz. The broadband 90 dB noise and the 
5 Hz sinusoidal vibration had a particularly clear combined effect on the 
TTS values when the subjects were working at the 2 W power output at both 
200 C and 300 C. With the same power output and the same dynamic muscular 
work at 200 C, the TTS values were on average 1.1 times (first exposure), 
1.4 times (second exposure) and 1.2 times (third exposure), and at 300 C, 1.1 
times (first exposure), 1.3 times (second exposure) and 1.2 times (third 
exposure) higher than when noise was the only influencing factor. At four 
times the above workload (i.e., 8 W) noise and vibration were not found to 
have the same combined effect. 

Table 1. Arithmetic means (X) and standard errors of the means (SEM) 
of the TTS2 values at 4 kHz by exposure combinations as a 
function of duration of exposures (n=144 ears). 

Noise level Dry-bulb temperature 

30°C 200 e 

Work load Work load 

2W BW 2W BW 
X±SEM X±SEM X±SEM X±SEH 

No noise l a -0.4±0.4 0.4±0.B 0.0±0.6 0.B±0.6 

2 o.o±o.o 0.B"'I.0 O.B"'O.B 0.B"'0.6 

0.B"'I.0 1 .0"'1.0 -0.4"'0.B 1.3"'0.9 

4 0.4"'0.4 0.0"'0.6 -0.4"'1.0 0.B"'I.0 

Noise of 90 dBA 14.2"'1.6 14.2±1.7 12.U1.4 12.1.2.B 

(0.2-16 kHz) 2 

"'''''l 
17 .9±1 .3 

""~'''] 
16.3"'3.2 

17.9"'1.7 20.B>5.1 17.UO.B 17.5>2.9 

4 11.3>1.4 14.6"'1.6 10.0>1.1 9.5"'2.4 

Noise of 90 dBA 15.4"=1.6 14.2"'1.9 13.B±1.B 12.5>2.4 

(0.2-16 kHz) and 2 20.4>1.5* lB.B±I.B 20.Bt2.0** 16.7"'2.3 

vibration of 5 Hz 3 21. 7±1.6 20 .B±2. 3 20.0±2.1 lB.3±2.0 

(2.1l m/s2) 4 12.3±1.B 11.7±1.7 10.0±2.3 12 .9±1. 7 

a 1 = 1st exposure, 2 ~ 2nd exposure, 3 • 3rd exposure, 4 • post-~xPQsure; 
**p<O.OI, *p<0.05 
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Table 2 shows that when the subjects were doing mere physically demand
ing dynamic muscular work at 300 C the means of the HDI values were higher 
than at 20oC. The same tendency was visible when the subjects were dOing 
similar but four times lighter dynamic muscular work (work load 2 W). When 
the subjects were exposed to a nOise and not only temperature, the means of 
the HDI values changed in two ways. When the subjects were doing heavy work 
at a high temperature (300 C), noise reduced the means of the HDI values sig
nificantly. At ten degrees lower temperature (200 C), when the subjects were 
doing physically demanding work, noise tended to increase the means of the 
HDI values. When they did light work, noise increased the means of the HDI 
values during the first two exposure periods, especially at 30oC. 

When the subjects were exposed to a simultaneous noise and 5 Hz whole 
body vibration while doing physically demanding muscular work at 200 C or 
30oC, the HDI values were considerably lower than when they were only dOing 
heavy work or were exposed to mere noise at these temperatures while doing 
heavy work. 

The results of three-way analyses of variance showed that work had a 
statistically very significant single effect on the variation in the HDI 
values during every period of exposure (F-values 33.43-13.67; df=1,60; 
p<0.0001), albeit the effects of work grew milder from the first exposure 
period to the third successive exposure period. During the first exposure 
period, work and noise had a significant combined effect on the variation in 
the HDI values at the level of 10% (F-value 2.45; df=1,60). Temperature 
affected the variation in the HDI values most during the third exposure and 
recovery period. 

Table 2. Arithmetic means (X) and standard errors of the means (SEM) 
of the HDI values by exposure combinations as a function of 
duration of exposures (n=72 subjects). 

Noise level Dry-bulb temperature 

300 e 200 e 

Work load Work load 

2W SW 2W SW 
X±SEM X±SEM X±SEM X±SEM 

No noise l a -1.1±1.0 S.0±2.0 0.aO.2 4.9±1.4 

2 -1.4±1.1 4.6±2.S 0.4±0.3 4.2%1.0 

3 0.6±0.S S.9±2.9 0.4±0.3 4.9±1.3 

4 -0.3±0.S -0.3±0.2 -0.0±0.1 0.1:1:0.2 

Noise of 90 dBA 0.6±0.3 3.Ul.2 O.aO.l S.2±2.0 

(0.2-16 kHz) 0.UO.4 4.7±2.3 -0.aO.3 4.1 ± 1.9 

3 -0.3±0.4 3.1tl.6 0.1±0.2 6.6t4.3 

4 -0.6tO.3 0.OtO.3 -0.aO.2 0.6±0.4 

Noise of 90 dBA 0.2±0.4 2.Stl.3 0.4tO.2 2.0t1.0 

(0.2-16 kHz) and -O.ltO.l 2.7t2.2 0.0±0.1 2.S±1.S 

vibration of S Hz 3 0.1±0.1 3.1:1:2.1 0.6±0.3 2.1tl.2 

(2.12m/s2) 4 -2.3±2.1 -0.2±0.2 0.S±0.3 -0.1t0.2 

a , . 1st exposure, 2 • 2nd exposure, 3 • 3rd exposure, 4 • post-exposure 
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Table 3. 

VIbration level 

So vIbration 

Vibration frequency 

of 5 Hz (2.12 m/s2) 

VIbration frequency 

of 2.8-11.2 Hz 

(2.12 m/s2) 

Arithmetic means (X) and standard errors of the means (SEM) 
of the TTS2 values at 4 kHz by exposure combinations as a 
function of duration of exposures (n=216 ears). 

Dry-bulb temperature 

30°C 20°C 

Noise level Noise level 

No noise, NOlSe of Noise of No nOIse, NOlSe of Noue of 
no competition 90 dB (A) • 90 dB(A) .nd no competition 90 dB (A) • 90 dB(A) .nd 

XOSEM 
no :ompetitlon c01!Pet i t Ion 

XOSEM 
no _competitIon cO!pet it loon 

X.SEM Xt:SEM XOSEli X.SEli 

1· -1.3:tl.1 15.0.2.5 0.801.0 13.8.2.4 17.1.2.3 

-0.401.1 18.3.2.1 20.8.1.9 1.301.1 15.8.2.9 20.0.2.2 
-0.801. 7 16.3.2.6 -1. 7.1. 7 17.903.2 20.802.3 

0.8.1.3 12.102.3 14.2'1.9 -2.101.7 11.7<2.9 12.9.1.7 

0.4.1. 7 18.8.2.7 21. 7.1.9 0.0.1.9 17.5.3.2 12.5.1.7 

-1.7'1.3 21.302.9 24.202.0 -2. hI. 7 21.303.1 17 .501.8 

-1.7'1.8 20.802.8 25.001.8 -5.8'2.3 21.304.1 15.002.1 
-1. 7<1. 7 14.603.0 17.5.1.1 -2.102.1 18.303.0 9.201.8 

2.103.2 17.502.2 22.1t:l.5** -0.401. 7 15.402.1 13.3'1.8 
2.1.2.9 19.602.1 25.802.7 0.801.3 16.302.1 17.102.7 

-0.802.8 20.802.3 25.802.0' 0.4:11.1 15.802.2 15.803.0 

0.0'2.6 [***12.5:tl.3 19.6:t2.0***) 2.501.8 11.7<2.1 11.3.2.0 

a 1 • 1st exposure, 2 • 2nd exposure, 3 • 3rd exposure, 4 K post exposure; ***p<O.OI t **p<O.025, *p<O.05 

Table 4. Arithmetic means (X) and standard errors of the means (SEM) 
of the HDI values by exposure combinations as a function of 
duration of exposures (n=108 subjects). 

Vl.bration level 

No vibration 

VIbration frequency 

of 5 Hz (2.12 m/s2) 

Vl.bration frequency 

of 2.8-11.2 Hz 

(2.12 m/s2) 

1· 

Dry-bulb temperature 

30°C 

Noise level 

No nOIse, Noise of 
no competition 90 dB(A). 

XoSEH 
no_competitlon 

XOSEH 

-0.500.3 0.100.2 

-0.100.2 -0.200.2 

-0.000.2 -0.000.2 

0.000.2 0.100.1 

-0.100.1 0.700.3 

0.200.1 0.5'0.3 

0.000.2 0.3.0.3 

-0.200.2 0.500.3 

0.2.0.2 0.1.0.2 

-0.0'0.1 -0.2'0.2 

0.300.3 0.100.2 

0.200.2 -0.5'0.7 

Noise of 
90 dB(A) and 
cO!petJ.tlon 

XOSEM 

0.700.4 

0.700.5 

2.8'1.0 

0.5.0.5 

0.300.6 

0.100.1 

0.1.0.1 

0.000.1 

-0.0'0.3 

0.100.5 

1.9.1.0 

-0.400.3 

a , • 1st exposure, 2 - 2nd exposure, 3 - 3rd exposure, 4 - post exposure 

20°C 

Noise level 

No noise, Noise of Noise of 
no cOJDpetition 90 dB(A). 90 dB(A) and 

XtSEM 
no_competition cO!Petition 

XoSEM XOSEM 

0.1.0.1 -0.1'0.1 0.4.0.3 

0.0.0.1 0.3.0.2 0.5.0.4 

0.0'0.1 0.200.1 1.200.5 

0.200.1 0.100.1 0.000.1 

0.100.1 0.100.1 -0.500.5 

0.100.4 0.100.1 -0.2.0.4 

0.200.2 0.600.3 0.100.9 

0.000.3 -0.2.0.1 -0.700.5 

0.300.1 0.100.1 0.600.6 

0.100.2 0.000.1 0.600.5 

0.4.0.3 0.000.1 0.000.6 

-0.200.5 -0.300.2 -0.400.2 

537 



Experiment V 

One hundred and eight (108) healthy, volunteer male students (216 ears) 
were exposed. The cutoff frequencies of the noise bands employed were 0.2 
and 16 kHz. The intensity of noise was 90 dB. The noise categories were no 
extra noise and no competition, nOise of 90 dB and no competition, and nOise 
of 90 dB related to competition about the fastest reaction time. The vibra
tion categories were no vibration, sinusoidal vibration at a frequency of 5 
Hz, and stochastic vibration in the frequency range of 2.8 to 1.2 Hz. The 
(rms) acceleration of the two vibrations was 2.12 m/s2 • The dry bulb temp
erature was either 200c or 300 C (see also Manninen [7]). 

Competition, associated with noise of 90 dB, seemed to increase the 
means of the TTS values at 4 kHz more than noise alone (Table 3). This 
result manifested itself at both 200 C and 300 C. Stochastic vibration seemed 
to exacerbate the increase in TTS2 values at 4 kHz at 200 C and sinusoidal 
vibration at 300 c, especially in those cases where the subjects competed and 
were exposed to noise. On the other hand, the means of the TTS2 values were 
significantly higher at 300 C as of the effects of sinusoidal and stochastic 
vibration when the subjects competed and were exposed to noise. 

The results in Table 4 indicated that the HDI values were highest when 
the subjects were exposed to 90 dB noise at 300 C in a competitive situation 
(X=2.8) or to noise and stochastic vibration in a competitive situation 
(X=1.9). When the subjects were exposed to noise in a competitive situation 
at 200 C, the means of the HDI values were third highest (X=1.2). Table 4 
shows further that sinusoidal vibration increased the HDI values at 200 C and 
300 c when the subjects were exposed to noise but were not competing. The 
effects of stochastic vibration differed from the effects of sinusoidal 
vibration: it increased the HDI values when the subjects were exposed to 
noise while competing. 

CONCLUSIONS 

The results point out that there is a consistent association between 
changes in systolic blood pressure, heart rate and haemodynamic index values 
and changes in temporary hearing thresholds in complex exposure situations. 
Apart from the frequency range and bandwidth of the nOise, there are other 
factors that also affect the intensity of this kind of aSSOCiation, such as 
whether the subject is simultaneously exposed to a whole body Vibration, at 
what temperature the exposure to noise and vibration takes place, and under 
what degree of physical and mental load the subject is during the simulta
neous exposure to nOise, vibration and temperature. Furthermore, my newest 
findings show that the duration of the exposure and the characters of the 
vibration have special effects on the observed changes in hearing threshold 
and in cardiovascular activities [8]. And not only the spectral characters 
of the noise but also the frequency, acceleration and bandwidth of the 
vibration as well have a bearing on what kinds of combined effects (e.g., 
simUltaneous noise and vibration) have on temporary hearing threshold [9]. 
An exposure period of one hour can be regarded as a sort of a boundary 
value, after which changes in the body functions will vary in cycles; i.e., 
depending on the criterion variable, the functional changes may periodically 
become deeper or less pronounced with exposure. This means that, to ensure 
better reliability of the observations, we should in the future direct more 
attention to the effects of complex exposure combinations and to longer 
periods of exposure. 

One interesting pOint, in view of the direction of further studies, is 
that the temporary increase in the values of haemodynamic index was related 
to an increase in temporary hearing threshold during certain exposure com-
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binations. We know from earlier studies that the product of heart rate and 
blood pressure correlates rather strongly with deteriorated contraction of 
the heart muscle and arrhythmia. It has also been observed that patients 
suffering from the coronary disease feel chest pain above all when their 
oxygen intake exceeds a certain critical index value as a result of physical 
or mental strain. The results presented here, in turn show that nOise, 
vibration and temperature increase the value of this index and thus 
increases the oxygen consumption of the heart muscle. This naturally means 
that a certain combination of noise, vibration and temperature contributes 
to the emergence of coronary symptoms and spells as well as to the deterio
ration of the sense (hearing) and performance of people exposed to these 
factors. 
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DISCUSSION 

Axelsson: These are complicated methods and experiments that require 
controls for each of the variables studied. Would you comment on your 
experimental design and how it provided for systematic control conditions? 

Manninen: Basically, there are two different ways to conduct this type 
of study. As I showed, part of these studies were conducted using a random
ized block design. The other part was based on a factorial experimental 
design. The data in the figures that I showed are relative data, i.e., all 
the subjects acted as their own controls. The time period between repeated 
exposures in those experiments using the random block design was at least 48 
hours. 

Dengerink: Looking at your figures, it appeared to me you had some 
very large TTS's on the order of 20-30 dB. That seems very large in compar
ison to what we often observe in human subjects, certainly with the short 
time exposures we use. Was that the TTS measured after a single exposure, 
or, since your experimental design often included repeated exposures, was 
the TTS the average from an individual? 

Manninen: The TTS was an average values from individuals. 

von Gierke: Those are very challenging findings at these low levels 
and I am particularly surprised about the large differences you get in TTS 
with changes in temperature. Do you measure TTS at times greater than 2 
min. after exposure? At the early postexposure times, it is possible that 
what you are measuring is not a true sensory TTS, but rather the results of 
an increased circulation? It may be that at a higher temperature you get a 
higher physiological noise in the middle ear and that this noise can more or 
less simulate a raised threshold. Such an effect might disappear if you 
measure TTS 15 minutes or so after exposure. 

Manninen: Yes. I agree with you, but for these experiments we used 
primarily TTS measured two minutes after exposure. 
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SOME ISSUES ASSOCIATED WITH INTERACTIONS BETWEEN OTOTOXIC DRUGS AND 

EXPOSURE TO INTENSE SOUNDS 

INTRODUCTION 

Dennis McFadden 

Department of Psychology 
University of Texas 
Austin, Texas, USA 78712 

Certain commonly-used drugs can produce hearing loss having many of 
the same physiological and psychophysical features as hearing loss induced 
by exposure to intense sound. Until quite recently, little research had 
been done on the question of possible interactions between drug-induced 
hearing loss (DIHL) and exposure-induced hearing loss (EIHL), and the vast 
majority of what had been done concentrated on drugs which themselves cause 
permanent threshold shift (PTS) [1-3J. In recent times, however, some 
studies have been done with drugs which are themselves responsible only for 
temporary hearing loss, and the results of this work have raised the need 
for specialists working in the area of EIHL to consider again some logical 
and practical problems they have struggled with in the past. My goal in 
this chapter is to raise some of these problems for discussion, in the con
text of a brief review of our recent research on the interactions between 
EIHL and hearing loss induced by salicylates. 

By way of introduction, let us agree that there are just five logi
cally possible outcomes in an experiment that studies drug/exposure 
interactions. 

(1) Beginning with the most severe, the drug-pIus-exposure condition 
might yield a total hearing loss that exceeds the sum of the separate DIHL 
and EIHL--a classical synergistic effect. 

(2) Second most severe is that the total hearing loss might equal the 
sum of the separate DIHL and EIHL--what might be called perfect additivity. 

(3) The total hearing loss may be a less-than-perfect addition of the 
separate effects, but still exceed the EIHL alone. 

(4) The total hearing loss might equal either the DIHL or EIHL, 
whichever is greater (or lesser)--that is, there is no true summation of 
effects, but rather a disjunction of them. 

(5) The fifth logical possibility is that the drug might provide some 
protection against the exposure, so that the total hearing loss is less 
than either the DIHL or EIHL, and in the limiting (if somewhat fanciful) 
instance of this, the combined agents would yield no total hearing loss. 
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Here we will use the term interaction to describe all of these cases 
(even though some might argue that the perfect-additivity case is not, in 
the technical sense of the word, an interaction), and the first three pos
sibilities will be characterized as potentiations. 

It is tempting to try to distinguish between those potentiating 
effects that are direct and those that are indirect. For example, a drug 
which itself has no direct effect on the auditory system might sufficiently 
modify (say) the action of the middle-ear muscles such that greater TTS or 
PTS could result. However, a distinction between direct and indirect 
effects would surely become impossible to maintain once one entered the 
interdependent realm of the micromechanics of the cochlear partition, so we 
will not attempt to distinguish direct from indirect effects here. There 
is a related issue, however, which does demand due consideration--we will 
call it the sites of action problem. It is logically possible for each of 
the five logical possibilities described above to occur in at least two 
ways--either the drug and the exposure could both maximally affect the same 
neural or structural elements, or they could each operate primarily at dif
ferent sites. Logically, drug/exposure experiments do not really differ 
from exposure/exposure experiments in this regard, for it is intuitive that 
a second noise exposure following hard on the heels of a first might begin 
to alter features of the cochlear environment in addition to those altered 
by the first exposure--e.g., some biochemical mechanism might be altered 
during the second exposure which escaped damage during the first. However, 
the different-sites issue seems more troublesome in regard to drug/exposure 
experiments, for there, the two agents logically need not overlap at all in 
their sites of action. As we shall see illustrated in the case of aspirin/ 
exposure interactions, the single-site and different-site alternatives can 
give rise to quite different interpretations of drug/exposure data, so it 
is unfortunate that there are such strict limits on the ability of a 
psycho-physical experiment to separate the two possibilities. 

In passing, we should note that possibilities 4 and 5 above appear to 
require that the drug act--directly or indirectly--at the same sites as the 
exposure, since protection against an exposure ultimately must involve a 
blocking or reversal of the detrimental physiological effects of that 
exposure. 

SALICYLATES PLUS EXPOSURE TO INTENSE SOUNDS 

Having briefly introduced some of the conceptual issues we shall be 
dealing with, it is now time for a brief summary of our studies on the 
interactions of non-steroidal, anti-inflammatory drugs, and exposure to 
intense sounds. Since the research predating ours has been reviewed else
where[4], we shall not repeat it here. All of our drug experiments have 
the same preliminary procedures. Following medical screening and careful 
documentation of each subject's absolute sensitivity at a number of test 
frequencies, subjects were given daily 10-minute exposures to a 2500-Hz 
tone. Exposure intensity was increased incrementally across the daily 
sessions, until the intensity necessary to produce 12-15 dB of TTS at the 
half-octave frequency was established for each subject individually. Once 
established, that exposure intensity was used for at least three daily 
exposure sessions in order to establish a baseline TTS function for each 
subject. Then, subjects began taking a drug at a dose level and duration 
of use that was varied across experiments; concentrating on just the ex
treme aspirin conditions for the moment, subjects took four daily doses of 
975 mg each, for a daily total of 3.9 gr for 2-4 days. During that time, 
the DIHL was determined daily for several test frequencies. On the day 
scheduled for the exposure, each individual subject also received exactly 
the same exposure intensity and duration as had been used to establish his 
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Fig. 1. In the right panel is shown drug-induced hearing loss 
measured immediately prior to the exposure for a single 
subject for each of three drugs--A: aspirin, D: diflu
nisal (Dolobid), and S: sulindac (Clinoril)--each taken 
for about four days. In the left panel are the post
exposure recovery curves (at 3550 Hz) for that subject 
for all three drugs and also for a baseline, no-drug 
condition. Exposure: 10 minutes to a 2500-Hz tone at 96 
dB SPL. 

own baseline TTS function. The resulting single TTS function obtained on 
that drug day was then used for comparison with the baseline TTS function. 
Recovery of hearing from the combination of exposure and aspirin was docu
mented on the days immediately following the final dose and exposure. 

In accord with past research, we found that aspirin (acetylsalicylic 
acid) taken at this dose for two or more days typically caused 5-15 dB of 
DIHL. More importantly, we found that the combination of aspirin-plus
exposure caused 10-15 dB more total temporary hearing loss than did the 
same exposure in the absence of the aspirin. Essentially identical out
comes were obta i ned with sodium salicylate, but the potentiation was 
minimal or non-existent with two other non-steroidal, anti-inflammatory 
drugs--sulindac (Clinoril) and diflunisal (Dolobid) [5]. The latter 
outcome is clearly important, for it reveals that patients in need of 
non-steroidal anti-inflammatory drugs do have alternatives apparently safer 
than salicylates. Some typical recovery curves are shown for a single 
subject in Fig. 1, and in Fig. 2 the results for a subset of our subjects 
are summarized. In Fig. 3, all our salicylate data are summarized in the 
form of a correlation space, where the abscissa is the DIHL measured just 
minutes prior to the exposure, and the ordinate is the increment in EIHL 
(i.e., the difference between total hearing loss from aspirin-pIus-exposure 
and the baseline TTS established prior to administering any drugs). The 
product-moment correlation coefficient for all of the data shown in Fig. 3 
is r = 0.27, but this correlation should be used for descriptive purposes 
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Fig. 2. In the right panel are shown drug-induced hearing 
losses measured immediately prior to exposure, averaged 
across 8 subjects for aspirin and 11 subjects for 
sulindac and diflunisal. In the left panel are shown 
the average increments between the total hearing losses 
measured in the drug-plus-exposure conditions and the 
TTS only in the no-drug condition, for those same sub
jects. Exposures: 10 minutes to a 2500-Hz tone of 
93-108 dB SPL, depend.ing upon the subject . 
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only since some individual subjects served in more than one condition, 
which violates this calculation's assumptions about independence. The 
dashed line in Fig. 3 describes the perfect-addit.ivity case. Visual 
inspection of the data in Fig. 3 reveals that the effects range from 
synergism (Outcome 1 above) to less-than-perfect additivity (Outcome 3), 
with only a few cases clustered around the perfect-additivity line. In 
comparison with these results, when EIHL is added to a pre-existing PTS, 
the summation is invariably less than perfect (Outcome 3 above). For 
example, Ward [6] showed that the TTS produced by a given exposure is less 
in an ear with PTS than in a normal ear--although the total hearing loss 
(in terms of the actual sound-pressure level needed for detection) is 
always greater than normal. Viall and Melnick [7] found the same using an 
asymptotic threshold shift (ATS) paradigm, and Mills [8] observed a similar 
effect in chinchillas during the early hours of a long, continuous, but 
weak exposure. 

In addition to potentiating the exposure, asplrln use also alters the 
course of recovery following exposure. As Fig. 1 reveals, the slope of the 
recovery curve was reduced in the drug condition; this protracted recovery 
appears in Fig. 2 as a larger increment in the latter minutes of the re
covery session. The data of McCabe and Dey [9] reveal a similar effect. 
The implications are that under the influence of aspirin, the ear is less 
able to reverse the adverse consequences of the exposure, and further, that 
subsequent exposures may be more damaging than otherwise. (Parenthetically, 
each subject's hearing was back within his own normal range within 24-72 
hours after the last dose plus exposure, which is essentially the same time 
required to reverse the DIHL alone from aspirin.) One gauge of the signi-
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Fig. 3. Correlation space for the drug-induced 
hearing loss (determined at 3550 Hz 
immediately prior to the exposure) 
versus the increment in exposure
induced hearing loss (at 3550 Hz) rela
tive to each subject's own baseline TTS 
function. The increments were esti
mated using the first two blocks of 
trials in the post-exposure sequence, 
meaning they span about the first 5 
minutes post-exposure. The dashed line 
describes the perfect-additivity case. 
Different symbols indicate different 
drugs and different durations of use. 
ASA: acetylsalicylate acid (aspirin); 
NaSA: sodium salicylate. 

ficance of this 10-15 dB of potentiation is that were it an observed 
increment in TTS caused by additional exposure in an industrial setting in 
the USA, it would require a halving of the daily allowable exposure dura
tion (calculations made using the classic figures of Miller [10)). 

INTERPRETATION OF RESULTS 

Having obtained these aspirin-pIus-exposure data, the next obvious 
question is what they all mean, and that is where some of the old problems 
mentioned in the introduction arise. A problem that many working on EIHL 
have struggled with over the years is what pre-exposure baseline to use 
when calculating the hearing loss produced by a given exposure. That is, 
if a person enters an exposure session with some pre-existing temporary or 
permanent hearing loss--owing to a previous exposure--should the hearing 
loss induced by today's exposure be estimated using today's (shifted) pre
exposure threshold or using a previously determined threshold free from 
residual, exposure-induced shift, or even a threshold estimate obtained 
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from a control group of some sort? This problem is no less troublesome 
when the temporary hearing loss measured at the outset of the session is a 
consequence of drug administration. Above we mentioned work by Ward [6] 
and others demonstrating that the actual post-exposure SPLs necessary for 
detection are higher in hearing-impaired listeners than in normals, even 
though the exposure-induced shift from their resting thresholds (the "TTS") 
is smaller. Thus, the choice one makes for baseline in such an experiment 
could determine whether one concludes that a combination of agents consti
tutes a risk or a prevention; the same is often true in aspirin-plus
exposure experiments. As the data in Fig. 3 show, more than half the time 
the increment in EIHL was less than the DIHL in our subjects. Thus, the 
use of the shifted pre-exposure threshold as a baseline would lead one to 
conclude for these cases that the combination of agents produces less hear
ing loss than does the exposure alone. It is peculiar to me that this is 
the calculation apparently favored by Ward [11] and personal communication; 
for to me, the logical extension of this choice appears to be that aspirin 
protec~s the auditory system from exposure in more than half our subjects, 
and this seems highly unlikely to me. 

No matter what the eventual findings about the sites of action of 
aspirin and the issue of increased PT8 and aspirin use, Ward's interpreta
tion of the TT8 data disturbs me and I would like to argue against it by 
analogy with some hypothetical exposure-plus-exposure data. Imagine that 
Exposure A causes 10 dB of TTS and that Exposure B causes 20 dB of TT8 when 
each are administered separately. Further imagine that when Exposure B 
immediately follows Exposure A, the total TT8 is 20 or 25 dB. Would one 
now be comfortable with the conclusion that Exposure B only caused 10 or 15 
dB of TTS--that is, that the ear received 5 or 10 dB of protection against 
Exposure B? I don't think so, for in this case we clearly see that had 
Exposure A not occurred, Exposure B would have produced its typical 20 dB 
of loss. Now imagine that the total TT8 following the combination of 
exposures is 15 dB. Would one be comfortable with the conclusion that 
Exposure B was less dangerous than Exposure A because it added only 5 dB to 
the total hearing loss? Again, I don't think so, and for the same reason. 
It seems to me that the most logical measure of effect in experiments in
volving combinations of hearing-reducing agents is the total hearing loss 
produced relative to some previously-measured baseline (or a population 
average, when necessary), not the increment produced on the day of expos
ure. To further emphasize the virtue of this approach, consider a situa
tion in which Agent A improves hearing by 5 dB, and that a subsequent 
exposure brings hearing to the same sound-pressure level that it had always 
brought it to. Would one be comfortable concluding that the exposure was 
more dangerous today than on non-drug days because the increment in hearing 
loss was greater than the typical TT8 produced by the exposure? I would 
not, for it seems to me that this exposure is having the same absolute 
effect on the peripheral auditory structures in the drug and non-drug 
conditions. 

To my view, the potential for damage by an agent is likely to be 
underestimated, perhaps greatly so, by experimenters who calculate the 
increment in hearing loss relative to a shifted baseline instead of the 
total hearing loss relative to a previously-determined baseline or popula
tion average. In the particular case of drug-plus-exposure experiments, I 
also believe that total hearing loss is the most prudent way to conceptua
lize the data until more is known about the consequences of combining 
various drugs with exposure. In passing, it should be mentioned that 
McCabe and Dey [9] apparently calculated incremental rather than total 
hearing loss in their aspirin-plus-exposure conditions; one has to wonder 
whether they thereby confused even themselves about their outcomes. As a 
demonstration that this issue is not unique to research on hearing loss, it 
can be noted that a similar difference of opinion was apparently recently 
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resolved for light adaptation in vision [12]. There, the question was 
whether to describe the response (physiological or psychophysical) as a 
function of the total incident light (background plus stimulus increment) 
or as a function of just the increment intensity relative to the back
ground. With appropriate adjustments, both approaches could be shown to 
fit certain existing data reasonably well, but Valeton [12] demonstrated 
that the former approach was superior to the latter in simplicity, 
generality, and explanatory power. While his conclusions do not transfer 
directly to the present situation, I cite them because I wish they did. 
This issue of incremental versus total EIHL is obviously a crucial one for 
investigators concerned with predicting PTS from TTS in real-world 
settings. 

Now, no matter what calculation one chooses for characterizing the 
data in a drug-pIus-exposure experiment, the over-riding question has to be 
whether use of the drug does constitute an increased risk of permanent 
hearing loss. The presence of 10-15 dB more temporary hearing loss would 
ordinarily imply an equivalent increase in eventual PTS (e.g., Ward [13], 
and thus, a greater risk of significant hearing loss among aspirin users. 
The problem in extending this conclusion to our work is that this increment 
in temporary hearing loss did not arise from a summing of two exposures-
which we know would both act at the same physiological sites--but rather, 
from the combination of an exposure with a drug that logically could have 
produced this outcome by operating at a different site from the exposure. 
Thus, the ordinary implication of greater PTS might not apply here, but it 
is obviously important to find out if it does. In specific reference to 
our research, it is important to know whether salicylate use will produce 
greater PTS, not just greater TTS. 

Faced with this question, the reader's first inclination might be (as 
was mine) to check the epidemiological databases on EIHL to see if aspirin 
use does in fact lead to greater PTS. However, just as early epidemiologi
cal researchers on EIHL were plagued by the problem of poor documentation 
of exposure levels and durations, no EIHL database I have been able to 
locate contains documentation of chronic or episodic use of drugs, so to 
date it has been impossible for me to establish from databases whether 
aspirin, or any other drug, potentiates (or alleviates) noise exposure. 
Working with indirect evidence is possible, but risky, and ultimately in
conclusive; for example, looking at the hearing loss in a noise-exposed 
sub-population that identifies itself as suffering from (say) arthritis 
ignores relevant issues such as the severity of the disease, whether 
aspirin, or some other (or any) drug was taken for the malady, the dose 
level taken, the dose schedule, the relative timing of the doses and the 
exposur.es, etc., and there is always the logical possibility of relevant 
interactions among different drugs taken by the same person. 

Another indirect approach to the question of whether aspirin-plus
exposure might produce more PTS is to try to determine if aspirin affects 
the same neural elements as exposure does. It is well known that intense 
sounds alter the cochlear hair cells in various ways (e.g., Liberman and 
Mulroy [14]). Perhaps if aspirin could be shown to also act at the hair
cell level, the different-sites question might be resolved. (As we shall 
see, this approach is logically unsound, but let us briefly consider it 
anyway.) The physiological literature on aspirin does contain a few studies 
of its effects on the cochlear microphonic (CM), but unfortunately, about 
half of them indicate that CM is depressed by administration of salicylates 
while the other half indicate no change in CM [14]; so, no help there. 
Human electrocochleography (ECOG) uses electrodes in the external meatus 
and averaging techniques to obtain signals known as summating potentials, 
which are believed to originate from hair cells. In ECOG experiments (done 
solely on myself so far), we have shown that aspirin use does diminish the 
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summating potentials--as well as the sQall CM that was also visible in my 
averaged response. Spontaneous oto-acoustic emissions (OAEs) are also 
generally believed to originate from hair cells (e.g., Kemp [15]; we have 
shown that moderate doses of aspirin abolish spontaneous OAEs [16], which 
then return at the same frequency and at full strength upon termination of 
the aspirin. So, two lines of evidence do indicate that aspirin affects 
the same peripheral location--cochlear hair cells--as is affected by 
exposure, and a possible conclusion is that combinations of aspirin-plus
exposure will eventually produce more PTS than exposures alone. The 
logical problem with this approach is that hair cells are complex entities 
having numerous functional locations, and it is logically possible to alter 
their response in the same direction via actions at different proximal 
sites. That is, the sites of action problem exists within a complex entity 
like a hair cell just as it does across structures composed of those 
entities. Specifically, aspirin might act in one way to produce a "hearing 
loss" in the hair cells, and exposure might act there in another way(s), 
but because the intracellular sites of action are different, the two might 
not sum to produce greater PTS. 

Thus, all of the above procedures for determining whether asplrln
plus-exposure (or any commonly used drug-pIus-exposure) does lead to 
greater PTS are either logically flawed or currently lacking in the neces
sary data. This state of affairs appears to leave only two possibilities-
longitudinal research, with humans or animals. The logistical and ethical 
difficulties with longitudinal human experiments on PTS are well known, so 
while such experiments are logically possible sources of information on the 
question of interest, my expectation is that animal behavioral experiments 
will ultimately prove to be the primary source of information on this 
matter. To my view, the best such experiments would involve work-day ex
posure schedules and dose levels appropriately corrected for the animal's 
body weight. Unfortunately, I have no such results to report at this 
point, so I must leave you not knowing whether aspirin-pIus-exposure 
produces more PTS than exposure alone, but I hope to soon begin collaborat
ing on the relevant animal behavioral research. 

SUMMARY 

In this paper I have tried to combine a brief review of some of our 
basic findings on the effects of aspirin on the auditory system with a 
discussion of some new and old problems they raise. One conclusion is that 
combinations of agents--whether drugs with exposures or exposures with 
exposures--ought to be evaluated by considering the total induced hearing 
loss relative to some within-subject baseline, or relative to some populat
ion mean, not by considering the increment in hearing loss produced by one 
of the agents. A second conclusion is that it is extraordinarily difficult 
to establish from existing data whether exposures combined with use of 
drugs (of any sort) are more dangerous than exposures without drug use, and 
the only viable solution to the problem appears to be longitudinal, animal 
behavioral research. Other effects of asplrln on the auditory system are 
described in McFadden, Plattsmier, and Pasanen [17]. 
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DISCUSSION 

Salvi: What are some of the other psychoacoustic changes you see with 
aspirin? 

McFadden: Just briefly, forward masking is basically unaffected, 
whereas temporal integration is. The temporal integration function is 
flattened. The literature you find parallels the effects seen with 
sensorineural 
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hearing loss. That is, with the amounts of hearing loss that we were able 
to induce with our drugs, we should not have seen effects on forward mask
ing and we should have seen some effects on temporal integration. As a 
model for hearing loss, it is a poor model, in the sense that it tends to 
induce a flat hearing loss whereas noise induced effects obviously can have 
strong spectral effects. 

Salvi: Tinnitus is supposed to be one of the side effects of aspirin. 
Did you ever do any pitch matching experiments? 

McFadden: No. Part of the reason is, I tried to do some of that 
myself and found it extraordinarily frustrating. Aspirin-induced tinnitus, 
at least in my ear, is subject to what is known as residual inhibition, 
i.e., you put in an external sound and you can make tinnitus go away in 
some ears. My experience was that you put a tone in; you try and match the 
tinnitus, the tinnitus disappears and you then have to wait for a minute 
for it to come back again and then you put the tone in again, adjust the 
oscillator and again the tinnitus disappears. This was extraordinarly 
inefficient and frustrating so I just quit. 
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Different systems of the human body are strongly related to each other 
and the endocrine system is not an exception. At a recent congress held in 
Verona, Italy, V. Colletti et al. [lJ reviewed the relation between internal 
disease and hearing loss. Similarly, exogenous toxic agents, such as noise 
and/or vibrations capable of damaging hearing, can also affect other systems 
of the organism including the endocrine system. For instance, Catapano et 
al. [2J have shown an increase in all three catecholamine levels in normal 
healthy subjects following a five minute exposure to road traffic noise. 

Catecholamines can be considered hormones and neurotransmitters: 
hormones because they are produced by adrenal medulla and neurotransmitters 
because they are produced by neurons. Thus, an increase in the level of 
plasmatic catecholamine can originate from both systems (adrenal and 
neural). Therefore, a determination of the relative source is not possible. 
Borrell et al. [3J found a decrease in encephalic norepinephrine and 
dopamine in animals exposed to noise. The depletion in the nervous system 
should bring about a parallel increase in the plasmatic level. As mentioned 
earlier, in similar experimental conditions, Catapano et al. [2J found an 
increase in the level of epinephrine. It is known epinephrine is produced 
almost entirely by adrenal medulla [4J. Therefore, it may be stated than an 
increase in catecholamine levels is due to complex phenomena, which involve 
both the endocrine system and the nervous system. Changes in the levels of 
these hormones may be one of the causes of the increase in systolic and 
diastolic blood pressure observed during exposure to noise. Changes in the 
levels of catecholamines are, however, transient. Catapano et al. [2J, 
report that catecholamines return to basal levels 10 minutes after the 
beginning of noise exposure, even if the exposure to noise persists. The 
transient increase of this hormone may justify the negative findings of some 
authors [4,5J. Hence, catecholamines cannot be considered responsible for 
the persistent hypertension found in people living in noisy environment, 
reported in some epidemiological studies [6J. 

Previous reports have shown that nOise, mediated by the hypothalamus
hypophysis increases adrenal cortex function. Kraicer et al. [7J found an 
increase in melanostimulating hormone (MSH) and in adrenocorticotropic 
hormone (ACTH) in rats. Also, Borrell et al. [3J found an increase in 
corticosterone in the same species. It is known that corticosterone is the 
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main product of the activity of adrenal cortex in the rat, whereas, in man, 
the main product is cortisol. A similar increase has been described in men 
both for 17-hydroxy-corticosteroids and for cortisol. Interestingly, both 
plasmatic and salivary cortisol levels have been shown to increase [8J. The 
increase in salivary cortisol level is important since it is an expression 
of the free, and therefore active, amount of this hormone. As known, 
protein-bound cortisol does not filter into the saliva. Increases in levels 
of urinary steroids, resulting from catabolism, and increase in level of 
cortisol are more persistent than increases in the levels of catecholamines. 
Thus, steroids can be assessed a few hours after the beginning of the noise 
exposure. Borrell et al. [3J were able to demonstrate a correlation between 
corti co-steroids and the amount of depletion of norepinephrine in the brain 
of rats exposed to sound. This correlation is convincing, since norepineph
rine is a neurotransmitter that lowers the production of ACTH and, 
therefore, of the cortisol. This action takes place at the hypothalamus. 
Accordingly, Okada et al. [9J have shown that the depletion of norephineph
rine, induced by nOise, is particularly large in the hypothalamus. 

Few reports can be found in the literature concerning the effect of 
noise exposure on prolactin and the growth hormone. Andren et al. [5J state 
that noise does not affect either prolactin or growth hormone. However, the 
assay was performed 20 minutes after the beginning of noise exposure; hence, 
a transient increase in both hormones in the very early period, similar to 
the transient changes shown in catecholamines, cannot be excluded. 

The above-mentioned studies on catecholamines and adrenal steroids 
demonstrate that the increase in these hormones is generally temporary. 
There is a sudden increase at the beginning of the noise exposure followed 
by a more or less rapid return to normal values, even if exposure to noise 
persists. In addition, repetitive noise-exposure periods produce progres
sively lower changes. Contrary to the trends of the previously described 
studies, noise seems to have a more significant and persistent effect on the 
gonads. 

Zondek et al. [10J found enlargement of the ovaries and irregularity in 
the estrous cycle, which they attributed to an increase in gonadotrophins, 
induced by noise. The same authors also reported a significant decrease in 
fertility in rats exposed to noise. Subsequent studies by Singh et al. [llJ 
confirmed the findings of Zondek et a. [10J partially in that they reported 
irregularity in the estrous cycle, but disagreed on the ovarian alterations, 
which they described to be characterized by atrophy. Moreover, a reduction 
in fertility in animals seems to be confirmed by other authors, who compared 
animals living near airports to animals living in normal environments [12J. 
The reduction of fertility observed in animals seems to be present also in 
humans exposed to noise. Epidemiological studies [13-15J and a single study 
in men, report hypofertility in workers exposed to noise over a period of 
years [16J. 

Beardwood et al. [16J have shown a significant increase in the excre
tion of urinary gonadotrophins in five men and in two women exposed to tones 
in the frequency range 4 to 6 kHz at 85-90 dB. Stimuli, lasting one minute, 
were administered for two hours at intervals of ten minutes, and the same 
protocol was repeated for three consecutive days. Unfortunately, the 
measurements did not include radioimmunoassays, a more precise technique. 
Using radioimmunoassays it is possible to determine separately the levels of 
FSH and LH, which play different roles in ovarian function. The study by 
Beardwood et al. [16J lacks data on sexual steroids, and it is therefore 
impossible to determine if the increase in gonadotrophins is due to gonadic 
hyperfunction or if it is due to the reduction of sexual steroids, caused by 
noise. In the latter case, the increase of gonadotrophins would be an 
expression of a negative feed-back and thus an index of a gonadic hypofunc-
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tion. These data open a very important issue on the possible toxic effect 
of noise in the hypothalamus-hypophysis-gonadic axis. Therefore the present 
research was performed in order to evaluate hypothalamus-hypophysis-gonadic 
function in a group of workers exposed to noise for many hours a day and for 
many years. 

MATERIALS AND METHODS 

Seventy-one male subjects with a mean age of 33 years, workers in a 
metallurgic mechanic factory, for 8 hours a day, 5 days a week, ranging from 
2 to 15 years, were studied. The intensity of the noise during the work had 
a level ranging from 90 to 99 dBA, with a peak at 125 Hz and a slope of 
approximately 6 dB per octave. The subjects, during work, were exposed not 
only to nOise, but also to other stressing agents such as heat, intense 
physical exercise, long periods of orthostatism, etc. 

Twenty four normal hearing subjects, matched for age, were studied as 
controls. A blood sample was collected at the beginning and soon after work 
(5-6 a.m. and 2 p.m.) from all subjects. The following hormones were asses
sed by RIA (Biodata): total plasmatic testosterone, free testosterone, 
follicle stimulating hormone (FSH), luteninizing hormone (LH), 17-beta
estradiol (E2) and prolactin (PRL). This procedure is presently one of the 
most preCise, sensitive and accurate assays that can be done. Sexual-hor
mone-binding globulin (SHBG) was assessed by radioimmunometric assay (IRMA); 
this technique uses the presence of a monoclonal antibody anti-SHBG used as 
tracer in an immunoradiometric assay. 

Hearing threshold was evaluated in all workers by means of standard 
audiometry. Workers were subdivided into two groups, according to their 
hearing sensitivity. Subjects with normal hearing and subjects with a mild 
hearing loss formed the first group; subjects with moderate to severe hear
ing loss formed the second group. 

RESULTS 

The changes in the levels of the examined hormones are reported in Fig. 
1 through 6. Basal prolactin (5-6 a.m.) value was found to be significantly 
higher in the workers (12 +1- 4.5 vs 7.03 +1- 4.8 nglml, with p < 0.0001). 
Prolactin level in the afternoon was equal in both groups (workers and con
trols). Hence, the 40% decrease in the prolactin level from the basal level 
was present only in the workers. Thus, it is due to higher level of the 
hormone in the morning, before starting work in the factory. 

Total plasmatiC testosterone did not show a significant difference 
between the workers and the controls. The level in the afternoon, among the 
workers, was significantly lower than the level in the morning. It must be 
remembered, however, that the changes, expressed in percentages, of the total 
testosterone between workers and controls, were not significantly different. 
The decrease in the level of plasmatiC testosterone, however was not accom
panied by significant variation in gonadotrophins or in the sexual-hormone
binding globulin (SHBG). Also, 17-beta-estradiol did not show any variation. 
In contrast to the results for total plasmatiC testosterone, the free amount 
of this hormone, in the afternoon, was significantly lower than in the morn
ing, not only for workers but also for controls, with no variation between 
the two groups (27.2 +1- 5.4 and 20.6 +1- 5.6 in the workers and 24.3 +1- 7.2 
and 19.2 +1- 6.2 pglml in controls, with p < 0.001). Therefore, this 
decrease cannot be attributed to factors present during work (noise, heat, 
vibrations, etc.), but could be due to circadian changes of this hormone. No 
significant variations were observed for the assessed hormones between the 
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Fig. 1 Basal values (mean +/- SD)of plasmatic total testosterone 
(T) and free testosterone (FT), in workers and in 
controls. 
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Fig. 2 Basal values (mean +/- SD) of prolactin (PRL), follicle
stimulating hormone (FSH) and luteinizing hormone (LH) in 
workers and in controls. 
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Fig. 3 Basal values (mean +/- SD) of estradiol (E2) and sexual-
hormone-binding globulin (SHBG) in workers and in 
controls. 
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Fig. 4 Level of prolactin (PRL) at 6 a.m. and 2 p.m. (mean +/
SD) in workers and in controls. 
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Fig. 5 Changes, expressed in percentages, in testosterone level 
(T) between morning and afternoon, in workers and in 
controls (mean +/- SO). 
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Fig. 6 Changes, expressed in percentages, in free testosterone 
level (FT) between morning and morning and afternoon, in 
workers and in controls (mean +/- SO). 



two groups of workers. The morning and evening levels of total and free 
testosterone and prolactin were similar in the two groups (normal and mild 
hearing loss group and the moderate and severe hearing loss group). 

DISCUSSION 

The main finding of the present study is the higher value of prolactin, 
observed in the morning in the two groups of workers. Since, at the end of 
the day's work, the level of prolactin is equal in both groups (workers and 
controls), the hyperprolactinemia cannot be attributed to noise exposure. 
In our opinion, the different behavior in prolactinemia between the two 
groups, can be ascribed to other factors, such as the stress of starting in 
the factory or different morning food intake habits. The fact that after
noon plasmatic testosterone level was significantly lower only in the 
workers, may suggest that noise exposure does, in effect, alter the gonadic 
function. This finding relates to absolute values, but when the relative 
changes between morning and afternoon are evaluated, both groups do not 
differ significantly. In order to explain the observed decrement in the 
afternoon plasmatic testosterone levels in the workers, it could be hypothe
sized that noise induces an alteration of the hypothalmus-hypophysis-testis 
system via the acoustic nerve-brain-hypothalamus-hypophysis-testis. It 
should be remembered, however, that in our study gonadotrophins did not show 
any change. This finding indicates, thus, that the decrease in testosterone 
level cannot be attributed to the above mentioned neuro-endocrine pathway. 
The decrease in testosterone level could be due to an increased catabolism, 
but this is unlikely, since SHBG and estradiol were both found to be 
unchanged in the morning versus the afternoon assays. The more intense 
muscular activity of the workers may in itself be responsible for the 
significant decrease in the testosterone level. It is known, that intense 
physical activity reduces the testosterone level without changes in 
gonadotrophin levels [17]. 

The data from the present study indicate that high level noise exposure 
cannot be considered a toxic agent for the hypothalamus-hypophysis-gonadic 
axis. Our findings seem to contradict the conclusions of other authors 
[10,11,13,16]. The quoted results are referred mainly to females and to 
animals, where changes of volume of ovaries and of estrous cycle has been 
described. But it is well known that noise is certainly more stressful in 
animals than in men, who are capable of psychologically controlling noise. 
On the other hand, it is possible that noise could affect females more than 
males by acting on the gonadotrophin cyclicity, which is more complex in 
females. Furthermore, gonadotrophin cyclicity is strongly dependent on 
central neurotransmitter tone, which is modified by noise exposure. 

Epidemiological animal and human investigations would indicate a 
decrease in fertility. These statements are not strongly convincing, since 
no detailed information is given whether this decrease is in the males and/ 
or females. Hypofertility, can also result from other factors. Factors 
such as noise and/or vibrations, directly involving the external or internal 
genitalia, have been investigated. Gunther et al. [18] examined testis of 
guinea pigs exposed to noise and could not observe any significant abnormal
ities in spermatogenesis. Conversely, Ando et al. [12], demonstrated that 
women living in high level noise environments presented a significantly 
lower production of human placental lactogen (HPL) at the end of gestation 
when compared to women living in normal noise environments. In addition, 
HPL reduction was consistent with lower weight of newborns. This is cer
tainly a proof that noise and/or vibrations act directly on the internal 
genitalia (uterus), since HPL is produced by placenta without control of the 
hypothalamus-hypophysis system. It is thus conceivable that hypofertility 
might be due to direct effects of vibrations on the uterus, resulting in 
mucosa alterations or in difficulty for the fertilized oval to implant in 
the uterus. 
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The issue of fertility and noise and/or vibrations needs, in our 
opinion, a clarification which does not imply deeper endocrine investigation 
but, rather, a determination of number and quality of spermatozoa in males, 
and in females, mucosal tissue analysis of uterus and placental function. 

REFERENCES 

1. V. Colletti and S. D. G. Stephens, Disorders with defective hearing, 
Advanoes in Audiology, vol. 3, Karger (1985). 

2. F. Catapano, P. Portaleone, P. S. Teagno, G. F. Fornaca, F. Bono, 
G. C. Guiliani, L. Liberali, L. Verdun di Cantogno, Effeotti del 
rumore stradale sulle catecolamine ematiohe, suI cAMP e su alcune 
funzioni cardio-vasoolari e metaboliohe in un gruppo di soggetti 
normali, Min. Med. 75:1111 (1984). 

3. J. Borrell, ~Torr;llas, C. Guaza and S. Borrell, Sound stimulation 
and its effeots on the pituitary-adrenocortioal function and brain 
oateoholamines in rats, Neuroendoorinology, 31:53 (1980). 

4. G. Brandenberger, M. Follenius and C. Tremolieres, Failure of noise 
exposure to modify temporal patterns of plasma oortisol in man. 
Eur. ~. !E£!. Phys. 36:209 (1977). 

5. L. Andren, G. Lindstedt, M. Bjorkman, K. O. Borg and L. Hansson, 
Effect of noise on blood pressure and stress hormones, Clin. 
Soienoe 62:137 (1982). 

6. A. Jonsson and L. Hansson, Prolonged exposure to a stressful stimulus 
(noise) as a cause of raised blood pressure in man, Lanoet, i, 
86-87 (1977). 

7. J. Karaicer, G. Beraud, and D. W. Lywood, Pars intermedia ACTH and MSH 
oontent: effect of adrenalectormy, gonadeotomy and a neurotropic 
(noise) stress, Neuroendocrinology, 23:352 (1977). 

8. K. Yamamura, N. Maehara, T. Sadamoto and I. Harabuohi, Effect of 
intermittent (traffic) noise in man - temporary threshold shift, 
and change in urinary 17-0HCS and saliva oortisol levels, Eur. J. 
App!. Physiol., 48:303 (1982). - -

9. A. 

10. B. 

11. K. 

12. Y. 

13. Y. 

14. Y. 

15. L. 

16. C. 

17. P. 

Okada, M. Ariizumi, and G. Okamoto, Changes in oerebral 
norepinephrine induoed by vibration or noise stress, Eur. ~. Appl. 
Physiol., 52:94 (1983). 
Zondek and I. Tamari, Effect of audiogenio stimulation on genital 
function and reproduction, Am. J. Obst. Gync., 80(6):1041 (1960). 
B. Singh, Effect of sound on-the female reprOduotive system, Am. J. 
Obstet. Gyneool. April 1, 981 (1972). -- -
Ando and H. Hattori, Effeots of noise on human plaoental laotogen 
(HPL) levels in maternal plasma, British ~. Obstet. Gynecol. 84:115 
(1977). 
Ando and H. Hattori, Journal of the Acoustical Sooiety of Amerioa, 
47:1128 (1970). 
Ando and H. Hattori, Statistioal studies on the effeots of intense 
noise during human fetal life, J. Sound Vib. 27:101 (1973). 
Carosi and F. Calaro, La proliflcata di coniugi operai di industrie 
rumorose, Folia Medica 51:264 (1968). 
J. Beardwood, C. A. Mundell and W. H. Utian. Gonadotropin excretion 
in response to audiostimulation of human subjeots, Am. J. Obstet. 
Gyneoo!. 121, 5: 682 (1975). -- - ---
Schmid, H. H. Pusch, W. Wolf, E. Pilger, H. Pessenhofer, G. 
Schwaberger, H. Pristautz and P. Purstner, Serum FSH, LH, and 
Testosterone in humans after physioal exeroise, Int. J. Sports Med. 
3(2):84 (1982). - - ---

18. E. Guenther, Bioassays about effect of stress by noises on male 
fertility, Andrologia 8, 2:98 (1976). 

558 



A PATHWAY FOR THE INTERACTION OF STRESS AND NOISE INFLUENCES ON HEARING 

Harold A. Dengerink1, John W. Wright 1, Joan E. Dengerink2 and 
Josef M. Miller3 

Department of Psychology 1 and Speech2 
Washington State University 
Pullman, WA 99164-4830 

Kresge Hearing Research Institute 3 
University of Michigan 
Ann Arbor, MI 48109 

INTRODUCTION 

Threshold shifts following noise exposure, whether temporary or per
manent, are frequently described as being variable [1,2]. Such threshold 
shifts following noise exposure differ markedly from individual to indi
vidual. Temporary threshold shifts (TTS) observed for the same individual 
after repeated exposure to the same noise are also variable. This vari
ability, even with the same listener exposed to sounds with identical 
physical parameters, implies that noise may interact with other variables 
to influence hearing acuity. A variety of other variables may be likely 
candidates for interaction with nOise, including environmental and body 
temperature [3,4], whole body vibration [5], and chemical agents [3,6J. 

One general theme that has guided research in our laboratory is the 
possibility that noise interacts with other stressors to influence TTS. 
The terms stress and stressor are used with markedly differing connota
tions in the literature. However, one common characteristic of events 
which are called stressors is alteration in physiological processes 
mediated by the autonomic nervous and endocrine systems. Thus, events 
which result in elevated heart rate, increased blood pressure, higher body 
temperature, peripheral vasoconstriction, etc., may be classified as 
stressors. Thus, we have chosen to investigate the interaction of noise 
and a variety of conditions which result in peripheral (cutaneous) vaso
constriction, elevated heart rate and increased blood pressure. Given this 
definition, noise itself would be classified as a stressor [7,8]. 

The general finding of this series of studies has been that stressors 
reduce the magnitude of TTS observed following noise exposure, and that 
stress-inhibiting conditions increase the magnitude of TTS. For example, 
in one study, experimental subjects were taught progressive relaxation 
procedures and permitted to employ these techniques during the noise 
exposure [9]. These subjects were observed to have lower serum cortisol 
levels than control subjects (19.5 micro g/100ml vs 23.0 micro g/100ml). 
The relaxation subjects were also observed to have lower levels of both 
systolic (Mean 115.0 mmHg) and diastolic (74.0 mmHg) blood pressure than 
control subjects (Means = 120.6 and 79.0 mmHg respectively). In addition, 
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subjects in the relaxation condition evidenced greater TTS after noise 
exposure (5 minutes of 105 dB re 20 micro Pa) than the control subjects 
(11.0 dB vs. 4.0 dB). Thus, persons with low levels of physiological 
arousal evidenced more TTS than persons with higher levels of physiological 
arousal. 

In other studies we have observed that conditions which result in 
peripheral vasoconstriction and increased blood pressure result in less TTS 
than ones which result in vasodilation or smaller amounts of vasoconstric
tion. Some authors have reported that the magnitude of peripheral vasocon
striction is negatively correlated with the magnitude of TTS [10-12]. 
Dengerink et al. [10] reported a negative correlation of -0.44 between the 
last minute of noise exposure and TTS measured at 2 minutes after the 
exposure. That is, the greater the vasoconstriction in response to noise, 
the smaller the degree of TTS. Consistent with this negative correlation, 
we have observed that noise exposure (5 minutes of 110 dB re 20 micro Pa) 
in cold ambient temperatures (which result in cutaneous vasoconstriction) 
results in less TTS than noise exposure in hot ambient temperatures [3]. 
Nicotine consumption and cigarette smoking also result in increased blood 
pressure and peripheral vasoconstriction. In three different experiments, 
we have observed that smokers who smoke prior to the noise exposure evi
dence approximately half the TTS of nonsmokers (See Dengerink and Dengerink 
[13], for review). Dengerink et al. [3], for example, reported that TTS 
for smokers was 3.3 dB, while the average for nonsmokers was 8.0 dB. 
Further, physical exercise, which results in increased blood pressure, 
appears to facilitate the effect of smoking and to increase the difference 
in TTS between smokers and nonsmokers [14]. 

This relationship between TTS and vasoconstriction or blood pressure 
and TTS appears to be reasonably specific. That is, other indications of 
physiological arousal do not appear to share the same relationship to TTS. 
Heart rate has been reported to correlate positively rather than negatively 
with TTS [3,14]. Further, while both cold temperatures and cigarette 
smoking both appear to reduce TTS, cold ambient temperatures result in 
lowered heart rate, but cigarette smoking increases it. Thus, it appears 
that peripheral vasoconstriction and elevated blood pressure act to reduce 
TTS, but other measures of physiological arousal may not. 

While this relationship appears to be quite consistent, it is not 
immediately clear why vasoconstriction in the skin or elevated systemic 
blood pressure should influence TTS. In fact, there may be several 
possible ways in which stress responses function to reduce TTS. For 
example, increased levels of circulating catecholamines (which are vaso
constrictors and neurotransmitters) may also alter the threshold for 
central nervous system transmission. In our research program we have 
examined the possibility that stress responses such as peripheral vaso
constriction and blood pressure increases may reflect or contribute to 
increases in cochlear blood flow. 

Some previous authors [15] have indicated that threshold shifts may be 
dependent upon or influenced by blood flow through the cochlea. Blood flow 
through the cochlea is responsible for maintaining adequate oxygenation, 
for supplying other nutrients including glucose, and for removing metabolic 
waste products [16]. Alterations in cochlear blood flow may thus be 
responsible for variations in TTS by ensuring (or precluding) adequate 
oxygenation, metabolism, and removal of waste products. Direct examination 
of the relationship between threshold shifts and cochlear blood flow are 
very difficult. To do so, one would have to alter cochlear blood flow and 
examine the resulting magnitude of noise-induced threshold shifts. Fur
ther, one would have to do so without altering related phenomena such as 
blood-borne vasoactive compounds which could conceivably influence TTS 
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independent of cochlear blood flow. The existing technology is not capable 
of providing such a test. 

The strategy we have adopted is a two stage process which provides 
strong implications for the relationship between physiological stress 
mechanisms and TTS. The first stage of this strategy is to examine the 
effect of noise on endogenous physiological agents known to increase blood 
pressure and peripheral vasoconstriction. The second stage is an examina
tion of the effects that exogenous application of these agents have on 
cochlear blood flow. If it can be shown that noise increases circulating 
levels of biochemical agents which increase blood pressure, and that these 
agents when exogenously administered increase cochlear blood flow, then it 
can be argued that noise results in increased cochlear blood flow. Varia
tions in the circulating levels of these biochemical agents and therefore 
in cochlear blood flow, could then be responsible for variations in the 
magnitude of threshold shifts. 

THE EFFECT OF NOISE ON VASOACTIVE AGENTS 

The major biochemical agent that we have chosen to examine in this 
context is Angiotensin II (All). All serves an integrative role with 
regard to cardiovascular function and electrolyte balance (reviewed by 
Ganong [17]). Most important among angiotensin's effects are its direct 
ionotropic effect on the heart and its ability to increase vascular 
resistance. Angiotensin's influence on vascular resistance is a conse
quence of both direct action on vascular smooth muscle as well as indirect 
action on the central nervous system, resulting in activation of the 
sympathetic nervous system and stimulation of vasopressin and catecholamine 
release. Angiotensin's major water balance effects also involve both 
central and peripheral actions including increases in thirst, salt 
appetite, and sodium absorption by the gut, and improved efficiency of 
water and salt retention by the kidney (reviewed by Johnson [18]). The 
multiple cardiovascular and body water balance effects, which indirectly 
influence cardiovascular efficiency, indicate a pivotal role for All in the 
regulation of cardiovascular function in general and cochlear blood flow in 
particular. The potential importance of All in response to stress has been 
suggested by Blair et al. [19] who report that renin levels increase with 
anticipation of adversive events. 

One series of studies in our laboratories has been devoted to examin
ing the effects of noise on circulating levels of All. In the first of 
these studies [20], rats were tested following a control period or exposure 
to a variety of stressful conditions. In the control condition, animals 
were exposed to a low intensity (20 dB re 20 micro Pal white noise in a 
normal (21 0 C) temperature room after 15 minutes of adaptation. In another 
condition, the subjects were exposed to high intensity (100 dB) white noise 
for 15 minutes after adaptation. In another, condition the subjects were 
allowed to adapt to the test room which had been cooled to 50 C and then 
exposed to the low intensity noise. Following the exposure, a blood sample 
was taken, the plasma extracted and assayed via a radio-immunoassay proce
dure [21]. The results indicate that both the cold ambient temperature and 
the noise exposure resulted in circulating angiotensin elevations. The 
average (+I-SE) All for subjects in the control group was 0.26 (+1-0.05 
ng/ml). The averages for the cold and the noise condition were 0.56 
(+1-0.05) and 0.64 (+/0.03) nglml, respectively. The circulating levels 
All for subjects exposed to either the cold temperature or to the noise was 
more than twice that of the control subjects which were exposed only to low 
intensity noise in a normal temperature room. 

In the second of these experiments [22], male human subjects were 
employed. Half of the subjects were exposed to loud white noise (100 dB re 
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20 micro Pa) for 15 minutes. Half sat with the earphones on, but did not 
listen to noise. Thresholds at 4 kHz were measured before and 2 min. after 
the noise exposure. Blood samples were drawn for measuring AII before the 
noise and after the second threshold. The initial levels were higher than 
normal, a finding attributable to the threat (stressor) of having blood 
samples taken. For subjects not exposed to noise, the AII levels declined 
significantly from the first to the second sample (Mean change = -0.17 
ng/ml). For the subjects exposed to the noise, the second AII measures 
remained high (Mean change = -0.04 ng/ml). Thus, while noise did not 
increase the levels of AII, it did arrest a normal decline in AII that was 
observed for control subjects not exposed to noise. In addition, for 
subjects in the noise exposure condition, the AII levels prior to and 
following noise exposure were correlated (-0.35 and -0.24, respectively), 
with the magnitude of TTS. These correlations are of nearly the same order 
of magnitude as the negative correlations observed for TTS and cutaneous 
vasoconstriction [10-12]. 

In the third experiment in this series [23], guinea pigs were either 
exposed to the experimental chamber only, or to 120 dB (re 20 micro Pa) 
white noise in the chamber for 30 minutes. AII assayed in blood samples 
from animals exposed only to the chamber averaged 0.28 ng/ml. In con
trast, animals exposed to the noise evidenced AII levels which averaged 
1.08 ng/ml. Thus, in three species, noise appears to elevate circulating 
levels of AII. 
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The last experiment in this series [24] assessed the effect of long 
term impulse noise exposure on some expected consequences of All elevat
ions, i.e., increase in blood pressure and water consumption. The noise 
exposure consisted of 0.5 sec bursts of white noise with a peak intensity 
of 127 dB re 20 micro Pa presented once every 10 sec. Four groups of rats 
were exposed to this noise for 9 days prior to the test day. The exposure 
duration for each group was 8 hrs., 4 hrs., 1 hr. or 0 hr. (control). On 
the test day, this sound exposure was repeated for the previously exposed 
animals and presented to four additional groups of animals not previously 
exposed to noise. Blood pressure was measured via an indwelling carotid 
artery catheter inserted one day before the test. Water consumption was 
measured for the entire noise exposure period 1 hr. - 8 hrs. or for 1 hr. 
in the control group. 

The results are presented in Fig. 1. As that figure indicates, sub
jects with a prior history of impulse noise exposure eVidenced greater 
fluid consumption than did those not previously exposed. At the same time, 
the previously exposed animals evidenced higher levels of blood pressure 
during the test period than did those not previously exposed. 

These findings indicate that long term as well as acute exposure may 
influence vasoactive processes. They do not, however, demonstrate that 
these elevations and circulating All, or other vasoactive agents, influ
ence cochlear blood flow. That is the issue which we address in the next 
section. 

COCHLEAR BLOOD FLOW CHANGES RELATED TO VASOACTIVE AGENTS 

Cochlear blood flow is extremely difficult to measure. The vessels 
are imbedded in bony tissue and follow a tortuous course with many right 
angles. Further, the vessels are divided into numerous groups serving 
various structures. No single measure of cochlear blood flow is ideal. 
All have disadvantages and advantages, depending upon the specific pur
pose of the investigation. The measure which we chose for assessing the 
effects of vasoactive agents is the laser Doppler. This measurement tech
nique has the advantage of providing dynamic measures that can assess the 
rapid changes and demonstrate the time course of the changes in cochlear 
blood flow resulting from these time-limited agents. 

The laser Doppler flowmeter emits a laser-generated monochromatic 
light which has a wavelength similar to red blood cells. When the light 
strikes moving particles, the light that is reflected back is shifted 
slightly in frequency. The amount of shift is proportional to the number 
of red blood cells in the measurement volume times the velocity of their 
movement. This product of velocity and mass is referred to as flux. The 
flowmeter output reflects this difference in frequency and thus the flow 
through the tissue being assessed. The laser Doppler flowmeters penetrate 
skin tissue to a depth of approximately lmm and measure flow in tissue 
which is approximately 1mm [3]. The depth of penetration in the more dense 
cochlea is not known, but is assumed to be somewhat less than in the skin. 
(See Miller et al. [25] for a more thorough discussion of the laser Doppler 
flowmeter.) 

The use of the laser Doppler for measuring cochlear blood flow re
quires an anesthetized preparation. We employ a combination of Ketamine 
(100mg/kg) and Xylazine (2Dmg/kg) to anesthetize guinea pigs and open the 
bulla using a ventral approach, thus exposing the basal turn of the coch
lea. The doppler probe (1.75 mm D.D.) is placed perpendicular to the basal 
turn over the stria vascularis. We also prepare the animals with a 
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Table 1. Blood Pressure, Cochlear and Abdominal Skin Flow Changes Fol
lowing Intra-arterial Injection of Angiotensin II (Values are 
Means +/- S.E.) 

------------------------------------------------------------------------
Dosage of 
All 

Blood Pressure 
(% of baseline) 

Cochlear Flow 
(% of baseline) 

Skin Flow 
(% of baseline) 

-------------------------------------------------------------------------
0.1 pM/kg 
Max. Change +9.6+/-3.5 +3.6+/-0.9 -1.9+/-1.5 

1.0 pM/Kg 
-4.3+/-2.8 Max. Change +12.3+/-4.7 +3.7+/-3.1 

10 pM/kg 
Max. Change +32.1+/-4.7 +10.0+/-3.1 -7.2+/-2.3 

100 pm/kg 
Max. Change +79.2+/-2.5 +20.0+/-2.8 -12.8+/-3.2 

carotid cannula which permits monitoring of blood pressure and introduction 
of the vasoactive sUbstance. A second flowmeter probe is routinely placed 
on the skin over a shaved portion of the abdomen. 

In the first of these experiments [23], we administered All in varying 
doses and in random order. The results are summarized in Table 1. As this 
table indicates, blood pressure and cochlear blood flow increased with 
increasing doses of All. In contrast, skin blood flow decreased in a 
generally dose related fashion. The doses employed (0.1 to 100 pm/kg) 
bracketed the levels observed when All was assayed in the plasma of noise
exposed guinea pigs. Thus it appears that the levels of All which result 
from noise exposure are capable of causing an increase in cochlear blood 
flow. The pattern of results further suggests that the changes in cochlear 
blood flow are secondary to changes in blood pressure. That is, these 
result do not necessarily indicate that the cochlear vessels themselves are 
responsive to All innervation. Rather, the changes in cochlear blood flow 
may be secondary to systemic changes. 

The findings discussed thus far indicate that noise exposure results 
in elevated All, and that elevated All results in increased cochlear blood 
flow. All, however, is not the only circulating vasoactive agent which may 
result from noise exposure or which may be involved in contributing to 
noise related changes in cochlear blood flow. One set of vasoactive agents 
that has often been implicated in hearing function are the catecholamines. 
In a series of papers Muchnik and colleagues [15,26,27] indicated that 
catecholamines (epinephrine and norepinephrine combined) infused locally 
(rather than systemically) reduced perilymph P02 and cochlear action 
potentials. When catecholamines were infused systemically, smaller 
decrements were observed. Given these changes in cochlear function, they 
inferred that catecholamines cause constriction in the cochlear vasculature 
which in turn retards cochlear function. They also suggest that systemic 
catecholamines may increase blood pressure and thus increase cochlear blood 
flow, which helps to prevent deterioration of cochlear function. 
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Table 2. Blood Pressure, Cochlear and Abdominal Skin Flow Changes Follow
ing Intra-arterial Injection of Saline, Epinephrine and 
Norepinephrine (Values are Means +1- S.E.) 

--------------------------------------------------------------------------
Drug and 
Dose 

Blood Pressure 
(% of baseline) 

Cochlear Flow 
(% of baseline) 

Skin Flow 
(% of baseline) 

--------------------------------------------------------------------------
SALINE 
Max. Change 

EPINEPHRINE 
0.1 Micro g/Kg 
Max. Change 

1.0 Micro glkg 
Max. Change 

10 Micro g/kg 
Max. Change 

NOREPINEPHRINE 
0.1 Micro g/Kg 
Max. Change 

1.0 Micro g/kg 
Max. Change 

10 Micro g/kg 
Max. Change 

+23.8+1-10.1 

+22.0+1-8.1 

+59.8+1-12.0 

+140.4+/-15.0 

+34.6+1-5.2 

+122.4+/-20.0 

+119.0+/-32.0 

+16.2+1-8.3 +2.1+/-5.7 

-8.8+1-4.8 

+34.1+1-6.1 -10.1+1-10.1 

+57.6+1-5.5 -25.1+/-22.1 

+22.2+/-12.1 -13.6+1-13.4 

-37.2+1-14.5 

Our investigations of catecholamines have been limited to systemic 
infusions and have separately studied the effects of epinephrine and nor
epinephrine. Using the procedures outlined above for the investigation of 
All, we infused several doses of epinephrine and norepinephrine and mea
sured cochlear blood flow with the laser Doppler. The results are sum
marized in Table 2. As the table indicates, blood pressure and cochlear 
blood flow increased with infusions of epinephrine and norepinephrine in a 
dose related fashion. In contrast, skin blood flow decreased with infusion 
of these sUbstances and did so in a dose related fashion. 

These findings indicate that vasoactive substances increase cochlear 
blood flow. Further, both sets of results indicate that cochlear blood 
flow, as influenced by these agents may be secondary to changes in blood 
pressure, as indicated by Snow and Suga [28,29]. 

The results desc~ibed here provide a possible explanation for the 
variability in threshold shifts following noise exposure. These results 
also suggest a possible pathway by which threshold shifts may be mediated 
by the interaction of noise and other stressors. If All and catecholamine 
elevations do result from noise exposure, then these agents may increase 
cochlear blood flow and maintain or enhance cochlear function during and 
following the insult of noise. Further, if All and catecholamine eleva
tions occur with exposure to other stressors, then these conditions may 
increase cochlear blood flow and protect the cochlear structures from the 
fatigue caused by noise insult. 
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The current results indicate that noise stimulation does result in 
elevated exogenous levels of plasma All. They further indicate that both 
All and catecholamines administered exogenously increase cochlear blood 
flow. It should be noted, however, that attempts by other authors to 
assess the effects of noise on plasma concentrations of catecholamines have 
been mixed. Some authors [30] have reported that noise elevates plasma 
catecholamine levels. Others [31] report that catecholamine blocking 
agents inhibit noise-induced increases in blood pressure. Still, the 
majority of authors indicate that noise stimulation appears to have no 
affect on plasma catecholamines [32-34]. This pattern of results may 
indicate that noise does not result in elevated circulating levels of 
catecholamines, but that autonomic nervous system activity may increase 
with noise stimulation and can be inhibited by catecholamine blocking 
agents. Alternatively, elevations in plasma catecholamines with noise 
exposure may be delayed or secondary to All elevations and to sympathetic 
nervous system activity. 

However, even if noise does not increase catecholamine levels, other 
stressful events do result in increased plasma catecholamines [26]. Since 
it appears that systemic catecholamines do result in increased cochlear 
blood flow, these other agents may interact with noise to modify the effect 
of noise on threshold shifts. Thus, the variability in threshold shifts 
may be influenced by All both in response to noise and in response to other 
stressors. This variability may be influenced by plasma catecholamines 
only insofar as noise is combined with other stressors. 
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DISCUSSION 

Henderson: I know these experiments are in the early stages, but do you 
have any sense of how long the angiotensin response is maintained for an 
exposure lasting several days? Do you still get the same kind of eleva
tion? 

Dengerink: You are asking about the angiotensin levels associated with 
long duration noise exposures. The only evidence we have for this is 
rather indirect since we are not looking specifically at angiotensin. We 
were looking at blood pressure and at fluid consumption, which as I pOinted 
out at the beginning are the two major effects of angiotensin. In our 
experiment, we had subjects who were exposed for 9 days prior to the test 
noise exposure. On the test day, we looked at both the previously exposed 
subjects and subjects who had not been previously exposed to the noise. We 
found that subjects who had been previously exposed were showing higher 
levels of blood pressure and greater fluid consumption than those who were 
being exposed for the first time. It would appear that there are some long 
term effects associated with the noise stimulation on angiotensin. Unfor
tunately, we do not have the angiotensin data here to support that. So 
with that little bit of data we would suggest, in fact, that there are long 
term effects apparent in angiotensin rather than just short term quickly 
adapting kinds of changes. 

Manninen: We collected urine samples and measured catecholamine levels and 
found that the changes, increases induced by noise, are rarely long term 
effects. 

Dengerink: The catecholamine effects that you are seeing, are they a 
result of the noise exposure alone or is it possible to explain it as a 
function of the additional stressor like vibration? 

Manninen: They are a result of the nOise. 

Dengerink: If you look at the literature on catecholamines, it is ex
tremely mixed. People have been able to demonstrate, for example, that 
beta blockers are effective in reducing blood pressure increases following 
noise exposure. The majority of the literature that I have been able to 
find indicates that noise exposure does not result in increased plasma 
catecholamine levels. That does not mean there may not be some increased 
activity of the autonomic nervous system that perhaps might show up in some 
of your urine samples. 

Alberti: Are you referring to physiological responses, pathological re
sponses, or responses bordering between these? Noise is very much part of 
everyday life, therefore a number of the responses are physiological. 
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Dengerink: I should have pointed out that the levels of angiotensin that 
we were infusing when we were looking at the changes in cochlear blood flow 
are doses which bracket the levels that we observe after we expose animals 
to noise. So it appeared the changes we were seeing in cochlear blood flow 
are responses to the same levels of angiotensin that we observe when we 
expose the animals to noise. I would suspect that in that case we are 
certainly working within the physiological range. When we talk about the 
catecholamine effects on cochlear blood flow, certainly the lower doses are 
within the physiological range. 

Flottorp: I am concerned about what are pathological changes and what is 
natural physiology. We react as a living mechanism to a lot of stimuli. 

Dengerink: Part of what we are suggesting here is that there are some 
normal physiological processes that occur in response to the noise stimu
lation. These are in fact appropriate, protective mechanisms that tend to 
help us deal with noise stimulation. In fact, increases in blood pressure 
and increases in cochlear blood flow are changes that one would anticipate 
to be appropriate, protective, kinds of responses. I am not at all sug
gesting that these are pathological. In fact, I would suggest just the 
opposite, that there are some normal physiological processes that are 
important in helping to protect us. Perhaps some of the variations we see 
in noise exposure studies results from variations in these physiological 
responses. 
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In this paper an analysis is presented of two investigations conducted 
in the Netherlands. One study concerns the effect of age on hearing thresh
old levels of populations not exposed to noise during working hours. The 
second investigation deals with the effect of occupational noise exposure on 
hearing threshold levels. There were about 500 test subjects in the first 
investigation and 2300 industrial workers in the second one. An analysis of 
the effects of otological factors on hearing threshold levels, based on both 
investigations, is given as well. 

HEARING THRESHOLD LEVELS OF POPULATIONS NOT EXPOSED TO NOISE DURING WORKING 
HOURS 

Many investigations have shown that hearing threshold levels increase 
progressively with age, and that this increase is a function of frequency. 
Spoor [1,2] published his analysis of data on the relation of hearing 
threshold levels to age. His analysis was mainly based on studies concern
ing more or less well-screened populations [3-8]. In 1978, Robinson et al. 
[9] published his analysis of investigations on the relations of hearing 
threshold levels with age. Based on all available literature - some 40 data 
sets - he analyzed the hearing threshold levels of three types of popula
tions: (otologically and noise exposure) screened populations (S), 
otologically-unscreened populations (U) and populations of the mass survey 
type with public participation (p). 

The results of the analysis of the screened populations S were the 
basis for ISO 7029 [10]. Since the analysis of Spoor [1,2] and that by 
Robinson [9] were largely based on the data of the same investigations, it 
was not surprising that it could be shown [11] that minor differences exist 
between the results presented by Spoor and those given by Robinson. If, in 
both sets of relations, the median hearing threshold levels at an age of 18 
years (H(0,50;18» are taken as zero, then the mean difference between the 
results of Spoor and those of Robinson is 0,25 dB for male populations and 
0,33 dB female populations. In this respect, differences have been calcu
lated for six frequencies from 500 to 6000 Hz, ages from 20 to 60 years, and 
percentages of hearing threshold levels from 10 to 90. 
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According to Robinson, the analysis dealing with unscreened (U or p) 
populations doses not present data suitable for consideration as the basis 
of an international standard. 

ISO 7029 [10] specifies the median hearing threshold levels and the 
statistical distribution above and below the median value for audiometric 
frequencies in the range of 125 to 8000 Hz and for otologically normal per
sons within the age limits of 18 to 70 years. The data from ISO 7029 were 
incorporated in ISOIDIS 1999.1 [12] and ISOIDIS 1999.2 [13]. In ISOI DIS 
1999.1, annex A, the data from ISO 7029 [10] are given in data base A and 
are described in the text as highly screened, otologically normal popula
tions. In addition, ISOIDIS 1999.1 gives an example of a data base, which 
comprises hearing threshold levels of a typical unscreened population of an 
industrialized country (data base B). The data for this data base are 
adapted from the results of a particular U.S.A. survey by the National 
Center for Health Statistics [14], and some subjects must be assumed to have 
had unreported occupational or other noise exposure. 

Extensive research in the Netherlands industry showed that the hearing 
of unscreened groups of people, even when exposed to high noise levels dur
ing working hours, was in general (much) better than that specified in data 
base B, especially in he higher frequency range. Therefore, it was con
cluded that data base B could not be used as a basis for comparing hearing 
threshold levels of unscreened noise-exposed populations in order to deter
mine the noise-induced part of the hearing loss. Using data base A for the 
same purpose did not seem correct either, since data base A comprises 
screened populations. Therefore, it was decided to determine the hearing 
threshold levels of otologically-unscreened populations. The research was 
limited to male persons, since in industry mainly males are exposed to high 
noise levels and the discrepancy for females between data base A and B was 
much smaller than that for males. After rejection of all persons with rele
vant noise exposure in present and previous jobs, the analysis of the data 
was carried out on the hearing threshold levels of nearly 500 test subjects. 
The test subjects were aged between 18 and 65 years. 

Audiometric tests were carried out according to the specifications on 
ISO 6180 [15], with ambient sound pressure levels in the test room, allowing 
hearing threshold level measurements from 10 dB HL re ISO 389. 

The hearing threshold levels of the test subjects, grouped into classes 
of 5 year width, were determined as a function of age. The same types of 
formulae were used as in ISO 7029 [10] for data base A, and the appropriate 
constants and parameters were determined using a second order regression 
analysis. As an example, the hearing threshold levels for 3000 Hz are given 
as a function of age in Fig. 1. 

In Figs. 2 to 7, the hearing threshold levels are given as a function 
of age, together with the data of data base A and B. According to ISO 7029 
[10] and Annex A of ISOIDIS 1999.1 [13], for practical purpose the median 
hearing threshold level at an age of 18 years (A(O,50;18» may be taken as 
zero, as specified in ISO 389. In the figures, A(O,60;18) of data base A 
has therefore been taken equal to zero. However, according to Robinson et 
al [9], the figures for A(O,50;18 of data base A are not zero but as shown 
in Table 1. This Table also includes A(O,50;18) for the present research. 
Other figures of the statistical distribution of the hearing levels at an 
age of 18 years are also given in the Table. Table 1 touches upon the ques
tion of the audiometric zero, as specified in ISO 389. The audiometric zero 
represents the modal value of the hearing threshold levels of a group of 
screened people with ages between 18 and 30 years inclusive. This modal 
value at a mean age of 25 years differs at most a few decibels from the 
median value at an age of 18 years. According to the TNO-investigation 
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Fig. 1. Hearing threshold levels at 3000 Hz as a function of 
age. Plotted points are values of subgroups, divided 
according to age and curves are second regression lines. 

Table 1. Hearing threshold levels (in dB) at an age of 18 years according 
to Robinson and the present TNO investigation 

Frequency 
(Hertz) 

500 
1000 
2000 
3000 
4000 
6000 

A· O,90 

- 6,1 
- 6,4 
- 7,6 
- 5,8 
- 5,4 

2,2 

Robinson 

AO,50 

0,2 
- 0,1 
- 0,2 

2,2 
3,1 

11,9 

A·O,10 

8,1 
7,8 
9,1 

12,2 
13,9 
24,1 

AO,90 

- 4,5 
- 5,1 
- 7,0 
- 6,8 
- 6,5 
- 6,5 

TNO 

AO,500 

1,7 
1,2 
0,2 
0,5 
1,0 
2,7 

·calculated according to ISO 7029, with AO,50 taken as given in 

AO,10 

9,4 
8,5 
8,4 

10,3 
13,1 
12,3 

this Table. 

[16,17], the median values at an age of 18 years are within a few decibels 
from the audiometric zero, even though the TNO investigation concerns 
otologically-unscreened populations. The correspondence between the median 
value of the TNO investigation and audiometric zero, is the first indication 
that otological screening of subjects does not affect hearing threshold 
levels to a large degree. 
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Fig. 2. Hearing threshold levels (A(O, 10), A(0,50) and A(O,90) as 
a function of age according to t he present (TNO) investi
gation (-------) ISOIDIS 1999.1, data base A(-------) and 
ISOIDIS 1999.1, Example of data base B( ••••• • ). 
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Fig. 3. Hearing threshold levels (A(O,10) , A(O,50) and A(0,90» 
as a function of age according to the present (TNO) in
vestigation (------) ISOIDIS 1999.1, data base A(------) 
and ISOIDIS 1999.1, example of data base B( •••••• ) 
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Fig. 4. Hearing threshold levels (A(0,10), A(0,50) and A(0,90) as 
a function of age according to the present (TNO) investi
gation (------) ISO/DIS 1999.1, data base A(------) and 
ISO/DIS 1999.1, example of data base B ( •.•••• ) 
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Fig. 5. Hearing threshold levels (A(O,10), A(0,50) and A(O,90» 
as a function of age according to the present (TNO) in
vestigation (------) ISO/DIS 1999.1, data base A(------) 
and ISO/DIS 1999.1, example of data base B( •••..• ). 
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In Figs. 8 and 9, examples of the results of the analysis are given for 
exposure times of 10 and 40 years and for fractiles of 0,90, 0,50 and 0,10. 
The N-values according to ISO/DIS 1999.1 are given as well. Comparing the 
TNO-relations with those from ISO/DIS 1999.1, it is obvious that the curves 
from the present investigation are less steep than the ISO-curves. At noise 
exposure levels between 85 and 90 dB(A) there is a rather good agreement 
between both sets of data. 

At the lowest noise exposure levels, the N-values according to the 
present investigation are less than those according to ISO, at the highest 
noise exposure levels, the ISO-values exceed those of the present investi
gation. Possible explanations of the discrepancy between the present 
investigation and the ISO data on the N-values are: 

- temporary threshold shift. Although audiometric tests have been performed 
only after 20 to 25 minutes after leaving the noisy working enVironment, a 
possible effect of TTS can not be excluded. This might explain the small 
differences between the ISO data and data of the present investigation at 
the lower noise exposure levels. 

- the nOise exposure level (L(EX,8h) as the only measure of the noise expos
ure, besides the exposure time. The N-values according to DIS/ISO 1999.1 
were derived from exposures to constant noise. The only parameter of the 
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noise exposure is then the measured sound level. The present investiga
tion, however, concerns very divergent types of noise exposures: 
exposures to intermittent, fluctuating, constant, impulsive noises. If 
the noise exposure level is not the only parameter which determines noise
induced hearing loss, then the curves could indeed be less steep, which is 
in agreement with the observed discrepancy. 

- the present noise exposure level as an estimation of past noise exposures. 
A large majority of the people concerned worked in their past in various 
not exactly known noise situations. Therefore, the noise exposure levels 
of the workers may have varied considerably during their working career; 
this phenomenon may indeed explain the discrepancy observed. 

- the accuracy of the noise exposure levels determined in the present in
vestigation. Although sound level measurements have been carried out 
carefully and estimations of exposure times have been made as accurate as 
possible, the determinations of the noise exposure levels are still based 
on observations/measurements during a limited time of some days up to some 
weeks. Therefore, the noise exposure levels, such as determined in the 
investigation, are only samples and the more complicated the situation, 
the less accurate the result. This might to some extent explain the 
discrepancy concerned. 
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the relations between noise exposure level and N, presented in ISO/DIS 
1999.1, are incorrect. 

With these possible explanations of the discrepancy between the ISO 
data and those of the present investigation in mind, further research data 
and relevant literature will be analyzed in the future. 

Many countries have set limits of acceptable nOise levels at workplaces 
at noise exposure levels in the range of 85 to 90 dB(A). Fortunately, in 
this range, there is a rather good agreement between the results of the pre
sent investigation and the N-data in ISO/DIS 1999.1. 
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DISCUSSION 

Axelsson: What was the screening procedure for Data Base A? Were 
people with previous military service included or were they taken out of 
Data Base A? Also, do the industrial workers, working in nOise, use ear 
protection? Were they included or not? 

Passchier-Vermeer: Data Base A is comprised of men not working in 
noisy surroundings in their present and previous jobs. If a person has a 
noisy job during military service, such as aircraft maintenance, he was 
excluded from the data base as well, Also, men who occasionally were ex
posed to gunfire during military service were not excluded from Data Base A. 

To determine the relation between noise and noise-induced hearing loss, 
those industrial workers who wore hearing protection regularly were 
excluded. 

von Giercke: I just want to stress one point. The ISO standard pro
posal does not include a specific Data Base B. It says Data Base B can be 
used by any user of the standard by using the unscreened data base of the 
polulation he is studying, and the standard only includes an example of a 
Data Base B, which happens to be more or less the Public Health Service Data 
collected in the USA more than 15 or 20 years ago. But it clearly says this 
is only an example of a Data Base B, and every investigator or every country 
or every industrial concern may collect its own representative Data Base B. 

Passchier-Vermeer: Being a member of the working group which prepared 
ISO/DIS 1999.1, I am well aware of the background material and the phrasing 
of this draft Standard. The main reason why the Public Health Service data 
were not included in the draft Standard, but were only given as an example 
of Data Base B in an annex, was the lack of trust in the reliability of the 
PHS-data. Nevertheless, even as an example in an annex to the draft 
Standard, the PHS-data is the most serious, since it results in an extreme 
underestimation of noise-induced hearing loss. 

Alberti: I think there is a need for a Data Base C. The Data Base B 
is Public Health Service, comprised of people not privy to modern audiolog
ical health treatment for ear disease. In The Netherlands, a country with 
good hearing health case, where problems of conductive losses have presum
ably been eliminated, unscreened populations will contain much less hearing 
loss. So each country should have its own current standards, because the 
management of hearing and ear disease varies from country to country, and 
incidence varies from town to town. 
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CURRENT PERSPECTIVES ON ISSUES IN PERSONAL HEARING PROTECTION 

P. W. Alberti and S. M. Abel 

Silverman Hearing Research Laboratory, Department of 
Otolaryngology, Mount Sinai Hospital Institute and Faculty of 
Medicine, University of Toronto, Toronto, Ontario, Canada 

INTRODUCTION 

It remains difficult to obtain a perspective on the role and the 
potential of hearing protectors in hearing conservation programs because of 
the wide range of disciplines involved in this work, the diverse publica
tions in which the findings are published and the wish for confidentiality 
of findings that is equally apparent in industry and the military. At a 
major meeting held in Toronto in 1980, papers were presented on a wide 
range of topics encompassing engineering, physiology, epidemiology, and 
national standards [1]. At that meeting, many of the remaining problems 
were identified. They included: 

1. Significant criticism of current standard methods of measuring 
the effectiveness of hearing protectors and, in particular, 
the NRR scales. 

2. The lack of an adequate artificial head and ear on which to 
make standard measurements of protectors, which bear some 
relationship to real life. 

3. The extremely wide range of attenuation provided to the work 
force by a variety of theoretically appropriate protectors. 

4. The discrepancy between attenuation obtained in the laboratory 
and that found in field tests. 

5. The relative paucity of information about the effectiveness of 
hearing protectors in protecting a noise exposed population 
from hearing loss. 

6. Problems related to communication while wearing ear protec
tors, including the perception of warning signals. 

1. Difficulty related to wearing multiple protectors. 

This paper concentrates on three areas: 

a) Sex differences in the effectiveness of certain plug-type 
protectors. 

b) Real ear testing technique in high-level noise. 
c) Problems related to communication while wearing hearing 

protectors. 
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SEX DIFFERENCES IN THE EFFECTIVENESS OF CERTAIN PLUG-TYPE HEARING 
PROTECTORS 

We have been impressed by anecdotal comments that certain hearing 
protectors may work less effectively in women than in men. There are 
occasional allusions to this in the literature [2]. That this has not, to 
our knowledge, been systematically studied previously, may relate to the 
large number of studies on hearing protector effectiveness initiated by the 
military, by the overwhelmingly male work force in heavy industry and by 
the suggestion that women have "tougher" ears and are thus less damaged 
[3]. We have initiated a study to determine whether the anecdotal evidence 
is correct and, if so, to find out why. 

Preliminary findings are presented here which will be published in 
detail elsewhere. Three types of plugs were studied.: the EAR, the 
Bilsom soft, and the Willson (Fig.1). The EAR is a foam polymer plug of 
single size. It is compressed between finger and thumb, placed into the 
ear canal and allowed to expand to occlude the canal. It is a widely used 
protective device. The Bilsom soft is a preformed soft plug composed of 
glass fibre down bulk surrounding a foam core which is enclosed in a thin 
plastic film. It is soft and easily inserted. It too, comes in one size. 
The Willson is a double phlanged soft plug with an air filled centre core 
which comes in standard and small size. 
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While our experiments are still ongoing, they are substantially com
plete. Studies have been performed on twenty subjects, ten male and ten 
female in each group, each of whom underwent threshold attenuation tests, 
under earphones in a sound proof booth (lAC), using one-third octave band 
noise. 

Fig. 2 shows the attenuation for males and females at five frequencies. 
It can be seen that the mean and range of attenuation for males is signifi
cantly greater than for females using the EAR plug. Fig. 2 shows similar 
results for the Bilsom plug. There is a significant, but less marked 
difference. There seems to be no real differences between the results 
utilizing the Willson plug. As far as this small group of subjects is con
cerned, the anecdotal comments are correct. Confirmation of these findings 
in the field is required. The explanation is likely to be related to ear 
canal size, both diameter and length. The EAR plug is fairly firm and of 
one size only. To be effective, it must be inserted fairly deeply into the 
ear canal. Women find it less comfortable than men, largely because of the 
increased pressure of the plug on the smaller diameter ear canal. They also 
appear to have difficulty in passing it deeply into the canal. Thus, we are 
currently investigating both shape and size of adult male and adult female 
ear canals in an attempt to determine the sex variation in ear canal shape 
and size. We have also started a study of chewing and jaw movement on the 
attenuation characteristics of protectors. It is theorized that a super
ficially placed protector is more readily "chewed out" than a deeply placed 
one. The effectiveness of the Willson plug in women may be related to its 
initial shorter size and the fact that a smaller diameter is available for 
people with small ear canals. 
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MEASURING TECHNIQUES 

We have published several papers [4-7J utilizing free-field real-ear 
threshold techniques to define the attenuation of a variety of hearing 
protectors. The measurements typically fall below the manufacturer's speci
fications by 5 to 10 dB on average. There has always been a nagging 
question whether protectors are as effective in the high levels of sound for 
which they are intended as they are in threshold measurements obtained in 
the laboratory. A method of measuring attenuation of protectors in high
level noise is a prerequisite for studying the interaction of hearing 
protectors and warning signals in the high levels of sound found in 
industry. Direct measuring techniques utilizing miniature microphones, in 
the ear canal and outside the protector, have become feasible as a means of 
testing muff style protectors, but remain inappropriate for testing plugs. 
My co-author, Sharon Abel, and her colleagues, Hans Kunov and Kathy Fuller 
and I have devised and tested a Psychoacoustic technique which relies on 
signal detection theory to measure the attentuation of protectors in high 
levels of sound. 

In brief, the technique consists of a two-interval, forced choice 
procedure, with events signalled by using a response box. The test is 
performed using open headphones (Yamaha electrostatic) to provide the sig
nals. In our study, each trial began with a half second warning light 
followed in succession by two listening periods of 500 milliseconds each. 
These are shown on the response box by a synchronous light, first on the 
left and then on the right. A narrow-band signal is used as a stimulus; 
this occurred during one of the periods of listening either against a quiet 
or against a noise background. The signal itself had a peak time of 200 
milliseconds (rise and fall at each 100 millisecond). The subject had to 
decide whether the signal occurred in the first or second listening period 
and indicate which interval by pushing an appropriate button. The response 
was automatically recorded. Each test consists of a block of 50 trials, the 
signal occurring randomly in the first or second interval with a probability 
of 0.5. Across blocks, the level of the signal was varied in order to 
generate a psychoacoustic function with values for probability of a correct 
response ranging from 0.50 to 1.00. The details of the procedure have been 
published previously. It can be seen that this technique allows the study 
of various signals against various types of background noise. 

The procedure can be performed with an open ear canal or wearing ear 
plugs. In one set of experiments, subjects were asked to detect the signal 
first in a quiet background without protectors, then in quiet, wearing 
protectors so that the subjects would be experienced with the signal to be 
detected and to prevent potential problems with TTS. The results of a 
normal study are shown in Fig. 4. As the signal intensity is increased to 
an audible level, the probability of a correct response rises. The 75 per
cent point is defined as detection threshold, i.e., the detection threshold 
is the value giving P(C) = 0.75. We subtract the detection thresholds for 
the open and closed ears to get the attenuation for each frequency. This 
value is close to that obtained using a standard free-field threshold mea
surement procedure. It can be seen that in this experiment, in which the 
listener was wearing an EAR plug, attenuation of a 3 kHz narrow-band 
signal by the plug is approximately 45 decibels. The experiment was 
repeated against a background of both steady state and high-level impact 
noise. Millhouse noise, a steady state noise, and drilling noise, an impact 
sound, both recorded in Ontario industry were used. When these two sounds 
were used as background, the detection threshold in a normal hearing subject 
increased significantly to between 70 and 80 decibels, which corresponds to 
the levels at which the background sound was presented. Interestingly, in 
normals, the wearing of protectors lowered the threshold of detectability by 
about 3 decibels compared to the condition without protectors. 
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The experiment was repeated using a subject with noise-induced hearing 
loss affecting both 1 and 3 kHz. It is a fairly typical severe loss of a 
type caused by prolonged exposure to industrial noise . Again, in the signal 
detection experiment the signals were presented to both ears with and with
out background noise. The background noise was similar, either mill or 
drilling noise and the subject wore or did not wear hearing protectors. The 
pattern of results is very different from that of normals (Fig. 4). The 
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threshold for listening in quiet was raised to 67 dBA and listening in high
level noise shifted the function by less than 20 dB as compared with the 
shift of 80 dB for the normal listener. Thus, in noise, without protectors, 
the hearing-impaired person has threshold detection approximately the same 
as the normal subject. However, when plugs are inserted the detection 
threshold under all conditions shifted to about 105 dBA. The wearing of 
protectors thus brings the subject to the limit of hearing as defined 
audiometrically. Furthermore, the ability to detect a signal, far from 
being enhanced by use of the protectors, was grossly impaired. 

Pooled data from many subjects of two age groups are shown in Fig. 5. 
The circles indicate normal old and young subjects, and the triangle sub
jects with hearing losses at 1 kHz and 3 kHz respectively. The detection of 
signals at 3 kHz is significantly impaired without protection, but is at 
near normal levels against a background noise. When using protectors, the 
threshold for signals in quiet is raised, but the ability to detect back
ground noise is improved in the normal listeners whereas wearing protectors 
grossly interferes with the detection of signals in quiet as well as in 
noise in the hearing impaired worker. No age differences was detected. 

We believe that this technique has considerable application, but needs 
to be extended to different types and levels of background noise and dif
ferent signals before broad conclusions can be drawn. However, our results, 
based on 3 groups (namely workers with high-frequency loss affecting only 3 
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kHz and above, workers with a loss at both 1 and 3 kHz and normals) using 
the types and level of noise commonly found in industry and give cause for 
thought. In general, for those with moderate noise-induced hearing loss, 
the wearing of protectors did not change the level of signal necessary for 
threshold detection at the lower frequency of 1 kHz in contrast to the shift 
noted for 3 kHz. Wearing plugs in quiet increased the detection threshold 
by roughly 35 decibels, a value equivalent to the manufacturers' specified 
attenuation for EAR plugs at 1 kHz. Subjects with normal hearing or mild 
loss at 1 kHz showed neither consistent improvement nor worsening when 
wearing protectors in noise. In contrast, the 3 kHz thresholds showed a 
significant decrement in detection in a hearing impaired population. The 
key factor, we believe, is the additive effect of sensorineural hearing loss 
and the attenuation produced by protectors; the combination of factors 
effectively deafens people so that the sense of hearing is globally 
impaired. Details of these results can be found elsewhere [8,g]. 

We have developed and tested a model of the preceding findings which is 
illustrated here [g]. The variables taken into account are the presence and 
spectrum of background nOise, the frequency of the signal, the attenuation 
of the protector and the configuration of the hearing loss. This allows us 
to predict the average detection threshold for signals by our subjects. In 
order to obtain the predicted value of each individual, a simple algorithm 
was developed. Given the particular narrow-band spectrum and intensity of a 
signal, the corresponding octave value of background noise is determined. 
Then the attenuation specified by the manufacturer for the hearing protector 
under test is subtracted from that value of background noise. If the end 
sum is greater than the individual's unprotected detection threshold in 
quiet, then the predicted value is equivalent to the octave noise level of 
the test frequency. If this value is less than the detection threshold in 
quiet, then the predicted value is equivalent to the detection threshold in 
quiet plus the attentuation of the protector. Hopefully, this model will 
allow one to specify the appropriate attenuation for an individual's hearing 
loss while working in noise, and maximize signal detection and hearing 
conservation at the same time. 

This raises the whole issue of communication problems in noise. In 
general terms, a worker may be exposed to verbal instructions and to warn
ing signals. The latter can be divided into two groups: (1) primary 
warning such as roof noise in a mine or an unusual sound in a machine indi
cating malfunction and (2) secondary warning, that is, when there is 
potential or actual danger which triggers specific warning signals, e.g., 
the noise made by trucks reversing, the whistle of a locomotive, the blare 
of a fire alarm. 

There is concern, and perhaps some confusion, in all three areas. Let 
us deal first with speech signals. The pioneering work of Kryter [10] 
showed that in normal hearing listeners, the use of hearing protector did 
not degrade discrimination of monosyllabic words and indeed there was some 
advantage. On the other hand, in the industrial situation, Howell and 
Martin [11] showed that when the speaker as well as listener were wearing 
hearing protectors, intelligibility was reduced, even though hearing was 
normal. The explanation was that the speakers reduced their own voice level 
because of the apparently diminished background sound. There have been 
several studies of interaction between the wearing of hearing protectors and 
signal intelligibility in sensorineural hearing impaired subjects [12-16]. 
Our own work in this area has also taken into account the age of subjects 
and fluency in the language of the test material, in this instance, English. 
This latter matter is important because of the mobility of work forces and 
the ensuing language difficulties that may occur. In our own province, 
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approximately one third of a large sample of compensation claimants spoke 
neither English nor French (the official Canadian tongues) as their native 
language [17]. 

The experimental groups in our study were fluent and non-fluent, hear
ing-impaired and normal subjects of two age groups. Intelligibility was 
tested using a list of monosyllabic words in quiet, or in a background of 
white noise or crowd noise, with and without hearing protectors. Intelli
gibility varied significantly with hearing configuration, the background 
noise and fluency. However, there was no interaction between hearing 
category and fluency; the non-fluent subject had a 10-20 percent decrement 
in speech intelligibility across all conditions. We also found no age 
effect. Protectors did make a difference. In normal hearing subjects, they 
marginally improved intelligibility, thus confirming the initial observa
tions of Kryter. In hearing impaired workers, intelligibility was 
significantly impaired. The difference between protected and unprotected 
conditions was determined by attenuation of the hearing protector. 

Detection of warning signals by investigators such as Wilkins and 
Martin [18] and Lambert [19] have given differing results, either showing an 
elevated threshold or no difference. However, virtually all these studies 
have been performed with normal hearing subjects. Our own studies of signal 
detection in nOise, as reported earlier, indicate to us the need for careful 
re-evaluation of warning signal intensity and frequency where this is pos
sible. With primary warning signals such as a malfunctioning machine, this 
may not be practical. 

There are alternative solutions although they are relatively costly. 
The same problems concern the military. The infantry man, perhaps operating 
a mobile anti-tank device, requires protection from the noise of his device, 
but at the same time, he must be able to hear environmental sound. The 
pilot in his cockpit must be able to hear speech. The solution to both is 
some form of active hearing protector [20-22] in which quiet sounds are 
amplified and loud sounds suppressed. In its simplest form, one may think 
of it as a hearing aid with a significant output limiting circuit and a 
tight fitting mold producing attenuation. Thus, quiet sounds are amplified, 
intermediate sounds amplified less, and loud sounds attenuated. There are 
several variations on this theme including devices which measure the sound 
level within the protector and use that to regulate the input signal; these 
are incorporated into helmets and communication sets devised for pilots. 
(The sound level within the cockpit of modern strike aircraft may well 
exceed 110 decibels). This type of device has also been recommended for 
industry as, for example, in mining where noise level may be intermittent 
and where it is necessary to communicate and hear a variety of mine noises. 
For example, Durkin has demonstrated that the intelligibility of speech 
using active protectors in coal miners is significantly increased if wearing 
the standard passive protector. 

CONCLUSIONS 

These studies in general emphasize once again the need to listen to the 
consumer. The workforce in general, particularly the older workforce, has 
been concerned about the harmful effects of introducing hearing protectors. 
This is in contrast with new entries who appear to accept them willingly. 
The difference may well be due to the former already having impaired hearing 
and the latter having normal hearing. No hearing conservation program based 
on hearing protectors of which we know takes into account the existing hear
ing level of the workforce. The "cri de coeur" of the workers is real and 
based on experience; the hard of hearing worker is deafened by protectors 
and may have difficulty in hearing speech and detecting warning signals when 
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using them. This philosophy is at last incorporated into one national 
standard. 

The blunder bus approach to hearing protecters should in our opinion be 
abandoned. More is not always better; appropriate should be the guiding 
phrase. In relatively low level noise, protectors which provide the great
est attenuation may be neither necessary nor appropriate. With a background 
noise level of 90 decibels, do we really require a 20 decibel attenuator? 
These matters should be taken into account when instituting hearing conser
vation programs. We have no solution to offer for the problems inherent in 
safety and communication previously described for an existing hard of hear
ing population to whom a hearing conservation program is introduced. We 
strongly believe that this is an ignored topic by legislators and we hope at 
least to draw attention to it. 
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DISCUSSION 

Borchgrevink: We have had a problem with the hearing of helicopter 
pilots in the Norwegian Armed Forces because the low frequency content of 
the nOise in the helicopter is insufficiently damped by headsets. We 
introduced ear plugs on the inside, so that they wore plugs plus the 
headset. The subjects were requested to be certain that their speech 
perception was good. Our results are very much like yours. Young people 
with normal hearing, jumped to the solution immediately. The older people 
found they had trouble. So I think your point is very well take. If we 
could ever have a flat attenuation device, not only for moderate, but also 
for high level dampling, the situation would be greatly improved. 

Van der Venne Marcel: Regarding the efficiency and attenuation of 
protectors in high noise levels, I am sure you are aware of the existence 
of a French method which has been standardized. The procedure which, by 
using bone conduction, allows the subjective determination of attenuation 
in rather high noise levels. They are using levels around 100 dBA back
ground noise. This method has been compared with the standard ISO method. 
The attenuation factors were determined for the same protectors, the same 
conditions and the same subjects. To my knowledge, it is the first time 
that this has been done. The results are that there is a small, but 
statistically significant difference around 3-5 dB less attenuation mea
sured by the French standardized method than with the ISO method. 
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HEARING CONSERVATION AND IMPULSE NOISE IN THE BRITISH ARMY 

INTRODUCTION 

M. R. Forrest 

Army Personnel Research EstabUshment 
clo Royal Aircraft Establishment 
Farnborough, Hants, GU 14 6 TD, UK 

Army service has always presented a risk to hearing from impulse noise 
in addition to noise from small arms, with a typical peak pressure of 160 
dB at the user's ear; a number of weapon systems in current service give 
peak pressures up to 185 dB (35 kPa) in crew positions. To an increasing 
extent, soldiers are also exposed to continuous noise in vehicles or in 
workshops; these levels can exceed 100 dBA at the ear, even where hearing 
protection is used. The problem is becoming more acute, since the quest 
for more power from equipment of reduced size and weight tends to increase 
noise at the user's position. At the same time, interest in hearing con
servation measures is increasing, not only because of the greater risk of 
hearing loss, but also because awareness of the effects of noise is in
creasing as the use of monitoring audiometry becomes more widespread. It 
is therefore becoming vital to be able to predict the risk of hearing loss 
and the resulting disability from measurements (or, in the case of equip
ment still at the design stage, from predictions) of the noise exposure. 

HEARING CONSERVATION MEASURES IN THE BRITISH ARMY 

Hearing conservation measures were first introduced in the British 
Army in 1966, following findings of widespread high-tone hearing loss in 
Infantry soldiers [1]. The principal means of protection was a soft 
plastic ear plug of the V-51R pattern; an ear muff was also available to 
specialist users exposed to very intense noise. Both the ear plug and the 
ear muff were shown to be effec- tive protectors when used as intended; 
despite this, high-tone hearing loss continued to occur. The main problem 
was that some soldiers were not fully convinced of the need to conserve 
hearing, despite the introduction of a training film and other material; 
hearing loss was not seen as a handicap. It was evident that individuals 
with severe noise-induced hearing loss were continuing in service, so that 
the motivation to conserve hearing was reduced. 

The hearing protectors available to the Army also had serious short
comings; in particular, the V-51R pattern ear plug needed careful placement 
in the ear canal if it were to be effective, and it was obvious that it was 
not always placed with care; also, since it was available in a number of 

Copyright (c) Controller HMSO, London, 1985 

593 



different sizes (initially three, but the need for an extra small and an 
extra large size soon became apparent), there was a possibility of the 
wrong size being used. In theory, the correct size was selected by the 
unit's medjcal officer, but this did not always happen in practice. Some 
users complained of di.scomfort, to the extent of their being unwilling to 
use jt, or of selecting too small a size. The ear muffs were fragile, the 
liquid-filled seals being a frequent source of failure, and were incompat
ible with any form of helmet. 

A survey carried out in 1979 [2] showed that, despite efforts made up 
to that date, noise-induced hearing loss was still prevalent; it was there
fore necessary to pursue an Army Hearing Conservation Programme with 
increased vigor. The essential parts of this programme are: a. measure
ment and evaluation of noise hazards; b. provision of improved individual 
hearing protection and indication of the areas where its use is required; 
c. screening audiometry of new entrants, and regular monitoring audi.ometry 
of all personnel (at 2 year intervals in most cases); d. health education. 
For monitoring audiometry, the sums of hearing levels at low frequencies 
(0.5, 1, 2 kHz) and high frequencies (3, 4 and 6 kHz) are used to make the 
assessment, as follows: 

Degree Sum of hearing levels Sum of hearing levels 
at low frequencies at high frequencies 

H1 not more than 45 dB not more than 45 dB 
H2 " " " 84 " " " 123 
H3 " " " 150 " " " 210 
H4 or H8 more than 150 more than 210 

Each ear is assessed separately, and an overall gradj.ng assigned on the 
result from the worse ear. H3 may lead to career restrictions, H4 will not 
permit front-line service, H8 requj.res medical discharge. The djstinction 
between H4 and H8 js made by an ENT (ear-nose-throat) specialist, factors 
in addj tion to audiometric threshold being considered. Any downgradj.ng to 
H3 or below requires referral to an ENT specialist. Entry to the Army 
requires a grade of H1 or H2. 

The plastic ear plug is being replaced by a robust ear muff designed 
to be compatible with the ballistic helmet; a disposable foam ear plug has 
been jntroduced for those situations where an ear plug is still requjred. 
In addition, an ear muff gjving a very good noise attenuation, at the 
expense of compatibility with other headgear, is available for those 
situations that require it. A variety of special-purpose protectors are 
available for use jn armored vehicles and by Artillery personnel; one ear 
muff used by the Artillery incorporates an electro-acousti.c transmission 
system, with an externally mounted microphone, which allows voice communi
cation whjle protecting against the noise from the gun. Despite all this, 
we are aware that the totally satisfactory hearing protector has yet to be 
designed, so that we are interested in the development of new and improved 
protectors. 

LIMITS FOR IMPULSE NOISE EXPOSURE 

Ideally, it should be possible to consider impulse and continuous 
noise together, rating both types of noise by a common method. Unfortun
ately, standards for evaluating continuous noise, such as BS 5330:1976 [3] 
nnd it necessary to place a restriction on the maximum peak level such 
that they cannot be used to rate weapon noise. 
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A number of different specifications have therefore been developed for 
impulse-noise exposure in military practice [4-11]. The specification for 
maximum exposure within the UK is given in Defence Standard 00-27/1 [4]; 
this standard is based on the work of Coles, Garinther, Hodge and Rice [5] 
and CHABA [6], together with some more recent experience. It is similar, 
but not identical, to the impulse-noise specifications in US MIL-STD-1474B 
[7]. In co=on with many other standards, the limits to exposure in 
Defence Standard 00-27/1 are specified in terms of peak (maximum instan
taneous departure from ambient) pressure and duration of the impulse, and 
the number of impulses. A correction (normally 20 dB, exceptionally 25 dB) 
is made for the use of hearing protection. Two limits are specified: a 
preferred limit which should be observed wherever possible, and a maximum 
limit which must not be exceeded under any peacetime circumstances. These 
limits, and the definitions of peak pressure and duration, are illustrated 
in Figs. 1, 2, 3 and 4. 

RECENT SURVEYS OF NOISE-INDUCED HEARING LOSS 

The prevalence of high-tone hearing loss in Army populations has been 
demonstrated by a large number of surveys carried out in a number of dif
ferent national armies. However, these surveys leave many questions 
unanswered. Firstly, the noise exposure (which typically consists of both 
impulse and continuous noise) is generally known only very approximately, 
so that the relation between noise exposure and hearing loss i.s uncertain. 
Secondly, the use of hearing protection is unsatisfactory and intermittent, 
and the extent of its use unrecorded, adding further uncertai.nty. Finally, 
all surveys show that the magnitude of the noise-induced hearing loss 
varies between individuals, even when the noise exposures are apparently 
similar, to the extent that some show almost normal hearing while others 
show very large losses. At present, we have no means of forecasting which 
individuals are susceptible to the effects of noise. 

Some indication of the effect of impulse noise on hearing is given by 
a survey carried out by Brown [12] on hearing levels in British Infantry 
following Operation Corporate (the Falklands conflict). The survey, which 
was carried out from APRE, illustrates a number of important points and 
will therefore be described in some detail. It differed from many other 
surveys in that the noise exposure consisted almost entirely of impulse 
noise, and was reasonably well defined and of relatively short duration; 
and also i.n that pre-exposure audiograms were available from routine medi
cal screening for many of the subjects. The hearing loss was chiefly at 
the higher frequencies, the mean hearing level of 3, 4 and 6 kHz, taken as 
an average for all personnel, increasing by 5.5 dB in the left ear and by 
5.1 dB in the right. However, the loss varied considerably between differ
ent groups, and those soldiers firing 81 = mortar suffered, on average, a 
change in mean hearing level at these frequencies of 12.2 dB and 7.8 dB in 
the left and right ears respectively. 

It is, however, obvious from the results given by Brown [12] that the 
average hearing loss for a number of individuals is, by itself, a very 
inadequate descriptor of the effect of the noise on hearing. The distribu
tion of hearing losses shows clearly that there are very large differences 
between individuals, the majority showing either no hearing loss or a 
relatively small loss. However, a small proportion of personnel show very 
large losses which cannot be explained by differences in noise exposure. 
Hearing protecti.on did not confer any obvious benefit. It is probable that 
actual (as opposed to reported) usage of protection was very low. 

Many surveys (including the pre-exposure heari ng levels reported by 
Brown [12]) have demonstrated a high incidence of hearing loss in soldiers 
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Duraflon = AB 

Fig. 4. Definition of peak pressure, p, 
and duration, following Defence 
Standard 00-27/1 [4J. 

exposed to noise only during training. In order to investigate the effect 
of noise exposure (princjpally from small arms fire) during basjc trajnjng, 
hearing levels were measured in 1000 Infantry recrujts at the start of 
traj njng, and again at the conclusion of training. Analysjs of results j.s 
not yet complete, but it is evident that the incjdence of hearing loss is 
very low, indi ca ti.ng essentially no hazard [13 J • Hearj ng protectors were 
used during all exposures to potentially damagjng noise. 

HEARING PROTECTION 

The ideal means of hearing conservation js always to reduce the noise 
at source; unfortunately, jt js often difficult or jmpossible to reduce the 
nojse sufficjently, and the use of some form of personal hearing protection 
- ear muffs, ear plugs or a noise-excluding helmet - becomes necessary. 
Noise reduction is especjally djfficult with jmpulse noise from gunfire, 
where substantial reduction would reduce the effectiveness of the gun or 
increase its size and weight. 

The use of hearing protection therefore assumes critical importance in 
an Army hearing conservation program. There are two problems: firstly, 
ensuring that the protectors can attenuate the noise sufficjently; and 
secondly, ensuring that the protectors are sufficiently robust for mjlitary 
use, that they do not interfere with mj.litary tasks or mjljtary equipment 
(such as ballistic helmets or Sights), that any adverse effect on communi
cation is minimized, and that the soldier is prepared to use them effec
tively on all occasjons of noise exposure [14,15J. The second of these 
tasks is by far the more difficult; its importance is emphasized by the 
results of the surveys descrjbed above. 

There are a number of means whereby the attenuation of the protectors 
can be determined [16,17J. The accepted standard methods based on real-ear 
at tenuatjon at threshold, such as ISO 4869 [18 J, are not very helpful, 
since the attenuation is measured as a function of frequency and the re
sults therefore cannot be used unless the noise js also analyzed in terms 
of frequency; also, the results can be used only if the attenuati.on js 
assumed to be jndependent of pressure [19J. Results from measurements 
using artificial heads can give useful jnformation on the mechanism by 
which the protector operates, but artificial heads can not, at their pre
sent stage of development, be used to give a quantitative assessment of the 
attenuatj.on expected jn practical use. Three other methods are available 
and have been used to estimate attenuation: 

a. The noise outside the protector, and the noise reaching the ear 
beneath the protector, can be measured using miniature microphones [16-20J. 
The measurements can be performed using a number of test subjects, so that 
the standard devjation as well as the mean value of the attenuation can be 
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estimated. The technique is relaUvely simple with ear muffs or noise
excluding helmets, although much more difficult with ear plugs! Fig. 5 
shows a typical result, using noise from a small howitzer, for a measure
ment on one subject wearing an ear muff. It can be seen that the noise is 
very much altered by the ear muff; the higher frequencies in the noise are 
attenuated much more than the lower frequencies, leaving a predominantly 
low-frequency impulse noise of increased duration. 

b. The risk to hearing in personnel using hearing protectors can be 
estimated by measurements of temporary hearing threshold shift. This is 
useful mainly to show that the exposure is "acceptable," although compar
isons with conventional limits to unprotected noise exposure can be used to 
generate a nominal value for hearing protector attenuation for the noise in 
question. The technique is a difficult one, dominated by the need for con
sistently accurate audiometry and by the requirement to ensure that the 
shifts are small enough to be genuinely temporary. Patterson [21] has 
given an especially elegant demonstration of the technique in the context 
of noise from a medium howitzer and from an anti-tank weapon. 

c. Where a known and potentially hazardous noise exposure occurs, 
hearing levels can be monitored to determine whether any hearing protec
tion used is adequate. Of course, the nojse exposures and the choice of 
hearing protection are outside the experimenter's control. An example of 
this approach is given by Forrest, Forshaw and Crabtree [22], showing 
effective protection by an ear muff against a very intense noise exposure 
from 81 mm mortar. This agrees with the result of the survey, mentioned 
earlier, on hearing levels in recruits. In general, it appears that little 
or no hearing loss is found if a satisfactory form of hearing protectfon js 
always used correctly, while careless or occasional use confers little 
benefit. 

These methods yield broadly similar results; in particular, they agree that 
the way a protector is used is of greater jmportance than its maximum po
tenUal attenuation under ideal condiUons. This is especially true of ear 
plugs, which tend to show a greater variatfon in attenuation than do ear 
muffs, depending on how well the device is fitted. 

DISCUSSION 

Although this paper is primarily concerned with experience of impulse 
noise within the British Army, it also highlights a number of general 
points which will be relevant to this workshop. Our experience is con
sistent with that of other national forces, and also with experience in 
cIvil industry, In that hearIng conservation measures need to be pursued 
vIgorously If they are to have any effect, and that a monItorIng audIometry 
program Is vital. If the IndIvIdual at risk is not fully aware of the 
effect of noIse on hIs hearIng, and on his subsequent career, he Is un
lIkely to take effectIve actIon to safeguard eIther. HearIng protectIon 
must not only be used, but used effectively on all occasions of exposure; 
this ImplIes that the protectIon supplied must not only gIve suffIcient 
attenuatIon, but must also be robust and compatIble wIth other Items of 
equIpment. These poInts have been made previously by many authors, but are 
of such fundamental importance that they wIll bear repetItIon. 

The limits to impulse-noIse exposure described In Defence Standard 
00-27/1 [4] are, lIke all other limits used by other natIonal forces, In
tended as a practIcal guIde rather than as an exact definitIon of hazard. 
There js general agreement that more precise limIts should be possIble, but 
very lIttle agreement on what form the Improved lImIts should take! A 
discussion of these issues is given by Dancer and Franke [23]. The use of 
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some form of frequency-dependent weighting, such as the A-weighting, has 
been widely advocated [24], as has the concept of the "critical level," 
above which the risk is greatly increased [25]. In my own view, we do not 
at present have sufficient data to make a definite choice as to which of 
the many options is most nearly correct. The development of a model of the 
response of the cochlea to impulse noise is likely to be helpful in this 
respect. 

Limits to impulse noise exposure also depend on the risk of hearing 
loss considered "acceptable." Broadly speaking, the limits in current use 
specify a risk (generally in terms of conventional pure-tone audiometry) 
comparable with, or less than, that assumed for industrial practice for 
continuous noise. The assumed risk has, of course, a critical effect on 
the limits to noise exposure. Ideally, the risk should be defined in terms 
of effect on military efficiency, as well as in terms of social disability. 
Unfortunately, this issue has been relatively little studied. Many sounds 
of interest to ground forces, such as the proverbial snappi.ng twig or the 
noise of a footfall on gravel, have much of their energy at high frequen
cies where hearing loss tends to be greatest; it is therefore reasonable to 
assume that a small high-tone hearing loss which would have relatively 
little effect on the hearing of speech could (depending on circumstances, 
such as the level of ambient masking noise) have an adverse effect on 
military performance [26,27]. At present, there is insufficient evidence 
for a quantitative relaUon between hearing loss (measured by conventional 
audiometry) and effectiveness of ground troops. 

There is an obvious need for an authori tati ve and generally appli cable 
limi t for i mpulse-noi se exposure. Unfortunately, we are sti.ll some way 
from being able to formulate such a limit in terms which would command 
general acceptance. Meanwhile, in the author's view, any attempt to alter 
existing limits to exposure on the basis of insuffi.cient informaUon should 
be resisted, since such alterations serve only to generate confusion; the 
probable result would be that the limits would be ignored altogether. 
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DISCUSSION 

Borchgrevink: For the H-1 group, do you have problems of having a 15 
dB mean cutoff because of background noise in the test booth? 

Forrest: I think the answer is probably yes. You saw some data 
earlier that showed hearing levels at 500 hz which were not very good; this 
is probably an effect of background noise. It only seems to have an effect 
at 500 Hz. 

Borchgrevink: In Norway we have a 20 dB mean instead of a 15 dB mean 
for the best category. We fi.nd that works out much better than the 15 dB 
would have. My next point; you do not count 8,000 Hz. That means you 
would not discriminate between the loss you would allow if a person had an 
early presybcusis or a similar audiogram. 

Forrest: The 8 kHz information could be important, but I am not going 
to pretend that our limits are the last word. They are not a research 
tool, but rather just a practical means of finding out if a man is fit for 
army service and in what capacity. 

Borchgrevink: Do you allow H3 to have service in noise? 

Forrest: I think it is basically a question not for the medical 
services, but for the military commander. So it would be for the director 
of infantry possibly to say whether a particular grade was suitable for 
infantry service. It depends, in other words, on what you want to do. 

Borchgrevink: So it is an operative criterion? 

Forrest: Yes, It is up to the army to say whether they will accept 
these various grades. In general, H1 and H2 are suitable for any 
occupation. H4 would not permit front line service; H8 would demand a 
medical discharge. I think it is open for the army to say what they would 
do with H3 individuals of whom there are, jn fact, quite a large number. 

Borchgrevink: What do you do with the people with a mid frequency 
loss who would not reach the criterion either in the high or the low 
criterion? We find a number of people with a mid frequency hereditary loss 
who, if they began to obtain an NI PTS, would have very poor hearing and 
very quickly. 

Forrest: I do not think this is a problem we have really met. My 
reading of the problem is very much that we are working at noise-induced 
loss almost entirely and not at hereditary loss. 
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SUMMARY 

A mathematical simulation of the human hearing mechanism, involving 
the non-linear effect of the middle ear, has been used to compute the risk 
of impairment for hearing produced by impulse noise. This model provides, 
therefore, a reference method which can be used for evaluating the loudness 
of any kind of acoustical noise. The results of impulse noise analysis 
obtained from different damage-risk criteria can then be compared with the 
results of the theoretical model, allowing for evaluation of the respective 
merits of these criteria. 

The main conclusion of this study is that the A-weighted sound expo
sure level LAE appears to be the best damage-risk criterion for impulse 
noise. The spectral sensitivity of the human hearing mechanism might then 
be approximated by the A-weighting filter. These elements emphasize the 
possibility of using a unique damage-risk criterion applicable for any kind 
of noise, including continuous and fluctuating noises as well as industrial 
and gunfire impulse noises. This criterion would be applicable for the high 
peak pressure levels up to 170 dB, which can be experimentally encountered 
for gunfire. The damage level for a daily exposure of eight hours would be 
around 130 dB, corresponding to a steady state pressure level equal to 85 
dB. This conclusion is in full agreement with the most recent results on 
impulse noise obtained by psychoacoustical experiments in the U.S., Ger
many, the Netherlands, and Japan. 

INTRODUCTION 

The human hearing mechanism can be impaired by noise exposure. The 
degree of impairment depends on the level, the duration and the frequency 
content of the noise, as well as on the sensitivity of the individual. 
Organizations concerned with ear protection should be able to forecast the 
risk whi ch noi.se, particularly impulse noise, can cause to hearing. 

There is no uniformity in the present rating methods. Continuous 
noise is rated by its A-weighted sound pressure level or by octave band 
analysis, according to ISO 1999; industrial sound impulses are rated by 
special methods which mayor may not use the A-weighting network. Impulses 
from gunfire are covered by other damage-risk criteria (DRC) based on peak 
pressure and impulse duration. 
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The method for assessing the risk to hearing by noise described in ISO 
1999 is only appUcable for continuous noises. This limitation is due to 
the technology of the present sound level meters (IEC 651), which are 
appropriate only for this kind of sound. The basic circuity of the sound 
level meter is a square-law detector which computes the root mean-square 
(rms) value of the pressure signal (filtered or not) for a period to which 
is referred to as the "time constant" of the meter. The standard values 
for To are :I.n the range of the seconds. 

Damage-risk criteria for impulse noise do not presently take the 
spectrum of the impulse into account; however, it is known that the human 
auditory system is spectrally tuned. A few years ago, when impulse cri
teria were proposed, the spectrum of impulsive signals was difficult and 
time-consuming to analyze. Because of this technical problem, spectral 
analysis was not included in the criteria. This problem can now be solved 
by digital processors using the fast Fourier transform. We now have the 
ability for spectral analysis of impulse signals, but we still need a 
spectral criterion. Recent work in this area [1] shows that the spectral 
sensitivity of the ear to impulses can be described by curves similar to 
the A-weighting curve. However, the numerical values of the critical level 
are missing. Such information is required before this kind of method can 
be applied as a damage-risk criterion. For these reasons, a new approach 
seems to be necessary to eliminate the imperfections of the present mea
suring techniques and the subsequent disparity in hearing conservat:lon 
methods. 

GENERALIZATION OF CONTINUOUS NOISE RATING METHODS FOR IMPULSE NOISE 

The Sound Exposure Level as Hazard Parameter 

The concept of noise dose combines in a single parameter the sound 
pressure level and the duration of exposure to the noise. The best way to 
determine the noise dose is found in the definition of the sound exposure, 
that is, the time integral of the squared sound pressure p(t) over a stated 
time period 1, according to Eq. (1): 

1 
E = S p2(t)dt 

o 
(1) 

A convenient unit for sound exposure is 1 Pa2s. From Eq. (1), one can 
say that the sound exposure is an estimate of the sound energy associated 
with the noise over the time~. The sound exposure level (abbreviated SEL) 
is the expression in decibels of the ratio of the weighted sound exposure 
to the reference sound exposure. The reference sound exposure is equal to 
the product of the squared reference sound pressure (po = 20~Pa) and the 
reference duration (to = 1 s). The symbol is LAE when A-weighting :Is used. 

f~2 2 t 
LAE = 10 log10( p (t)dt/p 0 0) 

o 
(2) 

First take an A-weighted sound pressure level of 85 dB for a daily 
duration of 8 h. This exposure can be regarded as a realistic DRC for 
continuous noise. The corresponding sound exposure level is 130 dB. The 
correction is 45 dB and comes from the expression in deci.bels of the ratio 
of the 8-h duration (=28,800 s), to the reference duration (1 s). 
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Let us now consider the noise impulse for which the damage-risk level, 
according to Pfander [2], is reached for a single impulse per day. This 
impulse has a peak pressure level (flat weighted) equal to 160 dB and its 
effective duration is 1 ms. Assuming this peak pressure level is held 
during the complete duration of the impulse, one obtains an approximate 
sound exposure level equal to 130 dB. Because both continuous and impulse 
noise DRC lead to equivalent numerical values for the sound exposure level, 
it would seem reasonable to consider the sound exposure level as an accep
table hazard parameter, applicable to all kinds of noise. 

It must be noted that this statement implicitly involves the linearity 
of the hearing damage mechanism, better known as the "energy rule." How
ever, there is a limit to the application of this rule. This limit can be 
estimated to lie at 170 dB (flat-peak level) because the risk of damage to 
the ear drum begins at this level. 

The Weighted SEL for Rating Impulse Noise by use of the "Integrating Sound 
Level Meter" 

Considering the previously-mentioned properties of the sound exposure 
level with regard to damage-risk to hearing, one can use this parameter for 
rating the risk of impulse noise to hearing, provided Eq. (1) is correctly 
evaluated. This is not possible with a standard "precision sound level 
meter" as defined ln IEC 651, for the reasons previously explained. 

The use of an integrating sound level meter seems to be the best way 
to measure the SEL. This is certainly the case for impulse noise, but such 
a devlce can also be used for continuous noise and other types of fluc
tuating noises. The definltion of the sound exposure level permits the 
combination of exposures to different kinds of noise in the same daily 
duration. 

Frequency Analysis by Octave Band 

Using Parseval's identity, the sound exposure can be expressed in the 
frequency domain by using the Fourier pressure spectrum F(f) of the sound 
signal: 

+DO +«1 

E = ~oop2(t)dt = ~Fl2df = ~12df 
-00 0 

The ftnal form of Eq. (3) permits use of positive frequency only. It 
follows from this identity that the square of the Fourier transform of a 
pressure signal has dimensions of pressure squared by time per unit fre
quency. When a band filter (f1-f2 ) is used, the band sound exposure level 
is equal to 

10 log10 /F/2 df) 
Pi( t 

o 0 

(4) 

ThIs can be called the integrated octave band sound exposure level. 
The rating method for Impulse noise is derived from ISO 1999; the shape of 
the hearing curves is obtaIned by inverting and shifting the A-weIghting 
curve. The octave band for which the damage-risk to hearIng is greatest 
can be found by determining the band for which the octave band SEL is 
maximum, after correction for A-weighting. For high level noIse, the 
octave band with maximum corrected SEL indicates the band for which the 
rIsk of ImpaIrment for hearing is the greatest. 
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Measurement of the Octave Band SEL for Impulsive Noises 

Because impulsive noises are single events with a very short duration, 
octave band measurements for such signals by means of integrating sound 
level meter can only be made when at least seven integrating channels are 
simultaneously available, each of them being equipped with a different 
octave band filter. Another technique is now available using digital 
Fourier analyzers. The spectral transformation implemented in these 
analyzers is based on the definitions of the discrete Fourier transform and 
is computed with the fast Fourier algorithm (FFT) [3]. The main difficulty 
of spectral analysis is the scale factor converting the relative decibels 
measurements into absolute acoustical decibels. The easiest way to solve 
this problem is by a calibration procedure. Another advantage of calibra
tion is that it involves all parts of measuring chain in the calibration 
process, not only the analyzer but also the pressure transducer, pre
amplifiers, and attenuating devices which contribute to the overall scale 
factor. The Fourier analyzer does not permit the analysis of slowly fluc
tuating noise or nonsteady combinations of continuous noise and impulses. 

For this general case, the seven-channel integrating sound level meter 
seems to be the best way to achieve the octave band analyses. Unfortu
nately, such equipment is not currently available in a compact form and one 
is obliged to use seven different nonsynchronized, integrating sound level 
meters to perform this kind of measurement, which is a costly and difficult 
procedure. 

Comments 

The generalization made in the previous paragraphs consists simply of 
replacing the sound pressure level by the concept of noise dose expressed 
by the sound exposure level over a standard 8-h daily period. Assuming the 
human hearing mechanism to be a linear system allows these modified rating 
methods to be extrapolated in order to obtain a damage-risk criterion by 
fixing the maxi.mum allowed sound exposure level. 

THEORETICAL EVALUATION OF THE PROPOSED METHODS FOR IMPULSE NOISE 

Modeling the Risk of Impairment 

The loudness of noise can be regarded as a subjective measurement of 
the electrical energy transmitted along the auditory nerve to the brain. 
The electrical signals in the nerve are related to the motion of the basi
lar membrane; the hair cells play the role of mechanical-to-electrical 
transducers. It can be assumed that the electrical energy is proportional 
to the mechanical energy introduced 1.n the 1.nner ear, through the mi.ddle 
ear and the outer ear, by the acoustical st1.mulus, as illustrated 1.n the 
simplified diagram of Fig. 1. This energy can be computed when the motion 
of the basilar membrane is known. 

A bi-dimensional model of the movement of this membrane can be used, 
similar to the model given by Flanagan [4]. We use the following notation: 
y(x,t) is the displacement versus longitudi.nal position x along the 
membrane; B(f), G(f), H (f) are, respectively, the transfer funct1.ons of 
the outer ear, the m1.ddle ear, and the inner ears; F(f) is the Fourier 
pressure spectrum of the acoustical stimulus pet); and K is a constant with 
dimensjons kg/ms3 • The mechani.cal energy by unit length Ey(x) is then: 
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E (x) 
Y 

K ~ /(x,t)dt 

2K j/FBGHXI2 df 

o 
( 5 ) 

The time range j can be determined by introducing in a simplified 
manner the recovery rate of the human hearing mechanism. Using the same 
assumption as Pfander [2J, we compute the energy accumulati on dudng a 
daily exposure of 8 h, assuming that the normal rest period is sufficient 
for complete recovery, even if it takes much longer than one day. The 
total mechanical energy (EL) expressed by Eq. (6) can be used for a 
theoretical computation of the loudness of the sound stimuli. 

L 

l ( 6) 

In order to evaluate the risk of impairment to the hair cells, it 
would be more appropriate to compute the highest mechanical energy (EDRC ) 
dissipated in group of hair cells corresponding to the characteristic 
frequency band: 

(7 ) 

In so doing, we neglect the contributions of other locations to the 
total energy. This can be done because the filter effect of the inner ear 
is rather selective. 

For computation of Eqs. (6) and (7), we choose Flanagan's equations 
[4J (Eq. 4.1 for Hx and Eq. 4.3 for G). The resonance effect of the outer 
ear is obtained by introducing a resonance of about 14 dB at 3 kHz. Nu
merical adjustment of the constants appearing in Eqs. (6) and (7) has been 
made for a 1-kHz pure tone stimulus with sound exposure level equal to 130 
dB, so that the total mechanical energy is expressed in decibels by the 
numerical value of 0 dB. In so doing, we refer all results for the simu
lated hearing mechanism to an arbitrary but realistic damage-risk threshold 
level. 

Outer Middle 
Inner ear 

~---------------------ll0kH. 

4 kH. 

Brain 

Fig. 1. Functional diagram of the human hearing mechanism 

607 



Assessment of the Extended Spectral Methods 

On one hand, the set of possible rating methods for noise, developed 
in the previous section j.s available. On the other hand, a theoretical 
procedure is given by Eqs. (6) and (7) to compute the reference loudness of 
the damage-risk level which this noise produces in the human hearing 
mechanism. Comparing the results of the first methods with the reference 
ones provided by the second, and doing so for various impulse signals, 
allows us to judge the respective merits of the different rating methods, 
or DRC. 

This comparison has been made with 46 sound impulses which were mathe
matically generated using attenuated cosines with and without reflections 
and some N waves to simulate sonic booms. All of these models are fitted 
with a flat-weighted peak pressure level (PPL) equal to 160 dB. Their 
durations lie between 0.25 and 64 ms. The 46 impulses were analyzed 
according to the 14 rating methods detailed in Table I. The mechanical 
energy in the i.nner ear was also computed according to Eq. (7) as reference 
damage-risk prediction. We thus obtain 15 arrays, each of them containing 
46 elements, one for each of the 46 sound impulses simulated. The first 14 
arrays can be considered as approximations of the 15th, which is the refer
ence one. Subtracting the 15th array from the other 14 provides 14 error 
arrays, which represent the statistics of error for the studied rating 
methods. 

The standard deviation can be regarded as a measure of the spectral 
spread of the method concerned, that is, a measure of its spectral accu
racy. For this reason, thi.s parameter has been chosen as the figure of 
merit to rank order the different rating methods for impulse noise as 
listed in Table I. The smaller the standard deviation, the more spec
trally accurate is the rating method with regard to the ear simulation. 

It must be noted that this kind of trial must be carefully prepared 
because the statistical results are only valid for the set of impulses 
tested. In defining this set, we tried to assemble representative gun
fire impulses. We also tried to use representative samples of broadband 
spectra, that is, spectra with a high cutoff frequency going from 300-400 
Hz up to 5 kHz. 

Another important point should be emphasized. The spectrum of white 
noise is sometimes used to define acoustical continuous noise. This spec
trum is the spectrum of the mathematical ideal impulse [Dirac (t) func
tion]. This impulse is only different from zero at a single point (for 
t=O), where it is infinite. The equivalence between continuous noise and 
impulse noise from a spectral point of view per~its us to extend the 
results of an :l.mpulse simulation to all kinds of noise signals, which have 
similar spectra. Continuous noise is therefore included in this study. 

Results of the Simulation 

The results of the statistical trial are listed in Table I. From a 
statistical point of view, a standard deviation equal to 2.5 dB means that 
65% of the errors between the tested method and the reference hearing 
mechanism are within the 2.5 dB, 87% are within the 5 dB, and 95% are 
within the 7.5 dB, of the average error. It is thus evident that a perfect 
rating method does not exist. For the A-SEL, which is the best of the 
studied methods, there are still 5% of the noises which are incor-
rectly analyzed, giving an error greater than 7.5 dB. If the separation 
between acceptable and nonacceptable methods is arbitrarily fixed at 2.5 dB 
for the standard deviation, then the conclusions are very clear: 
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There is only ONE acceptable method for impulse noise: 
the A-weighted sound exposure level LAE • 

All other methods, the CHABA criterion for A-waves excepted, are too 
inaccurate and should therefore be disregarded. The excellent results of 
the CHABA method are unfortunately restricted to A-impulses (pure blast 
waves in open field): this means for less than 10% of impulse noises 
encountered in real cases. 

Other general comments according to Table I are: 

The mean DRC error of the Pfander impulse DRC and that of the A-SEL are 
no more than 1 dB. Because this criterion is supported by much experi
mental evidence, it can be concluded that gunfire impulses up to 170 dB 
(flat-PPL) are well covered by the linear ear model. 

The ear si.mulation gives evidence that the CHABA criterion is more 
restrictive by about 6 dB than Pfander's and 5 dB more than Smooren
burg's criterion. These differences are in full agreement with recent 
comparative trials made by Pfander et al. [7]. This is due mainly to 
the different methods of measuring the effective duration of the :Impulse 
for both criteria; it generally results in a longer duration for CHABA. 

Finally, it seems evident that the ear model used can be regarded as an 
additional procedure which would provide a reference damage-risk pred:lc
tion for any kind of acoustical noise. Computation of the hearing 
equations according to Eqs. (6) and (7) requires large memory computer 
facilities. 

Modeling the Hearing Mechanism 

The results presented in Table I are slightly different from those 
published earlier [8]: the standard deviations are now much greater. This 
is due to the model for the OUTER and MIDDLE ears which was too sharply 
tuned by 6 dB in the previous study. The consequences of this change are 
that frequency analysis and resonant methods like D-weighting are now 
dropped from the recommended methods. 

The present model includes the acoustical reflex of the middle ear. 
Th:l.s reflex has no influence on the impulse simulation because its latency 
is too long compared with the short duration of the impulses analyzed. 

We also tried a more sharply tuned model (+10 dB) for the INNER EAR, 
accordi.ng to results published by Rhode [9]. This change has no signifi
cant effects on the risk for hearing. So it appears clearly that the INNER 
EAR mechanism is not critical for modeling the risk of impairment, but that 
the main factor is the frequency response of the OUTER and MIDDLE EAR. 
This conclusion is in full agreement with recent works in this area [10,11]. 

CONCLUSIONS 

Evaluation of loudness as well as hazard to hearing produced by im
pulse noise was derived from the noise dose principle which is widely 
applied to continuous noise. The sound exposure level has been recog
n:i zed as the most appropriate quanti.ty for this purpose when associated 
with the A-weighting. This weighting filter appears to be best for 
analysis of the spectral sensitivity of the human hearing mechanism. 

These i.mportant results are supported by a mathematical simulation of 
the hearing mechanism, which permits loudness and damage-risk to hearing 
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Table I. Rank order and results of the impulse simulation 

Rank Method Loudness DRC Mean Standard 
Mean Error Error Deviation 

(dB) (dB) (dB) 

CHABA-A [5] + 6.0 2.0 

2 A-SEL(LAE ) - 0.5 + 2.0 2.5 

3 A-Octave - 4.0 1.5 3.5 

D-SEL(LBE ) + 5.0 + 7.5 3.5 

B-SEL(LBE ) + 9.0 + 11.5 3.5 

CHABA5 + 7.0 3.5 

4 A-1/3 Octave - 1 .5 + 0.5 4.0 

US-MIL-STD-1474 + 8.0 4.0 

5 Pfander [2] + 1.0 4.5 

Smoorenburg [6] + 2.0 4.5 

D-Octave + 1 .0 + 3.5 4.5 

D-1/3 Octave + 4.0 + 6.0 4.5 

Flat SEL(LE) + 3.5 + 6.0 4.5 

6 C-SEL(LCE ) + 2.5 + 5.0 5.0 

produced by composite noises to be computed from a single formula. Thi.s 
model provides, therefore, a reference method which can be used for evalu
ati.ng the loudness of any kind of acoustical noise. 

These elements emphas:l.ze the poss:l.bili.ty of us:l.ng a unique damage
risk criterion applicable for any kind of noise, includ:l.ng continuous and 
fluctuating noises as well as industrial and gunfire impulse noises. This 
criterion would be applicable for high peak pressure levels up to 170 dB 
wh:l.ch are experimentally encountered with gunf:l.re. The proposal for this 
un:l.versal damage-risk cr:l.terion is obtai.ned by fix:l.ng the threshold of the 
A-we:l.ghted sound exposure level at 130 dB for a daily duration of 8 h. 
This proposal is supported by different authors [6,12] in recent publ:l.ca
tions. Measurement of the sound exposure level for impulse noises requires 
new equipment such as the integrating sound level meter or the digital 
Fourier analyzers. This improved equipment is presently available; stan
dardi.zation of these measurement techniques is imperative to support future 
work on impulse noise control procedures. 
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DISCUSSION 

Forrest: What you have done is to correlate the various methods you 
displayed against the theoretical results from your considerations. Is 
there anywhere, in your modeling, any comparison with permanent or tempo
rary threshold shift data from impulse noise exposures? 

Stevins: This is a purely theoretical study, without any 
experiments. Naturally the validity of these conclusions are related to 
the validity of the hearing model used. But I think that the conclusions 
are strengthened by the fact that the hearing model that was used here 
does have an experimental basis. 

Forrest: From the data we have seen at the symposium, I would hesi
tate to say that an A-weighted model or any other model is really a full 
simulation of the way the hearing mechanism works. In other words, we 
still need experimental data, especially data on PTS. 

Price: We did see data presented in which A-weighted energy did not 
appear to rate hazard very accurately, i.e., the projected hazard was 40 
dB less than the measured loss. It is the only data I know of where we 
actually have permanent hearing loss or temporary hearing loss to low 
frequency impulses. Also, the transfer functions for the middle and 
external ear of man and cat are not significantly different; just shifted 
upwards perhaps by 1/2 octave. So there is not a major difference be
tween the and external middle ears of man and cat. The losses were 
produced by impulses from a primer fired alone; no shell, just a primer, 
from a rifle and from 105 mm howitzer. 
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ACOUSTIC REFLEX AND EXCHANGE RATE FOR WHITE NOISE SHORT STIMULI 

INTRODUCTION 

G. Rossi 

Institute of Audiology, Turin University 
Via Genova, 3 - 10126 Torino, Italy 

The "equal energy principle" has been proposed as the basis of a 
damage risk criterion to set the limits for daily exposure to on-goi.ng 
noise for periods shorter or longer than 8 hours and to fluctuating, inter
mittent and impulse noise. The principle, supported by the studies of 
Elred et al. [1] and Kyl in [2], was primarily vali.dated by Burns and 
Robinson [3] for exposure to steady-state noise and then extended to other 
types of noise, including impulse exposure [4-8]. 

The "equal energy principle" assumes that noise-induced hearing loss 
is proportional to the amount of acoustic energy absorbed by the ear during 
the working day, irrespective of the type of noise and its physical param
eters. The inner ear is thus seen as an "integrator of energy" that 
responds to a constant noise dose in the environment by developing a con
stant hearing loss, apart from the spatial or temporal distribution of the 
noise itself [9]. The time/intensity relationship allows a 3 dB increase 
in sound pressure level for each halving of the duration to create the 
equal risk of hearing loss (3 dB exchange rate). 

The "equal energy principle", coined on a mathematical ground, ignores 
not only the individual susceptibiHty, but also the part played by the 
middle ear in determining how much acoustic energy in the external environ
ment actually reaches Corti's organ [9]. 

Those who argue against the "equal energy principle" recommend a 5-dB 
reduction for each doubling of the noise duration (5 dB exchange rate). 
From studies of Ward [10], the 5 dB rule appears to be the more appropriate 
DRC in the cases of intermittent noise exposure. 

The 3 dB and the 5 dB exchange rates have been incorporated in legis
lations of regulations of particular countries. Among 49 laws, proposals 
and recommendations examined, the 3 dB exchange rate was incorporated in 25 
of them. Another 22 documents accepted a 5 dB exchange rate, while two 
other documents put forward respectively the 4 dB [11], as first proposed 
by Pfander [12], and a 6 dB exchange rate [13] (all references from [14]). 
Thus, there is no common agreement with regard to the time/intensity 
relationship. 
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The behavior of the acoustic reflex could have important implications 
about the validity of the various exchange rates proposed. In fact, once 
the reflex threshold is surpassed, the strength of muscle contraction, as 
expressed by the concomitant middle ear impedance change, increases over an 
approximately 30 dB range, above which it levels off. Maximally active 
muscles can produce reductions in middle ear transmission up to 20-30 dB at 
low frequencies [15]. 

AIM OF THE RESEARCH 

The behavior of the acoustic reflex amplitude in response to various 
kinds of protracted noise with the same energy content administered with 
different temporal patterns, was investigated in a previous research [16]. 
The objest of concern in the present study was to check the exchange rate 
to maintain constant acoustic reflex amplitude for WN short stimuli. Given 
that the amplitude of acoustic reflex is proportional to the stimulus 
intensity [17], it was especially interesting to assess the acoustic reflex 
amplitude in relation to some other parameter patterns. 

MATERIAL AND METHOD 

Four males and six females were chosen from 32 subjects aged 18-23 
yrs. with normal bilateral hearing (threshold for airborne pure tones < 10 
dB HTL for frequencies between 250 and 8000 Hz). Starting from 80 dB SPL 
and with subsequent 1 dB increments to 90 dB SPL, they also displayed the 
minimum_ stimulus intensity capable of provoking a distinct, baseline de
flection of the trace of the oscilloscope connected to the signal generator 
(Visual Detection Thresholds [18]) in five successive stimulations with WN 
125 msec bursts (rise/fall time: 1 msec; frequency: 0.2/sec). 

Since there was an imprecise area of about 10 dB at the threshold 
level of the input-output function curve for amplitude and intensity [17], 
the test was commenced with 100 dB SPL stimuli. With this stimulus inten
sity, these 10 subjects displayed an acoustic reflex with an amplitude of 
2.20 to 2.60 uV in 10 preliminary tests with WN bursts (rise/fall time: 1 
msec; duration: 500 msec; frequency 0.2/sec). The uV is the arbitrary 
parameter adopted for evaluation of the reflex amplitude when working with 
the instruments employed in this study. 

Signal generation and evaluation of the data were done with an Amplaid 
MK VI coupled to a Teksys 9000 and linked to a 702 Amplaid impedance meter 
via an Amplaid A.R.I. interface. A 220 Hz probe tone was used. The elec
trical hysteresis of the instrument was 45 msec. The computer acqujsition 
parameters were: pass band 0.01-10 Hz; analysis 2 sec, with 500 msec pre
analysis; sensitivity 5 uV, with automatjc rejection of artifacts (inter
preted as 100% of the input). 

Each subject was exposed to 5 stimuli lasting 500, 250 and 125 msec 
ten times on ten different days (WN bursts: rise/fall time: 1 msec; fre
quency: 0.2/sec). Their spectrum (Fig. 1) was evaluated with a Revox M 
3500 microphone located at the headset level. Starting from 100 dB SPL and 
500 msec, each halving of the duration was accompani.ed by intensity in
creases of 3, 4, 5 and 6 dB SPL respectively (exchange rates: 3, 4, 5, 6 dB 
SPL) • 

Five subjects received the stimuli in the right ear and five in the 
left through a TDH 39 headset. The observations were made on the contra
lateral ear in a faradized silent chamber. 
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Fig. 1. Headset signal spectrum (log scale FFA). 

The computer supplied an average curve for 5 stimuli in succession to 
reduce the margin of error. A 2-min. pause, during which the pressure 
status of the outer and middle ear was rechecked, was inserted between each 
set of signals at different exchange rates. 

Each subject was examined five times starting from the longer and less 
intense stimuli, and then five times starting from the shorter and more in
tense stimuli, to offset possible sequence-induced differences in response. 
The four exchange rates were used in a random order. 

The computer provided a mean for the 500 findings for the three param
eters examined with reference to each type of stimulus: 

1) reflex latency: interval in msec between start of stimulus and 
start of reflex; 

2) reflex amplitude: difference in uV between the value recorded 
by the computer at the start of contraction and at maximum 
contraction; 

3) reflex recruitment time: interval in msec between start of 
contraction and maximum contraction. 

The electrical hysteresis of the instrument was substracted when 
calculating parameter 1). The latency was also deduced in the case of 
parameter 3). 

RESULTS 

The results can be summarized as follows: 

1) reflex latency (Table I, Fig. 2): this appeared to be solely tied 
to the reflex threshold. Once this level was exceeded, the latency was 
constant, irrespective of the intensity and duration of the stimulus; 

2) reflex amplitude (Table II, Fig. 3): this was only constant at 5 dB 
SPL exchange rate. With 3 and 4 dB SPL there was a statistically signifi
cant reduction compared with 5 dB SPL, whereas the difference between 5 and 
6 dB SPL were not significant; 

3) reflex recruitment time (Table III, Fig. 4): The maximum contrac
tion amplitude was always reached before the end of the stimulus. The per 
cent ratio between reflex recruitment time and stimulus duration did not 
change significantly when the stimulus parameter was altered (Table IV, 
Fig. 5). 
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Table I 

REFLEX LATENCY (msec) 
c-- ----,----- - - - -

Stimulus 
duration 
(msec) 

500 17.55 ± 3.48 
c- ------r-- -- -- --

Exchange rate 
------- ---- - ,----------

I 
----

3 dB SPL 4 dB SPL 5 dB SPL 6 dB SPL 
------ c-------- c---- ---- - - -c----

250 17.40 ± 3.85 16.40 ± 3.59 17.40 '± 4.02 16.00 ± 3.58 
---- -~- .. - ---- ----- --

125 18.00 ± 3.50 17.60 ± 3.34 16.81 ± 3.96 17.15 ± 3.23 

msec 
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STIMULUS DURATION 

Fig. 2. Reflex latency 

DISCUSSION AND CONCLUSIONS 

When assessing the protective effect of the acoustic reflex on Corti's 
organ, it must be remembered that the amplitude of a muscle response is the 
result of the ratio linking the two main components of the stimulus: inten
sity and duration. This amplitude is dependent on the number of motor units 
the stimulus is able to activate, as determined by their characteristics,. 
i.e., different motor units or different groups of motor units possess a 
different threshold level [19]. 

In this experiment the previous ratio between duration and intensity 
constantly activating the same number of motor units was only reestablished 
at the CNS level with 5 dB SPL exchange rate: with this exchange rate the 
amplitude of the reflex remained constant, whereas it fell with 3 and 4 dB 
SPL. 

The difference in amplitude between 5 dB and 6 dB exchange rate was 
not significant. This means that no further increases in amplitude are 
obtained from rates above 5 dB SPL. Probably at this rate a ratio between 
intensity and duration capable of activating all the existing motor units, 
even those with a highest threshold, was created. 

~motor unit consists of a motor neuron, its nerve fiber and the muscle 
fibers related to the latter. 
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Table II. 

REFLEX AMPLITUDE (PV) 

Stimulus 
duration 
(msec) 

500 2.34 ± 0.10 

Exchange rate 

3 dB SPL 4 dB SPL 5 dB SPL 6 dB SPL 
f--

a c e g 
250 2.04 ± 0.09 2.06 ± 0.10 2.36 ± 0.08 2.41 ± 0.1I 

b d f h 
125 1.92 ± 0.11 2.00 ± 0.11 2.35 ± 0.10 2.40 ± 0.13 

«I» le~1 

a ... C : p < 0.3 C ... e : p < 0.001 e ... g : p < 0.2 

b" d: p < 0.1 d ... f ; p < 0.001 f ... h : p <0.2 

~v 

2.55 

I 2.50 

r 2.45 

2 .. 0 

Ji '1/, "I], 2.35 

2.30 

1 1 2.25 

2.20 

2.15 

.II 2.10 

2.05 

168 2.00 

1 L 1.05 

1.80 

1.85 

1 1.80 

17S 

soo 250 125 msec 

STIMULUS DURATION 

Fig. 3. Reflex amplitude 

Table III. 

REFLEX RECRUITMENT TIME (msec) 

Stimulus 
duration 
(msec) 

500 449.00 ± 15.48 

Exchange rate 

3 dB SPL 4 dB SPL 5 dB SPL 6 dB SPL 

250 223.72 ± 12.09 220.40 ± 11.82 219.oJ ± 9.81 217.61 ± 10.95 

125 109.80 ± 6.37 111.60 ± 6.03 109.20 ± 5.87 109.23 ± 6.09 
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Fig. 4. Reflex recruitment time. 

Table 4. 

PER CENT RELATIONSHIP BETWEEN REFLEX 
RECRUITMENT TIME AND STIMULUS DURATION 

Stimulus 
duration 
(msec) 

500 

250 

125 

90 

89 

88 

87 

86 

T 

89.80 ± 3.10 

Exchange rate 

3 dB SPL 4 dB SPL 5 dB SPL 

89.49 ± 3.23 88.16 ± 4.73 87.60 ± 3.92 

87.20 ± 5.97 89.28 ± 4.82 87.36 ± 4.70 
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Fig. 5. Percent relationship between reflex 
recruitment time and stimulu duration. 



The latency values observed did not alter with changes in intensity 
and duration, as previously reported for pure tones [9J and WN bursts [20J. 
This is also in agreement with those obtained with masking noise in man, 
evaluated by Fisch and Schul thess [21] with electromyograph; cal method. 

This finding further underscores the importance of the acoustic reflex 
amplitude in altering middle ear impedance and causing (albeH not to the 
same degree at all frequencies) a reduction in the amount of the acoustic 
energy reaching Corti's organ. 

Since the percent ratio between recruitment time and duration of the 
stimulus was virtually constant, the active part of the reflex was always 
finished by the time the stimulus had acted for about 9/10 of its duration. 

The reflex fall time has not been taken into consideration, because it 
did not provide information of importance in relation to the purpose of 
this research. 
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THE PROPOSED ISO STANDARD DETERMINATION OF OCCUPATIONAL NOISE EXPOSURE AND 

ESTIMATION OF NOISE-INDUCED HEARING IMPAIRMENT 

INTRODUCTION 

H. E. von Gierke 

Harry G. Armstrong Aerospace Medical Research Laboratory 
Wright-Patterson AFB, Ohio 45433, USA 

Research on the relationship between noise exposure and noise-induced 
hearing loss has been very intense over the last 30 years, and steady 
progress has been made in spite of many remaining questions and unresolved 
problems regarding the mechanism. For the time being, avoidance of exces
sive noise exposure is the only way to prevent noise-induced hearing loss; 
this is the reason why governments, industry, workers and their represent
atives have been looking for scientific exposure criteria and guidelines to 
prevent hazardous noise exposure as part of comprehensive hearing conserva
tion programs. Although it was clear from the beginning that noise-induced 
hearing loss in a population with exactly defined noise exposure would 
exhibit a statistical distribution due to differences in biological suscep
tibility, the epidemiological statistical data were not available to 
describe quantitatively the difference between the percentage of people 
with impaired hearing in a noise exposed group and the percentage of people 
in a non-noise-exposed group, i.e., the risk of noise-induced hearing 
impairment. All data suffered from inherent inaccuracies in the noise as 
well as exposure time measurement and from the limited knowledge and dif
ferences in opinion on what to define as "normal," non-noise-exposed 
hearing. Early Damage Risk Criteria such as the U. S. National Academy of 
Sciences (CHABA) [1] recommendations of 1966 and their subsequent adoption, 
simplification and modification by various individuals and agencies relied 
on the postulated relationship between temporary threshold shift (TTS) and 
permanent threshold shift (PTS) produced by a specific noise and on the 
assumption that exposures that produce equal TTS are equally hazardous. 
When, in the 1960's, international agreement on a method to estimate the 
risk of noise-induced hearing loss became desirable, the working group of 
ISO tackling this problem for many years had only very limited epidemiolog
ical data at their disposal. Important data used by this group were 
unfortunately only published much later [2]. The ISO Recommendation 
resulting from this effort in 1971 (later converted into the technically 
equivalent ISO Standard 1999) [3] presented a simple method to calculate 
the equivalent continuous sound level for a work-weeks' exposure from sound 
measurements and to estimate for equivalent continuous sound levels between 
80 and 115 dBCA) and exposure times from 0 to 45 years the risk of impaired 
hearing or the total percentage of a population with impaired hearing. 
Hearing was considered to be impaired, according to compensation rules used 
in some countries, if the arithmetic average of the permanent threshold 
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hearing level of the subject at 500, 1000 and 2000 Hz is shifted 25 dB or 
more compared with the corresponding average of the normal population 
defined by the ISO Standard for pure-tone audiometers. 

Between 1968 and 1973, landmark epidemiological industrial studies 
[2,4-8] were published and analyzed by Johnson [9,10]. This analysis 
provided the necessary data base to describe noise-induced hearing loss in 
exact statistical terms, gave new data on the normal non-noise-exposed 
hearing threshold of populations as a function of age [11,12] and allowed 
new comparison of the much debated relationship between the effects of 
steady noise compared to intermittent and varying noise exposure [13]. The 
concepts of "effective quiet" and asymptotic TTS [14] were much discussed 
and the latter shed serious doubt on the hypothesis of the quantitative 
relationship between TTS and PTS. In addition, increasing awareness of the 
importance of frequencies above 2000 Hz for speech intelligibility and of 
communication difficulties in noise enVironments, particularly for older 
individuals, made it desirable to reanalyze the previous definition of 
"impairment for conversational speech" and the 25 dB "fence" [15] In 
summary, as soon as the first ISO Standard was finally agreed upon and 
published, it was time to start on its revision. A new ISO working group 
was decided upon in 1977 and started working in 1978 and provided a ISOIDIS 
1999 for vote in 1982 [16]. Although 20 countries approved the DIS versus 
seven disapprovals and two absentees, it was decided to revise the text of 
the DIS taking into account as many of the comments (which were fre
quently not of a technical nature) as possible. The circulation of this 
second DIS will take place in 1985 and it is believed that it constitutes 
the best possible compromise for an International Standard at the present 
time, and that it will be accepted with still wider approval. ISO 1999 
constitutes the basis for legislation in many countries and therefore a 
revised ISO Standard is urgently needed. In the following, the basiC 
philosophy and specific features of the new proposed standard are briefly 
reviewed and its applications explained. 

OUTLINE OF THE NEW STANDARD 

The new DIS coming up for vote this year has the designation "ISO/DIS 
1999.2 - Acoustics - Determination of Occupational Noise Exposure and 
Estimation of Noise-Induced Hearing Impairment". After the introductory 
sections (Scope, References and Definitions), Section 4 of the proposed 
standard deals with the description and measurement of noise exposure; 
Section 5 with the prediction of the effects of noise on hearing threshold 
and Section 6 with assessment of risk of noise-induced hearing impairment 
and handicap. Five Annexes, which are not part of the standard, and a 
bibliography conclude the document. Annex A describes the calculation of 
the age-related threshold level of a normal, "highly screened" population 
according to the new Standard ISO 7029 [17]. Annex B gives an example of a 
data base for an unscreened non-noise-exposed population. Annex C provides 
as a bridge to the 1975 ISO 1999 [3], data for an unscreened population, 
which when used with the new standard, results in the risk tables of the 
1975 standard. Annex D gives an example of the new procedure and Annex E 
contains tables with numerical data calculated according to the formulas in 
the body of the proposed standard. 

Section 4 on description and measurement of the noise exposure solves 
several dilemmas of present noise exposure evaluations: how to describe 
daily non-standard workday exposure and how to evaluate noise environments 
with intermittent, irregular and impulsive character or pure tone compon
ents. All exposures during an average workday are to be energy-averaged 
and expressed in terms of the A-weighted sound exposure 
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= J 2 
PA (t) dt 

2 
in Pascal seconds 

(1) 

P (t) is the instantaneous A-weighted sound pressure and the period T is 
chosen to cover a whole day's occupational exposure, commonly eight hours 
(28.8 ks). A footnote, much debated because of its potential legal impli
cations, advices that E might be extended to include the daily nonoccupa
tional leisure time exposure. The noise exposure level is 

= 
ET 

10 log --- in decibels, where (2) 
EO 

-5 2 EO has been chosen to be 1.15 10 Pa s, so that LEX for an eight hour 
exposure is numerically equal to the widely used equivalent, continuous 
A-weighted sound pressure level LAeq • 

LEX,T = LAeq,T + 10 log ( ~o) (3) 

where the reference duration To is eight hours. In the concept presented, 
the integration period applies to a working day or working week, but an ex
tension of the integration period over a working lifetime (noise-immission) 
is not included. 

To relate noise-induced hearing loss directly to the A-weighted sound 
energy of the exposure and to extend this concept even to impulse noise, 
was not strictly the result of simplicity and convenience. As several 
recent analyses have shown [18,19J, taking all available data into account, 
no other measure of noise exposure has been generally accepted to result in 
a better relationship. With respect to various types of varying and inter
mittent noises, Passchier-Vermeer [13J had selected from approximately 200 
studies 20 sets of data, of which she compared after age correction and 
normalization to a 15 year exposure time the median noise-induced permanent 
threshold shift (NIPTS) values for the intermittent nOises, with the values 
predicted by the more generally accepted steady-state broad band exposure 
studies. Recently this important study was revisited and the data 
renormalized according to the functions proposed in the standard under 
discussion [20J. The result is presented in Fig. 1. The curves show good 
agreement for the exposure frequencies where maximum hearing loss occurs 
(2000 to 4000 Hz) and a systematic deviation is only evident at 6000 Hz. 
The curves calculated according to DIS 1999 are solid lines only for L 
<100 dB, since the proposed standard states that "extrapolations to higher 
levels are not supported by quantitative data." 

To include impulse noise in the nOise exposure level had been proposed 
by several investigators [21J and was finally endorsed by a special work
shop on impulse noise and auditory hazard convened in 1981 to analyze 
available data. Among the conclusions of this workshop [22J, attended by 
most researchers actively pursuing this problem, one reads: "There is no 
convincing evidence not to accept A-weighting for all practical applica
tions as the method of evaluating all types of noises having different 
frequency spectra (10 - 20000 Hz) and time functions with respect to their 
permanent threshold shift-inducing hazard as long as their unweighted 
instantaneous peak sound pressure level does not exceed approximately 145 
dB." The proposed standard recommends that the peak instantaneous sound 
pressure level should not exceed 200 Pa, i.e., 140 dB relative to 20 uPa. 
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Fig. 1. NIPTS FROM INTERMITTENT NOISES COMPARED TO ISO/DIS 
1999: Comparison of noise-induced hearing loss at 
various test frequencies due to intermittent and 
varying noise exposure. (intermittent: differences 
between highest and lowest sound levels at least 20 dB. 
Intermediate levels negligible. Varying: intermediate 
levels present for considerable fraction of time. 
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The data represent the analysis by Passchier-Vermeer 
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The fact that this limitation of it's applicability requires for impulsive 
type noises with peak levels expected in this range, a sound measurement 
instrument with peak or overload indication at 140 dB is a minor shortcom
ing of the new method. However, integrating sound level instruments which 
are commercially available, and for which standards are in preparation 
[23], can address this problem. The 140 dB limit is not a practical limi
tation for industrial occupational exposure: since all hearing conservation 
programs require the wearing of personal hearing protectors at levels above 
85 to 95 dB, the 140 dB peak exposure of the ear translates at least to 150 
dB or higher outside of the ear protector, a level very seldom exceeded in 
industry. For those rare situations, special attention to more effective 
ear protection and application of the impulse/blast criteria developed for 
military exposures is recommended. 

The method proposed has the great advantage that all noises from 
steady state to impulse are included in the exposure measure, and can be 
measured with an integrating-averaging sound level meter or a personally 
worn noise dosimeter. The standard recommends methods for direct and indi
rect determination of the exposure level and discusses sampling methods. 

To summarize Section 4, the energy-averaged daily exposure over the 
years of exposure/employment is the only environmental measure needed to 
calculate hearing impairment or risk of hearing handicap, as long as the 
following conditions are met: maximum instantaneous sound pressure level 
less than 140 dB, average 8-hour daily exposure does not exceed 100 dB(A) 
(after accounting for personal hearing protectors) and the maximum indi
vidual daily exposure is not more than 10 dB above the average of all daily 
exposures. 

The following Section 5 presents the method for predicting the effects 
of the noise exposure on hearing. It avoids the difficult value judgement, 
social and economic decision of what amount of noise-induced hearing loss 
constitutes a hearing handicap, impairment of hearing for conversational 
speech or risk of hearing handicap. These medico-legal decisions are left 
up to the user of the standard, governments or administrative bodies. The 
standard does not assume a fixed "fence," since it is obvious that no 
agreement on this quantity could be reached nor should be expected from the 
various users because the "fence" is to a large degree an administrative
economical-social decision and not a scientifically determined quantity. 
Nor does the new standard assume a specific combination of hearing thresh
old levels at specified frequencies to calculate the hearing handicap for 
conversational speech. It lists eight frequency combinations presently in 
use and/or advocated in various countries, but realizes that these combina
tions might be subject to change and might be different for different 
languages and cultures. All these not strictly scientific decisions are 
left up to the user. 

What the standard provides is a Simple practical method to calculate, 
based on available epidemiological data, the hearing threshold level (HTL) 
of a noise-exposed population by the formula 

H::A+N- AN 
120 

where H is the HTL 
A is the age-related hearing threshold level (ARTL) 

(4) 

N is the potential noise-induced permanent threshold shift (NIPTS) 

For risk calculations it is accurate enough to simplify this formula to 

H :: A + N 
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AN 
since the term f10starts to modify the result significantly only when A+N 
is above approximately 40 dB, i.e., well above any practical fence. Equa
tions 4 and 5 apply to all corresponding fractile values of H, A and N. 

The difficulty of defining a "normal," non-noise-exposed population as 
a function of age and sex and of deciding to what degree diseases, effects 
of ototoxic drugs and unknown non-occupational noise exposures should be 
included as part of the normal aging process led to the following compro
mise: the standard permits two data bases (A and B) to be used for ARTL. 
Data base A is the threshold distribution of the ideal "highly screened" 
population free of all signs of ear disease, obstructing wax and without 
undue history of noise exposure. This normal threshold of hearing as a 
function of age and sex has recently been standardized in ISO 7029 [17], 
and the applicable formulas are given in Annex A. As data base B, any 
carefully collected data base covering an occupationally non-noise-exposed 
population considered to be a valid control for the noise-exposed popula
tion, is permissible. Every country, industry or researcher can select the 
subpopulation most appropriate for its analysis. As an example, for data 
base B, Annex B gives the data from the US Public Health Service surveys 
[24]. Which data base, A or B, is more appropriate depends entirely on the 
questions to be answered. It is obvious that the accuracy of HTL in 
equations (4) or (5) depends critically on the accuracy of the data base, 
i.e., ARTL. For the user of the ISO Standard, it must be emphasized that 
the only accurate data bases available, given as A and as example for B, 
are based on populations in European and North American countries. 

For the calculation of the NIPTS, values for the frequencies from 500 
to 6000 Hz formulas are presented valid for exposure times between 0 and 40 
years and average daily noise exposure levels LEX,T between 75 and 100 dB. 
The statistical distribution of the calculated potential NIPTS (the same 
for both sexes) is considered a reliable approximation to the experimental 
data for the .05 to the .95 fractiles. 

With the noise-induced permanent threshold shift established for all 
frequencies, the user can now calculate the hearing handicap or the risk of 
hearing handicap according to the formula selected from Section 6 or 
according to the one prescribed or customary in the respective country. 

Although the data base which formed the basis for ISO 1999 - 1975 was 
incomplete and inaccurate compared to the new data, as explained in the 
introduction, it appeared desirable to list in Annex C selected ARTL 
values, which, when used with the new procedure, result in the same hearing 
risk as predicted by Annex B of the 1975 procedure. Since ISO 1999 is the 
basis for legislation in many countries, inclusion of this example for data 
base B, although scientifically outdated, appeared desirable to facilitate 
acceptance of and transition to the new standard. 

APPLICATION OF THE PROPOSED NEW STANDARD 

The practical use of the new standard and the insight it allows into 
the dependence on the various parameters is illustrated by an example in 
Annex D. For a male population, 50 years of age exposed to LEX ,8h ; 90 dB 
daily for 30 years (8 hours/day, 5 days/week, 50 weeks/year) the ARTL, 
NIPTS and HTL are calculated. For handicap assessment, the frequency com
bination 1, 2 and 4 KHz is assumed. The risk of handicap due to age and 
noise is easily derived from the graphical presentation of the results 
(Fig. 2), and the importance of the height of the fence or the dependence 
on the frequency combination is obvious. It is also easy to see how much 
higher the risk of hearing handicap would be in an unscreened population 
compared to the screened population assumed in the illustration. 
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Fig. 2. Example for hearing impairment and hearing risk 
assessment from ISO/DIS 1999-1982. Noise exposure 
level LEX Bh = 90 dB for 30 years with ARTL data 
from data'5ase A [16]. 

CONCLUSIONS 

The proposed reVlSlon of ISO 1999 is an important step forward in 
standardizing in a practical procedure, the scientific findings of the past 
20 years. It should be a useful tool for governments and industries alike, 
to estimate noise-induced hearing loss and risk of hearing handicap accord
ing to a uniform procedure, leaving important parameters to the users' 
judgement or local rules. It must be emphasized that the NIPTS predictions 
are based on statistical data and should therefore not be used to predict 
or justify hearing impairment in individual persons. The standard consti
tutes an important international agreement regarding noise measurement and 
monitoring at the workplace, particularly with respect to including impulse 
noise (below 140 dB unweighted instantaneous peak levels) in the total 
noise exposure. Adoption of the standard should support more realistic and 
effective hearing conservation programs. 

In the future, once we have experience with the new procedure, and new 
research results become available, revisions of the standard will undoubt
edly be indicated. Several areas would profit from additional data and an 
estimate of the uncertainty associated with the procedure would be desir
able. Similarly, extension of the validity of the procedure to situations 
when the maximum observed eight hour exposure level exceeds the average 
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eight hour equivalent exposure level by more than 10 dB is of practical 
interest, and the inclusion of non-occupational leisure time exposure 
deserves further consideration. Verification of the assumptions regarding 
impulse noise and perhaps specification of the maximum instantaneous sound 
pressure level in dB(A) should be addressed. However, in spite of these 
potential improvements with new data, the present draft standard appears to 
represent today the best compromise and practical application of generally 
accepted research results. It is hoped that it will be accepted by a large 
majority vote of ISO member countries, because a revision of the old stan
dard is urgently needed. 
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DISCUSSION 

Smoorenburg: I have a question which I think is of a very fundamental 
nature and has to do with the problem of additivity of presbycusis and 
NIHL. We do not know the correlation between the susceptability for 
presbycusis and the susceptability to noise-induced hearing loss, thus, it 
is probably correct to add to two phenomena in the population, but it is 
not adviseable for the individual. 

von Gierke: It is quite clear the standard cannot and should not be 
applied to the individual case. It is based on statistical data and it can 
give you only statistical results. It is obvious that the danger is that 
in some compensation cases it will be argued the subject has such and such 
probability of getting a such and such noise-induced hearing loss. This is 
not the way the data should be interpreted and can be interpreted. I think 
this is clearly indicated in the standard. 

Alberti: Is this standard valid for odd type exposure intervals? For 
example, individuals in the petro-chemical industry work three 12 hour days 
then take 4 days off. The oil drilling rigs are 12 hours on 12 hours off 
for 10 days at a time and then 10 days off. Does this standard risk table 
cover that type of odd exposure? 
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von Gierke: I think yes, it does not cover it with the same degree of 
accuracy as it covers a 5 day work week. I would still go to the noise 
exposure per week and calculate from this noise-induced hearing loss. 

Stevins: I think this proposal for a new ISO standard is a very 
positive step in the direction I defended earlier, but I think there 
remains one main limitation for applying this standard to impulse nOise, 
and that is the evaluation of levels over 145 dB peak SPL. To be specific, 
my concern is that it may be possible to show that one single series of 
impulses, in one day, with peak intensities over 165 dB, but having an 
A-weighted level equal to 85 dB remains covered by the same rules. 
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PRESIDENT FAREWELL ADDRESS 

G. Rossi 

Institute of Audiology, Turin University 
Via Genova, 3 - 10126 Torino 

Dear friends and colleagues, ladies and gentlemen, 

Our International Workshop on Basic and Applied Research on Noise
Induced Hearing Loss is over. The time has therefore come to draw up an 
albeit no more than provisional initial balance sheet and then allow time 
to show how far our first impressions were sound. 

As president of this Workshop, it is my task to put the question: 
"What has been the significance of this meeting at the international 
level?". 

The first conclusion to emerge from this meeting, I feel, is that 
it has shown the extent of the commitment devoted to the question of 
noise-induced hearing loss in all parts of the world where this problem 
is encountered. Furthermore, the scientific involvement of a large num
ber of researchers is accompanied by an equally significant commitment 
on the part of the international organisations that gave their patronage 
to our workshop. 

N.A.T.O., for example, has again proved that its purposes and aims 
do not stop at the defence of the nations of which its membership is 
composed, but also extend to matters of a strictly civilian nature con
cerned with living conditions in the world of today. 

The Commission of the European Communities, too, through its Gener
al Management V, has provided further evidence of the commitment and 
sensitivity with which it attends to both the scientific and the practi
cal aspects of problems associated with working conditions and the work 
environment, and especially those related to noise. 

The extent to which these two great international organisations 
devote their attention to every aspect of noise-induced hearing loss 
underscores the importance of a problem that Europe, too, is now examin
ing through investigation of each of its many facets. 

The current position in Italy with respect to noise-induced hearing 
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loss does not fully emerge, perhaps, from the Workshop programme. There 
has, however, been a particular awakening of interest in the subject in 
Italy recently, though attention has perhaps been directed more to the 
epidemiological and medicolegal aspects of the subject rather than its 
theoretical side and the questions thus posed. One should, indeed, not 
lose sight of the fact that noise-induced hearing loss constitutes about 
60% of the cases of occupational disease recognised and indemnified each 
year by INAIL, the Italian National Work Accident Insurance Agency. 

It is clearly impossible for me to consider at this stage all the 
individual aspects of the topics that were dealt with, the doubts that 
were resolved, the solutions put forward, and the problems for which a 
solution appears to lie on a very distant horizon. 

Noise-induced hearing loss, indeed, is such a vast topic that each 
of its many aspects deserves considered and deliberate assessment. 

As time passes, we shall undoubtedly feel the need to weigh up the 
various features of the subject, not so much with regard to their spe
cific and particular meaning as in relation to an overall vision of the 
problem. Our effects, in fact, cannot be confined to the simple recog
nition and awareness of a particular situation, but must set out to sup
ply mankind, whose work involves exposure to noise, with increasingly 
improved living conditions. 

For this reason, I feel sure that what has emerged during these 
five days will soon be able to be judged within a perspective that is no 
longer sectorial, in other words in the context of a comprehensive vi
sion, wherein both mathematical theory and biological reality will find 
their boundaries, which sometimes appear distinct and clear-cut, more 
subtly intermingled, so that a practical solution can be offered for a 
problem that both claims and demands it by its very nature. 

May I also express the hope that the memory of these days spent in 
a tranquillity that was in itself an invitation to study and meditation 
will not remain an end, but will engender in the heart of each partici
pant a desire - unconscious, perhaps, at first - to renew these meetings 
from time to time. 

Progress in our field follows a long and difficult path, one along 
which we must march with a critical mind but a confident step, in the 
assurance that tomorrow's successes are perhaps born at the very moment 
when are led to doubt ourselves and the usefulness of all that we have 
done so far. 
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Morphologie des cils des cellules ciliees it la suite d'un traumatisme 

sonore 

B. Engstrom et E. Borg, Stockholm, Suooe 

Les sten30cils des cellules ciliees de I'organe de Corti sont indispensables a la transduction 
des signaux acoustiques en signaux electriques. Lorsque I'oreille est sur-stimulee par Ie bruit, les 
stereocils sont leses de fagon pratiquement systematique. lis peuvent fusionner, se casser ou 
disparaitre de la surface cellulaire tandis que Ie reste de la cellule ciliee peut ne pas etre modifie. 
Lorsqu'il y a fusion, celle-ci affecte les cils en partie ou en totalite. La rupture des stereocils 
survient juste au dessus de leur point d'ancrage dans la membrane cuticulaire et entraine 
I'inclinaison ou la disparition des stereocils ainsi que des fusions avec les stereocils adjacents. 

Les lesions apparaissent au niveau des stereocils de fa90n differente au niveau des cellules 
ciliees internes et externes selon I'emplacement considere Ie long de la eloison cochleaire et selon 
les conditions d'exposition. 

Chez Ie lapin I'exposition a un bruit de large bande (2-7kHz, 115dB, 15 minutes) 
produit des dommages importants au niveau des cellules ciliees internes tandis que les cellules 
ciliees externes ne presentent que peu ou pas de lesions. 

Les lesions des stereocils au niveau des cellules ciliees internes correspondent a des 
fusions ou a des inelinaisons ciliaires mais rarement a la disparition des cils. De plus si I'examen 
est effectue plusieurs mois apres I'exposition au bruit, on peut observer des cils geants. Ces cils 
geants sont presents lorsque la plupart ou tous les cils d'une cellule sont anormaux. En microscopie 
electronique a transmission, les cils originels ne sont souvent pas reconnaissables parmi les cils 
geants nouvellement formes. 

Sur les cellules ciliees externes on observe souvent des cils qui ont disparu tandis que 
d'autres semblent fusionnes eVou normaux. Dans Ie tour apical, les cils fusionnes peuvent former 
des cils geants. De plus, iI semble que I'ecart entre une cellule ciliee externe lesee et une cellule 
ciliee externe morte est tenu dans Ie reste de la cochlee du lapin. 

Les lesions decrites ci-dessus se rencontrent egalement chez I'homme, Ie rat, Ie singe et Ie 
cobaye mais elles peuvent atteindre selon des proportions differentes les cellules ciliees externes et 
internes. Nous avons egalement decouvert qu'iI est possible d'augmenter la proportion des cellules 
ciliees externes lesees chez Ie lapin en delivrant I'energie acoustique de fagon differente (faible 
niveau: 85dB et duree d'exposition importante: 512 heures). 

En conclusion on peut dire que I'aspect morphologique des lesions des stereocils apres une 
sur-stimulation acoustique est assez reproductible mais que I'etendue et la repartition des lesions 
varient considerablement en fonction de I'espece, de I'emplacement et de I'exposition sonore. 

Modifications mecaniques des stereocils it la suite d'un traumatisme sonore: 
observations, mecanismes possibles 

J.C. Saunders et B. Canlon, Universite de Pennsylvanie, USA 
A. Flock, Karolinska Institut, Suede 

Les descriptions anatomiques de la pathologie des stereocils a la suite de I'exposition a des 
sons intenses ainsi que la demonstration recente des relations entre cette pathologie et les 
modifications fonctionnelles dans Ie systeme auditif seront resumees. Ces relations sont 
interessantes et importantes mais elles ne constituent au mieux que des correlations et non une 
relation evidente de cause a effet. II y a peu de doute que des modifications structurales drastiques 
peuvent survenir sur les pinceaux de cils aussi bien que sur des cils isoles, cependant les 
implications fonctionnelles de ces lesions en termes de micromecanique des stereocils ne sont pas 
connues. De plus il existe une confusion considerable en ce qui concerne la possibilite ou non pour 
les stereocils de recuperer les lesions subies pendant la stimulation. 
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Sur des preparations de cochlees de cobayes isolees on presentera une demonstration 
experimentale montrant Ie developpement et de la recuperation d'un deficit auditif a partir de la 
micromecanique des stereocils, a la suite d'une exposition a une stimulation intense. Ces resultats 
montrent clairement qu'une sur-stimulation produit une reduction de la raideur du faisceau de 
stereocils et que cette alteration peut se reduire avec Ie temps. Une demontration supplementaire 
selon laquelle la recuperation de la raideur des stereocils depend de la presence de cellules ciliees 
normales et en bonne sante sera presentee. Lorsque les cellules ciliees sont bloquees 
metaboliquement so it par refroidissement soit par empoisonnement avec du NaCN, aucune 
recuperation de la raideur mecanique n'a pu etre detectee a la suite de la stimulation. Les differentes 
modifications structurales qui pourraient etre a I'origine de la perte de la raideur des stereocils 
aussi bien que les mecanismes cellulaires conduisant a la recuperation de ces lesions seront 
developpees. Enfin la relation possible entre les modifications physiologiques de la micromecanique 
des stereocils et les alterations de la fonction auditive seront discutees. 

Morphologie des stereocils et de leurs liaisons en relation avec les 
dommages dus au bruit 

J.~. Pickles, M.P. Osbome et S.D. Comis, Universite de Birmingham, Grande-Bretagne 

La morphologie des stereocils et de leurs liaisons a ete etudiee chez des cobayes normaux 
ainsi que chez des cobayes exposes au bruit, immooiatement apres la fin de I'exposition. Les cochlees 
furent fixees sans tetroxyde d'osmium, soit au glutaraldehyde seul soit au glutaraldehyde/picrate. 
Elles furent examinees en microscopie a transmission et a balayage. 

Chez les cobayes normaux les stereocils sont lies lateralement par un faisceau etendu de 
liaisons croisees qui sont concentrees dans une region situee vers Ie sommet des stereocils. Les 
liaisons semblent se poursuivre a I'interieur de renforcements desmosomiques dans les parois des 
stereocils, avec une augmentation de densite des membranes des deux stereocils, et dans Ie faisceau 
filamenteux central sous jacent. De ce fait les liaisons possedent des caracteristiques 
morphologiques suggerant qu'elles forment des connections solides entre les stereocils. Les liaisons 
qui partent du sammet des stereocils courts, liaisons dont on a pense qu'elles jouaient un role dans 
les processus de transduction, s'inserent egalement dans les stereocils au niveau de zones denses et 
specialisees et se projettent dans Ie noyau filamenteux du stereocil. 

Dans des cochlees lesees par Ie bruit, les stereocils furent examines a partir des regions 
ou les dommages etaient moderes en bordure des zones plus lourdement atteintes. Les signes de lesion 
comprennent des modifications de la texture de la membrane des stereocils et des courbures de ces 
derniers. Les courbures sont concentrees dans les regions au les stereocils ne sont lies que de 
maniere lache aux stereocils adjacents; les zones centrales des stereocils qui sont plus fortement 
attachees tendent a maintenir leur organisation spatiale. De plus, iI est encore possible d'observer 
quelques liaisons, correspondant a celles supposees importantes pour la transduction, dans des 
faisceaux de stereocils qui montrent d'autres signes lesionnels. 

'Les resultats suggerent que les liaisons laterales entre les stereocils sont importantes 
pour Ie maintien de I'integrite spatiale des pinceaux durant la sur-stimulation. De plus, au mains 
quelques unes des structures supposees importantes pour la transduction peuvent resister a des 
niveaux de sur-stimulation qui produisent des arrachements sur les stereocils. 

Innervation de I'organe de Corti: Morphologie des differents types de 
synapses, neurotransmetteurs putatifs, Implications physio-pathologiques 

R. Pujol, M. Eybalin et M. Lenoir, INSERM U254, Montpellier, France 

Les fibres nerveuses dans I'organe de Corti sont classiquement divisees en deux grandes 
categories: afferentes et efferentes. Deux systemes a1ferents sont bien connus. Les dendrites des gros 
neurones myelinises du ganglion spiral (95% de la population total e) sont connectes radialement 
avec les cellules ciliees internes (CCI) dont elles re~oivent Ie message auditif. Les dendrites des 
petits neurones sont connectees avec les cellules ciliees externes (CCE): 1 neurone est en contact 
avec un grand nombre de CCE des 3 rangees; la signification fonctionnelle de ce systeme n'est pas 
claire. De la meme fa~, les efferences ant ete recemment subdivisees en deux systemes. Le lateral 
provient essentiellement de I'olive superieure ipsilaterale et se termine sous les CCI en formant des 
synapses avec les dendrites atferentes. Le systeme median provient essentiellement du corps 
trapezoIdal contralateral et effectue des synapses axo-sornatiques avec Ia base des CCE. 

Ce chapitre a pour but de decrire les synapses que chacun de ces 4 systemes forme dans 
I'organe de Corti. Leur ultrastructure est precisee, en faisant appel aux donnees ontogenetiques 
lorsqu'elles permettent de mieux com prendre I'organisation de type adulte. Des indications 
morphologiques sur les neurotransmetteurs putatifs sont commentees. Enfin les implications d'une 
telle organisation synaptique sur la physiopathologie cochleaire liee au trauma acoustique sont 
discutges. 
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Morphologie de la membrane cellulaire normale et pathologique et des 
structures de jonction dans la cochh!e 

A. Forge, Institut de Laryngologie et d'Otologie, Londres, Grande-Bretagne 

Le fonctionnement de la cochlee depend du maintien et de la modulation de differences de 
concentrations ioniques et de potentiels electriques entre des compartiments separes. De telles 
caracteristiques sont vraisemblablement reliees a des specialisations dans la structure et la 
fonction des membranes cellulaires. On sait aussi que quelques agents ototoxiques peuvent affecter 
les proprietes des membranes cellulaires. L'examen detaille des membranes cellulaires dans la 
cochlee est ainsi d'une grande importance. La technique de fracture apres congelation permet I'etude 
ultrastructurale des membranes par observation directe. II est possible d'identifier les traits 
d'organisation des membranes et des jonctions intercellulaires. Aussi bien les "tight junctions" 
(T J) qui se comportent comme des "obturateurs" empechant la diffusion des ions dans les espaces 
intercellulaires que les "gap junctions" (GJ) qui permettent des communications intercellulaires 
directes, peuvent etre examinees en detail. Une amelioration complementaire de la methode est 
possible en employant des sondes specifiques de certains composants des membranes cellulaires. Les 
plus employees visent a localiser Ie cholesterol membranaire. On presentera dans ce texte une revue 
des resultats de I'application des techniques de fracture apres congelation aux tissus cochleaires 
normaux ainsi qu'a ceux endommages par les ototoxiques. 

Dans les tissus normaux, cette technique a mis en evidence les caracteristiques des 
membranes de la plupart des differents types cellulaires. La distribution des jonctions 
intercellulaires a egalement ete determinee. Les T J sont presentes entre toutes les cellules qui 
bordent I'espace endolymphatique. Elles sont aussi presentes entre les cellules basales de la strie 
vasculaire. Les T J entre les cellules basales et celles de la lame reticulaire de I'organe de Corti sont 
remarquablement etendues. Les GJ sont presentes entre les cellules de so uti en de I'organe de Corti 
ainsi qu'entre les cellules du ligament spiral. Dans la strie vasculaire elles sont associee de fac;on 
preponderante avec les cellules basales. Les cellules basales de la strie vasculaire forment des GJ 
avec les autres cellules basales, avec les autres types cellulaires da la strie et avec les cellules du 
ligament spiral. 

Dans les tissus cochleaires d'animaux qui ont rec;u un ototoxique, des alterations des 
regions membranaires comportant des jonctions aussi bien que de celles qui n'en com portent pas ont 
ete notees, particulierement dans la strie. Apres administration chronique de gentamycine, les T J 
des cellules marginales apparaissaient desorganisees at les GJ montraient des alterations 
morphologiques variees. Immediatement apres la fin du traitement des particularites de la 
membrane laterale des cellules marginales furent observees. Avec des diuretiques des alterations 
significatives des GJ et des membranes des cellules intermediaires furent notees alors que il n'y 
avait que tres peu d'autres indications d'effets ototoxiques. Les changements dans les membranes des 
cellules intermediaires furent particulierement mis en evidence grace aux sondes de cholesterol 
membranaire. Ces resultats indiquent que les etudes de fracture apres congelation peuvent etre 
utiles pour detecter les effets precoces d'agents lesionnels sur les tissus cochleaires. 

Modifications morphologiques induites mecaniquement dans I'organe de 
Corti 

R.P. Hamernik, M. Roberto et G. Turrentine, Universite de Dallas, USA 

Les modifications anatomiques de I'organe de Corti a la suite de I'exposition a des bruits 
intenses et en particulier a des bruits impulsionnels ou a des ondes de choc peuvent etre 
considerables. A I'aide de preparations en microscopie optique et en microscopie a balayage, nous 
avons suivi la sequence des alterations qui surviennent sur les differentes cellules epitheliales du 
canal cochleaire a la suite d'une exposition a des bruits impulsionnels de niveau eleve (160dB). Les 
experiences ont ete realisees sur Ie chinchilla. 

Tres tOt apres I'exposition on observe des decollements d'origine mecanique etendus des 
structures de soutien et des structures sensorielles sur la membrane basilaire, c'est a dire la 
dechirure des liaisons cellulaires qui assurent I'integrite structurale de I'organe de Corti aussi bien 
que des dechirures etendues des liaisons des cellules epitheliales a la membrane basilaire. Le 
resultat est que 7 mm ou plus de I'organe de Corti sont detaches de la membrane basilaire. On peut 
montrer que ces lesions se developpent a partir d'une serie de tres petites dechirures localisees a 
I'origine au niveau de la fixation des cellules de Hensen. La reaction immediate des cellules 
epitheliales demeurant sur la membrane basilaire consiste en une proliferation de la membrane 
cellulaire dans Ie but de re-epithelialiser la membrane basilaire. De plus une population dense de 
microvilli qui est Ie mieux observable sur les cellules du sill on interne se developpe sur la plupart 
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des cellules restantes. Les cellules du sillon interne semblent atre activement impliquees dans 
I'endocytose des debris cellulaires. Cette reaction de la surface cellulaire est maximale environ 10 
jours apnils I'exposition et se poursuit au moins jusqu'au trentieme jour. L'etat des cellules ciliees 
internes est variable et depend largement de la nature et de I'etendue des lesions mecaniques. La 
persistance d'un grand nombre de cellules ciliees internes dans les zones lesees qui sont 
completement depourvues de cellules ciliees externes peut expliquer la limite superieure des 
deficits auditifs de 40dB qui est frequemment rencontree chez les animaux exposes a de tels 
stimulus. 

Application des principes de morphometrie et de stereoscopie aux tissus 
epitheliaux: considerations theoriques et pratiques 

F. H. White, Universite de Sheffield, Grande-Bretagne 

Les techniques morphometriques et, en particulier, stereoscopiques permettent d'obtenir 
des informations quantitatives relatives a la structure des tissus biologiques. La morphometrie se 
limite essentiellement a des mesures faites en une ou deux dimensions telles que Ie nombre, la 
longueur et la surface, tandis que les mesures stereoscopiques peuvent fournir une dimension 
supplementaire et apporter des resultats plus significatifs en termes biologiques. 

Des informations quantitatives peuvent atrs obtenues sur des echantillons representatifs 
de cellules ou de tissus a partir d'un certain nombre de techniques relativement simples. Diverses 
techniques de mesures peuvent atre utilisees pour obtenir des resultats soit directement a partir de 
coupes soit indirectement a partir de cliches realises en microscopie optique ou en microscopie 
electrenique. Ces resultats de base caracterisent les composants structuraux d'apres leur longueur 
leur nombre ou leur surface; de tels resultats peuvent atre convertis en informations plus evoluees 
se rapportant a des caracteristiques plus particulierement interessantes a I'aide de formules 
simples. On obtient ainsi des estimations de densite; par exemple Ie volume d'organites 
cytoplasmiques comme les mitochondries peut atre exprime par rapport au volume unitaire du 
cytoplasme cellulaire tandis que des caracteristiques relatives aux surfaces cellulaires comme Ie 
nombre ou la surface des jonctions intercellulaires peuvent atre reliees a I'unite de surface de 
membrane plasmatique sur laquelle elles sont observees. Au niveau histologique des parametres 
analogues peuvent atre fournis, par exemple Ie volume d'un type particulier de cellules par rapport 
au volume unitaire de I'organe qui les contient. Ces estimations de densite peuvent atre converties en 
resultats encore plus elabores si les volumes absolus ou les surfaces de reference peuvent etre 
determines. En utilisant la combinaison de mesures directes et de precedes stereoscopiques, iI est 
possible d'obtenir des valeurs absolues, par exemple, du volume total de mitochondries dans une 
cellule "moyenne", de la surface totale de la membrane plasmatique formant une jonction 
intercellulaire particuliere dans une cellule specialisee "moyenne" ou du volume total de cellules 
d'un type donne a I'interieur d'un organe. 

Les pro cedes qui permettent I'application pratique des principes morphometriques et 
stereoscopiques sont decrits. Des exemples iIIustrent la fa<;on dont ces techniques peuvent etre 
utilisees tant au niveau histologique qu'au niveau ultrastructural en biologie experimentale des 
epitheliums, a partir d'un modele d'evaluation des effets d'aggressions chimiques sur un epithelium 
squameux stratifie. Au plan histologique, je decrirai comment Ie systeme vasculaire est affecte, en 
fonction du temps, dans les tissus connectifs de la muqueuse orale sou mise a un traitement prolonge 
par I'hydrocarbure cancerigene DMBA. Au niveau ultrastructural, en utilisant une methode 
experimentale analogue, les effets du DMBA sur quelques composants des tissus connectifs 
epitheliaux seront examines en fonction des modifications histopathologiques induites plutOt que par 
rapport a la duree du traitement. Ces resultats montreront comment I'information quantitative 
structurale, qui est a la fois fiable et objective, peut atre obtenue en biologie experimentale des 
epitheliums a I'aide de techniques ne necessitant qu'un minimum d'equipement specialise. De plus 
I'amelioration de I'objectivite et de la sensibilite de I'analyse apportee par la quantification 
structurale peut reveler I'extension d'alterations structurales suspectees aussi bien que detecter 
des modifications non prevues. Les analyses morphologiques quantitatives apportent ainsi une 
dimension nouvelle aux etudes morphologiques des structures epitheliales normales et anormales. 

Evaluation de la microvascularisation cochleaire it I'aide de methodes 
morphometriques 

L.C. Shaddock, Universite du Michigan, USA 

Plusieurs methodes d'analyse quantitative de la micrevascularisation cochleaire ont ete 
decrites dans la litterature. La technique de preparation de specimens de surface souples d'Axelsson 
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s'accompagne de la quantification de 20 parametres vasculaires; pour chaque demi tour de cochlee 
une valeur numerique est enregistree pour chaque parametre sur tous les vaisseaux cochleaires. 
Cette technique a ete appliquee a. I'etude des effets des bruits sur la vascularisation cochleaire. Santi 
a quantifie la densite volumique des cellules marginales, intermediaires et basales et des capillaires 
de la strie vasculaire en utilisant des techniques stereoscopiques standards adaptees a. ce type de 
tissu. En utilisant cette methode, Santi a decrit la morphologie normale de la strie vasculaire et les 
changements morphologiques qui suivent I'administration de bumetanide. Smith a utilise un systeme 
d'analyse d'image par ordinateur pour mesurer la densite vasculaire et la distribution en 
erythrocytes dans la strie vasculaire de cobayes normaux, de cobayes exposes au bruit et de cobayes 
traites a. la quinine. 

Notre technique comprend une analyse d'image assistee par ordinateur de to us les 
vaisseaux du mur lateral. Les vaisseaux sont divises en trois groupes en fonction de leurs relations 
avec la strie vasculaire, Ie ligament spiral et la proeminence spirale, et 7 variables vasculaires 
sont quantifiees. Cette methode a ete utilisee pour decrire la pathologie vasculaire causee par la 
rupture de la membrane de Reissner. Du fait de la variabilite de la disposition des vaisseaux d'un 
animal a. I'autre et de la nature subtile des variations pathologiques des vaisseaux, I'analyse 
statistique est une necessite indispensable pour toutes les methodes quantitatives. Toutes les 
methodes histologiques ont Ie desavantage de presenter une image statique d'un processus dynamique; 
les techniques de sacrifice et d'anesthesie sont tres importantes et des groupes de controle 
importants sont essentiels pour valider les resultats. 

Consequences mecaniques du traumatisme sonore sur les vibrations de la 
membrane basilaire 

R. Patuzzi, Universite de Western Australia, Australie 

Des observations recentes des vibrations de la cloison cochleaire chez Ie chat (Science 
215: 305-306,1982), Ie cobaye (J. Acoust. Soc. Am., 72: 131-141, 1982) et Ie chinchilla (J. 
Acoust. Soc. Am., 76: S35, 1984) ont confirme et complete les travaux de Rhode (J. Acoust. Soc. 
Am., 49,1218-1231,1971) chez Ie singe ecureuil. Ces etudes ont montre que chez I'animal 
normal de nombreuses caracteristiques des reponses electriques des cellules ciliees internes (et par 
Ia. meme des fibres atterentes qui les innervent) peuvent eire expliquees en termes de deplacements 
de la eloison cochleaire. 

Ces deplacements, observes dans Ie tour basal de la cochlee du cobaye normal, seront 
resumes et leur role dans I'origine du decalage d'une demie octave de la fatigue auditive sera discute. 
De plus, les modifications des vibrations de la cloison cochleaire observees a. la suite d'un 
traumatisme chirurgical ou de I'exposition au bruit suggerent qu'au moins une partie des deficits 
auditifs peuvent etre attribues a. une alteration de ces vibrations. En comparant les vibrations de la 
cloison cochleaire en fonction de la frequence avec les reponses nerveuses et les reponses 
electriques des cellules ciliees internes sur des cochlees intactes et des cochlees traumatisees par Ie 
bruit, il est possible d'evaluer jusqu'a. quel point les alterations des vibrations de la cloison 
cochleaire contribuent aux deficits auditifs induits par Ie bruit. De telles comparaisons montrent 
que la reduction des vibrations de la cloison cochleaire ne peut rendre compte de tous les deficits 
auditifs mais elles suggerent que, pour les faibles durees d'exposition, la diminution de sensibilite 
mecanique correspond a. la majeure partie des elevations de seuil. Ces modes de vibration normaux et 
anormaux de la cloison cochleaire seront replaces dans Ie contexte de I'action possible de 
mecanismes non lineaires d'elements a. retroaction positive et les directions futures de recherche 
seront discutees. 

Seuils d'audition, fatigue auditive et mecanique cochleaire 

IA. Dancer et R. Franke, Institut franco-allemand de recherches de Saint-Louis, France, 
P. Campo, INRS, Nancy, France 

Selon Dallos (1973), Zwislocki (1975) et Dancer (1983), I'allure de la courbe des 
seuils de sensibilite auditive en fonction de la frequence est determinee par celie de la fonction de 
transfert qui relie Ie signal acoustique en champ libre au signal acoustique d'entree de la cochlee 
(pression acoustique a. la base de la rampe vestibulaire). Pour un signal d'entree de la cochlee 
constant, Ie seuil serait lui constant. A partir de resultats theoriques (modeles) et experimentaux 
(mesures de pression acoustique intracochleaire, de deplacement de membrane basilaire, de courbes 
d'accord ... ) il semble que Ie seuil de reponse d'une fibre nerveuse survienne toujours pour la meme 
vitesse de de placement de la membrane basilaire. 
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Connaissant Ie parametre des mouvements de la membrane basilaire responsable de 
I'initiation des reponses au seuil, nous avons etudie I'influence de ce parametre ( c'est a dire de la 
vitesse de la membrane basilaire) sur les deficits auditifs. 

Nous avons applique a la cochlee du cobaye des sons purs de frequence comprise entre 2 et 
11,3 kHz (par pas d'une demie octave) d'energie acoustique constante. Cette dose etait ajustee a 
I'aide d'une procedure basee sur I'enregistrement du potentiel microphonique cochleaire. Vingt 
minutes apres la fin de I'exposition, nous avons mesure les deficits auditifs par 
electrocochleographie entre 2 et 32 kHz (par pas d'une demie octave). 

a) Pour d'obtenir des deficits auditifs maximums constants de 10 dB et/ou de 25 dB, Ie 
niveau de la stimulation acoustique a I'entree de la cochlee devait etre diminue de 4 dB par octave. 

b) Des deficits auditifs constants de 8 dB a 16 kHz et de 12 dB a 22,6 kHz etaient obtenus 
(pour un son fatigant de frequence inferieure) lorsque Ie niveau de la stimulation acoustique a 
I'entree de la cochlee decroissait de 10 dB par octave environ. 

Pour un signal d'entree cochleaire d'amplitude constante nous avons pu montrer que: 
I'amplitude des deplacements de la membrane basilaire a la base est constant pour les 

frequences inferieures a la meilleure frequence et que par consequent la vitesse de la membrane 
basilaire double avec la frequence, 

I'amplitude des deplacements de la membrane basilaire pres de la meilleure frequence 
double chaque fois que la frequence est divisee par deux et que par consequent la vitesse de la 
membrane basilaire demeure constante tout au long de la cochlee. 

A partir de ces obseNations iI est permis de penser que la difference de pente en fonction 
de la frequence, difference qui est relative au niveau de la stimulation entre les cas a) et b) (c'est it 
dire 6 dB par octave), montre que la vitesse de la membrane basilaire joue un role significatif dans 
I'apparition des deficits auditifs. 

Reponse des cellules ciliees de la cochlee des mammiferes a une 
sur-stimulation acoustique 

A.A. Codyet I.J. Russell, Universite du Sussex, Grande-Bretagne. 

Les modifications de sensibilite et de selectivite en frequence des fibres afferentes du 
premier neurone auditif apres exposition a une sur-stimulation acoustique dependent des 
modifications des reponses des cellules ciliees qu'elles innervent. Nous avons enregistre les 
potentiels conti nus de recepteur des cellules ciliees internes dans Ie tour basal de la cochlee du 
cobaye et nous avons trouve qu'it la fois la sensibilite et les caracteristiques de la courbe d'accord de 
la cellule sont reduites it la suite de I'exposition it des sons intenses (110dB SPL, 225 ms) de 
frequence inferieure d'une demie octave (12,5kHz) it la meilleure frequence des cellules (CF: 
16-20kHz). La perte de potentiel continu de recepteur de la cellule ciliee interne dans la zone 
voisine de CF est particulierement importante puisque ce potentiel est essentiel it la detection des 
sons de haute frequence par les fibres nerveuses afferentes du premier neurone. Ce composant du 
potentiel recepteur a vraisemblablement pour origine une conductance assymetrique du 
transducteur qui induit un flux net de courant vers I'interieur de la cellule, flux qui est filtre passe 
bas par les proprietes electriques de la membrane cellulaire. Bien qu'jJ ne soit pas possible de 
controler, aux frequences elevees de stimulation, les variations de conductance dans la cellule ciliee 
a la suite de la sur-stimulation acoustique, ces variations peuvent etre enregistrees pour des sons 
correspondant a la zone basse frequence de la courbe d'accord. Dans ce cas I'amplitude crete-a-crete 
du potentiel de recepteur est reduite a la suite du son intense et ce potentiel devient davantage 
symmrique ce qui roouit I'amplitude de la composante continue. 

Des enregistrements intracellulaires dans les cellules ciliees externes montrent qu'aux 
basses frequences ces cellules produisent aussi des potentiels de recepteur assymetriques a des 
intensites de stimulation moderees «90 dB SPL), mais contrairement aux cellules ciliees internes 
I'assymetrie se situe dans la phase d'hyperpolarisation. De plus jJ existe une petite composante 
continue dans Ie potentiel de recepteur independamment de la frequence de stimulation. Apres Ie son 
intense I'assymetrie d'hyperpolarisation n'existe plus et iI y a une reduction de I'amplitude du 
potentiel de recepteur. Les cellules ciliees externes presentent egalement une depolarisation 
additionnelle et cumulative de la cellule apres chaque exposition. A la fin du son intense la 
repolarisation de la cellule ciliee externe suit la recuperation de I'amplitude et de I'assymetrie des 
potentiels recepteurs des cellules ciliees internes et externes. Cette repolarisation recupere de la 
meme fa",on que la sensibilite cochh~aire comme on peut Ie voir a partir de I'enregistrement du 
potentiel d'action global en reponse a des bouffees de sons purs. Au vu de ces resultats nous 
proposons I'hypothese selon laquelle la depolarisation soutenue des cellules ciliees externes et la 
repolarisation qui lui fait suite peuvent refleter ou sous-tendre les modifications mecaniques dans 
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I'organe de Corti qui se traduisent dans les reponses aux sons des cellules ciliees et de leur 
innervation afferente. Les cellules ciliees externes pourraient par consequent jouer un role 
essentiel dans la localisation des deficits auditifs induits par Ie bruit et dans leur mecanisme. 

Correlations structure-fonction dans les oreilles h~sees par Ie bruit 
Etude par microscopie optique et electronique 

M.C. Uberman, L.W. Dodds et D.A. Learson, 
Eaton-Peabody Laboratory, Boston, USA 

L'etude des reponses nerveuses de cochlees lesees par Ie bruit a apporte un apergu des 
mecanismes normaux de la transduction cochleaire ainsi que des informations au sujet des 
modifications de structure correspondant aux deficits auditifs temporaires ou chroniques induits 
par Ie bruit. Puisque chaque fibre nerve use aUditive de type I contacte une seule cellule ciliee 
interne (IHC), I'enregistrement unitaire donne une vue fonctionnelle d'une region bien precise de 
I'organe de Corti. En utilisant des techniques de marquage des fibres unitaires, nous pouvons 
identifier precisement la cellule ciliee interne qui a produit une reponse nerveuse donnee et etablir 
des correlations structure-fonction detaillees au niveau unitaire. 

Dans Ie cas de dommages permanents induits par Ie bruit, la cause la plus importante des 
deficits auditifs, independamment des pertes de cellules sensorielles, semble etre les dam mages 
survenus aux stereocils. Les stereocils des cellules ciliees internes semblent plus vulnerables que 
ceux des cellules ciliees externes. Au niveau des cellules ciliees externes, les touffes de cils de la 
premiere ran gee semblent les plus fragiles. La microscopie optique montre que les anomalies des 
stereocils correspondent a des deplacements lateraux, a des inciinaisons au niveau de la base, a des 
fusions avec les cils voisins, ou a leur disparition totale. La perte des stereocils des cellules ciliees 
internes est invariablement correlee avec la chute des tau x de decharge spontanee et tout autre 
dommage cause aces stereocils tend a elever la partie basses frequences des courbes d'accord 
enregistrees sur les neurones correspondants. D'autre part, les dommages causes aux cils des 
cellules externes sont associes a une elevation de la pointe des courbes d'accord. La premiere rangee 
des cellules ciliees externes apparait comme etant la plus sensible a cet egard. Quand les dommages 
aux cellules externes ne s'accompagne pas de dommages aux cellules internes, la partie basse 
frequence des courbes d'accord est hypersensible. Les implications de ces correlations pour les 
mecanismes normaux de transduction seront discutees. 

Les correlations structure-fonction dans des oreilles atteintes de fagon definitive par Ie 
bruit sont suffisamment constantes pour qu'iI soit possible de predire, a partir de I'ensemble des 
reponses nerveuses physio-pathologiques unitaires, la nature, Ie degre et I'etendue des dommages 
cellulaires. Quoique la pathologie cellulaire soit toujours correlee a des deficits auditifs significatifs 
dans les neurones correspondant, iI demeure certains types de deficits auditifs qui ne peuvent pas, 
en microscopie optique, etre relies a une lesion cellulaire. Ainsi, dans des cas precis, une analyse 
par microscopie electronique a transmission a ete realisee. Cette analyse n'a pas encore mis en 
evidence de pathologie ultrastructurale autre que celie suggeree par I'observation en microscopie 
optique. II ne semble pas exister de pathologie ultrastructurale dans les corps cellulaires, dans les 
terminaisons nerveuses ou dans les synapses et ce, meme chez des cellules presentant des lesions 
significatives des stereocils. De plus, la plupart des anomalies ultrastructurales des stereocils sont 
associees a des modifications visibles en microscopie optique. Les stereocils qui apparaissent 
normaux (posture, insertion) semblent egalement normaux au niveau ultrastructal. Une pathologie 
ultrastructurale telle que la depolymerisation des filaments d'actine se limite aux stereocils qui 
sont nettement incurves eVou fusionnes. La fracture des racines ciliaires a la surface de la cuticule 
correspond a la pathologie ultrastructurale la plus commune mais cet etat est associe a un 
deplacement lateral des stereocils qui est visible en microscopie optique. 

Les modifications structurales correspondant a des deficits auditifs aigus sont totalement 
differentes. Des oreilles presentant des deficits auditifs de 40 a 60 dB mesures 8 a 16 heures apres 
I'exposition peuvent ne montrer aucune pathologie en microscopie optique, bien qu'une vacuolisation 
des dendrites des fibres radiales soit visible dans certains cas. A partir des resultats limites dont 
nous disposons, il semble que Ie gonflement des terminaisons nerve uses apparaisse seulement apres 
des expositions a des sons purs. Dans un cas d'exposition a un bruit de large bande, nous avons 
analyse I'ultrastructure des stereocils a I'aide de coupes seriees. Nous n'avons trouve aucune 
evidence de depolymerisation des fibres d'actine ou de rupture de racine. II semble que les racines 
des stereocils dans la zone de cochlee affectee par I'exposition soient quelque peu raccourcies mais 
des etudes supplementaires sont necessaires. II semble a I'heure actuelle evident que les mecanismes 
des deficits auditifs temporaires et permanents sont significativement differents. 
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Aspects psychophysiques et physiologiques du traitement temporel du 
signal sonore chez les animaux normaux et chez les animaux exposes au bruit 

R.J. Salvi, S.S. Saunders, W. Ahroon, B. Shivapuja et S. Arehole, 
Universite du Texas, Dallas, USA 

Des sujets qui presentent des deficits auditifs ont souvent des troubles de perception de la 
parole. Des techniques analytiques visant a com prendre ces troubles se sont dirigees sur des 
problemes de codage en frequence. II n'est pas surprenant de constater que les pertes auditives 
influencent egalement la capacite du systeme auditif a apprecier la resolution tempore lie. 

Cet article passera en revue diHerents tests du traitement temporel du signal sonore 
(methodes psychophysiques) qui ont ete utilises pour evaluer cette fonction chez des sujets 
presentant des pertes auditives (detection d'intervalle, seuils de modulation d'amplitude, masque 
prealable). Les resultats de ces etudes montrent que la resolution temporelle se deteriore lorsque 
les pertes auditives depassent environ 25 dB. De plus, la deterioration est plus prononcee lorsque 
les pertes se situent aux frequences elevees. Recemment des enregistrements de fibres nerveuses 
unitaires aussi bien que des mesures de potentiels auditifs ont apporte une perspective nouvelle sur 
les modifications du traitement temporel du signal sonore qui sont induites par Ie bruit. La plupart 
de ces etudes ont utilise un schema de stimulation avec masque prealable pour mesurer la 
recuperation de la sensibilite auditive a la fois chez I'animal normal et chez I'animal exspose au 
bruit. Aussi bien les potentiels unitaires que les potentiels evoques suivent un schema de 
recuperation exponentiel qui peut etre caracterise par une constante de temps. Les resultats obtenus 
a partir de chinchillas presentant des pertes auditives montrent que les constantes de temps 
relatives aux reponses unitaires et aux reponses evoquees sont parfois superieures a celles 
mesurees chez I'animal normal. Le type de relation existant entre les resultats physiologiques et les 
resultats comportementaux sera discute. 

Accroissement de la sensibilite auditive au niveau central pendant la 
stimulation par des sons continus ou it la suite de perte auditive 

G.M. Gerken, R. Simhadri-Sumithra et K.H.V. Bhat, Universite du Texas, USA 

La perte auditive a sou vent ete representee comme une reduction de la qualite et de la 
quantite du Signal d'entree des centres. Dans ce modele, les centres sont supposes traiter Ie signal 
d'entree de la meme fa<;on que chez I'individu normal. Recemment des etudes en provenance de divers 
laboratoires ont commence a montrer une variete de modifications centrales concomittantes a la 
perte auditive. Ce rapport resume quelques unes de ces etudes et presente de nouveaux resultats. 
Quatre phenomenes relies aux mecanismes auditifs centraux sont decrits. Deux de ces effets 
surviennent chroniquement chez des chats eveilles presentant des pertes auditives. Les deux autres 
surviennent chez des animaux eveilles ayant une audition normale seulement pendant la presentation 
d'un son continuo 

1) Le premier effet concerne les seuils de detection mesures par une technique 
comportementale et obtenus a I'aide de stimulus electriques appliques par I'intermediaire 
d'electrodes chroniques implantees dans les noyaux auditifs du tronc cerebral. Les seuils de 
stimulation etaient en particulier nettement diminues (hypersensitivite a la stimulation) par la 
perte aUditive produite par un son intense ou par un dommage mecanique a la cochlee. 

2) L'hypersensibilite a la stimulation survenait egalement chez des animaux d'audition 
normale si les seuils de detection de la. stimulation electrique etaient mesures pendant la 
presentation d'un stimulus tonal d'intensite moderee. 

3) Chez Ie chat presentant des deficits auditifs, les reponses evoquees auditives 
enregistrees directement dans Ie colliculus inferieur peuvent etre considerablement plus 
importantes que les reponses enregistrees dans la meme zone avant I'installation du deficit auditif. 
Cet eftet n'a pas ete rencontre dans les reponses enregistrees a partir du noyau cochleaire ce qui 
suggere la mise en jeu d'un mecanisme plus central. 

4) Le quatrieme eHet, et Ie principal sujet de cet article, se rapporte egalement a une 
augmentation substantielle de I'amplitude des reponses evoquees auditives. L'accroissement 
d'amplitude etait obtenu chez des animaux d'audition normale en presence d'un son continu 
d'intensite moderee (amelioration de la reponse evoquee). Cette amelioration etait observee a des 
etages superieurs du systeme auditif (c'est a dire dans les corps genouilles medians et sur les 
reponses evoquees corti cales) mais pas dans les reponses precoces du tronc cerebral. De plus, 
I'amelioration etait grandement diminuge ou meme absente chez I'animal anesthesie. 
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La premiere variable independante: la perte auditive, affecte de fac;on permanente deux 
variables dependantes: I'amplitude des reponses evoquees et Ie seuil de stimulation electrique. Ces 
deux variables sont importantes pour Ie traitement central de I'information. La seconde variable 
independante, Ie son continu, affecte les deux variables dependantes d'une fac;on analogue mais 
transitoire. Si tant est que I'on puisse assigner un emplacement aux variations de la reponse evoquee 
auditive, il semblerait qu'il soit plus central (thalamus, cortex). Nous avons propose ailleurs que 
I'hypersensibilite a la stimulation soit due egalement a des modifications centrales plutot que 
peripheriques. Les quatre phenomenes sont plus complexes que I'on ne peut I'expliciter dans ce bref 
resume mais, sur la base de relations paralleles entre les deux variables independantes, nous 
suspectons un mecanisme central commun. Quelques unes des consequences d'un tel mecanisme 
seront discutees. 

Peri ode critique pour la sensibilite au traumatisme acoustique 

M. Lenoir, R. Pujol, INSERM U254, Montpellier, France 
G. Bock, CIBA Foundation, Londres 

Une periode critique de sensibilite au trauma acoustique pendant Ie developpement a ete 
decouverte, en physiologie, chez Ie chat, Ie hamster et la souris. Elle a aussi ete suggeree, en 
histologie, chez Ie cobaye, et elle pourrait interesser les nouveaux-nes humains. 

Nous avons experimente sur Ie jeune rat et trouve qU'une exposition (120dB/30minutes) 
a un bruit blanc provoquait des pertes auditives importantes et permanentes lorsqu'elle etait 
realisee entre Ie 16ieme et Ie 40ieme jour postnatal. Le maximum de pertes etait enregistre avec 
une exposition au bruit realisee Ie 22ieme jour. Des observations en microscopie electronique 
realisees 7 jours apres I'exposition revelent d'importantes lesions cytologiques dans les cellules 
ciliees et les fibres nerveuses. Un mois apres I'exposition I'organe de Corti a completement degenere 
a la base de la cochlee. Cela suggere une fragilite metabolique des structures neuro-senscrielles de 
la cochlee durant la periode critique. 

La periode de sensibilite maximale est bien correlee avec la fin de la maturation 
structurale et physiologique de la cochlee qui se situe aux environs du 20ieme jour postnatal chez Ie 
rat. Un chevauchement avec I'hypersensibilite aux antibiotiques se realise ainsi plac;ant la cochlee 
qui acMve sa maturation dans une periode a tres haut risque. 

Reflexe acoustique et bruit d'impact industriel 

IR. Nilsson, GOteborg, Suooe 

Le role potentiel du reflexe acoustique (RA) dans la protection de I'oreille interne contre 
les pertes auditives induites par Ie bruit a depuis longtemps ete Ie sujet d'etudes et de speculations. 
II est certain que son activation aux niveaux sonores moderement eleves et que sa nette capacite a 
elever I'impedance de I'oreille moyenne en reduisant ainsi la transmission acoustique sont en faveur 
d'un tel role protecteur. 

Nous pensons a I'heure actuelle que Ie besoin Ie plus important est d'etendre notre 
connaissance de base des caracteristiques du RA et de sa fonction dans I'environnement industriel 
c'est a dire la ou Ie bruit induit reellement des pertes auditives. 

Plusieurs etudes furent conduites avec des bruits de chantier naval representant une 
exposition typique a un bruit industriel. Les deux premieres etudes concernaient la fatigabilite du 
reflexe et les deux autres I'action protectrice du reflexe vis a vis de la fatigue et des pertes 
auditives. 

Dans la premiere etude des sujets d'audition normale etaient exposes sur une seule creille 
a une sequence de 30 minutes de bruit de chantier naval. 

La seconde etude etait une etude realisee sur Ie terrain et se rapportait a la fatigabilite du 
reflexe chez des individus presentant une audition normale apres une journee normale de travail 
dans Ie chantier. Les resultats de ces deux etudes montrent que Ie reflexe n'est en moyenne que peu 
fatigable. 

Dans la troisieme etude, la fatigue auditive apres exposition a un bruit de chantier naval 
enregistre etait determinee chez 10 sujets qui presentaient une paralysie faciale unilaterale aigue. 
La fatigue auditive maximale etait superieure sur les oreilles privees du fonctionnement du muscle 
stap9dien. La frequenoe du TIS maximum se deplaC;ait de la zone 4 kHz vers la zone oonversationnelle 
(2kHz) et les TIS etaient plus prononces avec une extension principalement vers les plus basses 
frequences. La surface totale des TIS etait significativement superieure sur les oreilles privees de 
reflexe acoustique. 
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Le role du rellexe acoustique au niveau des pertes auditives fut egalement etudie chez Ie 
lapin. Chez I'un des animaux, Ie muscle stapedien etait enerve tandis que chez tous les aut res 
animaux les muscles de I'oreille moyenne etaient desactives par une anesthesie generale. L'oreille 
normale par rapport a I'oreille desactivee fut exposee au bruit de chantier naval. Dans tous les cas 
les pertes auditives etaient plus faibles sur les oreilles presentant un rellexe normal. 

Sur la base de ces experiences, nous pen sons que les arguments contre Ie reflexe 
acoustique en tant que mecanisme protecteur pour les bruits industriels sont largement battus en 
breche. Ces resultats suggerent egalement que les variations individuelles des caracteristiques du 
reflexe acoustique representent une explication de la grande variabilite interindividuelle des 
deficits auditifs resultant de I'exposition aux memes environnements bruyants. En se basant sur ces 
resultats, il semble que la mesure des caracteristiques individuelles du reflexe acoustique puisse 
etre interessante pour predire la susceptibilite au bruit. 

Le reflexe acoustique correspond a un des aspects de la susceptibilite individuelle; les 
caracteristiques du reflexe acoustique et de la fatigabilite de ce reflexe peuvent servir de lignes 
directrices pour un travail "d'ergonomie du bruit" en effet, les effets nocifs du bruit pourraient 
etre considerablement diminues si la faculte de protection du reflexe acoustique etait prise en 
compte dans les efforts faits pour controler I'emission du bruit. Les enregistrements du reflexe 
peuvent aussi en eux-memes fournir une information sur la fatigue auditive et sur les dommages 
subis par I'creille interne. 

Simulation du reflexe acoustique appliquee au risque h~sionnel des bruits 
d'armes pour I'audition 

G.O. Stevin, Bruxelles, Belgique 

Le reflexe acoustique peut etre decrit comme un mecanisme de retroaction qui reduit la 
transmission acoustique de I'oreille moyenne lorsque Ie niveau detecte dans Ie cerveau est trop 
eleve. L'effet de ce reflexe est d'augmenter la raideur du muscle stapedien produisant ainsi une 
modification de la reponse de I'etrier. Le processus de contraction du stapedien conduit a une 
reduction de la transmission des sons par I'oreille moyenne mais aussi a une augmentation de la 
resonance et de la frequence de coupure de I'oreille moyenne. Ces deux effets, com me Ie prevoit Ie 
modele, semblent etre analogues a ceux observes chez les animaux et a ceux estimes chez I'homme. 
Le modele est complete par un mecanisme de retroaction ayant son siege dans Ie cerveau ou un 
detecteur de seuil elabore la commande de contraction et la renvoie au muscle stapooien a travers un 
filtre passe-bas. 

Le modele fonctionnant sur ordinateur a ete applique a la prevision de la sonie de bruits 
impulsionnels produits par des armes. Les normes actuelles d'exposition aux bruits impulsionnels 
precisent que seul Ie premier coup d'une rafale doit etre pris en compte pour I'evaluation des 
risques lesionnels pour I'audition. Ceci signifie que les impulsions produites par les autres coups de 
la rafale sont suffisamment ati9nuees par Ie reflexe acoustique; elles sont ainsi negligees par les 
normes. Le modele confirme sur une base theorique cette regie pratique mais seulement pour des 
armes classiques ayant une cadence de tir inferieure a 600 par minute. 

Pour des armes de cadence superieure, Ie nombre de coups survenant pendant les 100 
millisecondes qui suivent Ie premier semble representer un parametre important pour Ie risque 
auditif. Ceci est principalement dO aux composantes spectrales de 2 et 3 kHz qui ne sont pas 
attenuees mais amplifiees par Ie reflexe acoustique. Les criteres actuels d'evaluation des bruits 
impulsionnels conduisent a sous estimer Ie risque pour I'audition lors de cadences de tir elevees. 

L'etrange decalage d'une demie octave en frequence des deficits auditifs 

D. McFadden, Universite d'Austin, Texas, USA 

Le d9calage dune demie octave des deficits auditifs est probablement la consequence la plus 
largement connue de I'exposition au bruit, cependant les mecanismes qui sous-tendent cet effet n'ont 
fait I'objet que de peu d'attention tant sur Ie plan theorique que sur Ie plan experimental. II n'existe 
pas d'explication generalement reconnue de cet effet pas plus qu'il n'existe d'hypotheses 
concurrentes soutenues par differentes equipes permettant de I'expliquer. 

Le premier objectif de cet article est de demontrer que les decalages d'une demie octave 
peuvent se rencontrer dans une tres grande variete d'experiences psychophysiques et physiologiques 
et non pas seulement dans celles correspondant a I'exposition a un son intense. Un certain nombre de 
mecanismes possibles seront proposes et soumis a la critique. Parmi ces propositions on trouve des 
modifications possibles de la mecanique de la cloison cochleaire ainsi qu'un deplacement possible du 
maximum de I'enveloppe de I'onde propagee avec I'augmentation du niveau de la stimulation. Des 
resultats psychophysiques et physiologiques se rapportant a chacune de ces explications seront 
presentes. 

642 



Experiences relatives aux effets du bruit sur I'homme utilisant un modele 
de fatigue auditive 

F. Undgren et A Axelsson, H6pital Sahlgrens, Goteborg, Suede 

Nous avons developpe un modele experimental base sur la fatigue auditive pour etudier de 
possibles diminutions de sensibilite auditive dues a des facteurs aggravants tels que Ie tabac, 
I'aspirine, les vasodilatateurs, la charge de travail etc .... 

Les principales etapes de cette methode sont les suivantes: 
a) utilisation d'une procedure standardisee au cours de laquelle les sons test aussi bien que 

les bruits sont appliques au sujet par un ecouteur TDH-39 connecte a un speculum. L'ecouteur et Ie 
speculum sont montes sur un serre-tete pour permettre I'insertion correcte du speculum au niveau 
du conduit auditif externe. Cette procedure reduit les causes d'erreur dues aux variations de position 
de I'ecouteur (Iorsqu'il est fixe dans un casque) par rapport a I'oreille et ce, aussi bien lors de 
I'exposition aux bruits qu'aux sons test. 

b) utilisation d'un audiometre informatise a balayage en frequences de type 8ekesy qui 
calcule, a partir des audiogrammes pre et post-exposition, les TIS a des frequences discretes ainsi 
que la surface totale des TIS sur toute la gamme des frequences. 

c) expositions multiples de sujets normaux. Les sujets selectionnes pour une etude 
particuliere sont en general exposes, de fagon aleatoire, 5 fois au bruit seul et 5 fois au bruit en 
combinaison avec un possible facteur aggravant (par exemple I'aspirine). 

d) Recuperation des TIS. Les seuils de sensibilite aUditive sont mesures dans la gamme de 
frequences touchee par les TIS pendant une heure apres I'audiometrie post-exposition avec un 
inteNalie de 6 minutes entre chaque test. 

Le principal avantage de ce modele est la fiabilite bien superieure des mesures de TIS au 
niveau individuel qui permet de ne provoquer que des TIS limites et qui permet egalement de 
distinguer de petites differences de TIS. 

Le modele sera discute et les resultats de differentes etudes seront presentes. 

Relation entre des mesures psychoacoustiques et la reception de la parole 
avec des pertes auditives 

rR.S. Tyler, Universite de I'lowa, USA 

On sait que I'exposition au bruit a une influence sur la performance a de nombreux tests 
psychoacoustiques tels que la detection au seuil, I'integration temporelle, la croissance de la sonie, 
la discrimination en intensite et en frequence, la resolution en frequence et la detection des 
inteNalies. Ces memes mesures sont cependant egalement influencees par d'autres types de pertes 
auditives neurosensorielles. 

J'examinerai tout d'abord sur la base de tests psychoacoustiques si les sujets presentant 
des pertes auditives induites par Ie bruit presentent un profil de reponse different de ceux ayant des 
pertes auditives d'origine neurosensorielle. La reduction de la performance aux divers tests 
psychoacoustiques influence vraisemblablement de diverses fagons la reconnaissance de la parole. 
Un schema theorique relatif a la maniere selon laquelle chaque anomalie psychoacoustique peut agir 
sur la perception de la parole sera decrit et ses suggestions seront testees a I'aide de quelques 
resultats anciens et recents. 

Perception de parole synthetique dans Ie bruit 

C.w. Nixon, T.R. Anderson etT.J. Moore, Dayton, Ohio, USA 

Parmi les nombreuses applications de la parole synthetique se trouve I'usage potentiel qui 
pourrait en etre fait pour fournir des informations ou des mises en garde dans de nombreux 
environnements contamines par Ie bruit. Plusieurs des possibles avantages de tels signaux 
pourraient etre perdus si Ie signal de parole synthetique etait plus susceptible au masquage par Ie 
bruit que la parole normale ou d'autres signaux d'alarme. 

Cette etude a compare, dans Ie bruit, la perception de la parole naturelle a celie de signaux 
de parole synthetique d'une qualite allant de faible a tres bonne. Le critere de mesure pour la 
perception etait I'intelligibilite du mot sous la forme du Test de Rhyme Modifie. Des listes de mots de 
ce test etaient produites par un locuteur, par trois differents synthetiseurs texte-parole et par 
trois differents vocoders. Ces echantillons de parole etaient presentes, par I'intermediaire d'un 
systeme de communication a dix canaux d'un rapport signal de parole sur bruit de -6 a + 18d8, a un 
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groupe de 10 sujets entraines. Le systeme de communication fonctionnait dans un mode large bande 
et les sujets portaient des ecouteurs de haute qualite. Les resultats ont ete analyses en termes de 
pourcentage moyen de reponses correctes aux differents signaux de parole naturels et synthetiques 
presentes dans des conditions bruyantes. Dans cet article on discutera la perception relative de la 
parole naturelle et de la parole synthetique dans Ie bruit. 

Perception de la parole chez des sujets avant des pertes auditlves Induites 
par Ie bruit 

G.F. Smoorenburg, TNO Soesterberg, Pays-Bas 

Dans de nombreuses publications et meme dans des normes iI est proclame que les 
frequencas importantes pour la perception de la parole sont les frequences de 1/2,1 et 2 kHz. Ceci 
impliquerait que les pertes auditives dues au bruit, qui sont maximales aux environs de 4 kHz, 
n'auraient que peu d'effet sur la perception de la parole. 

Cependant nos etudes, realisees sur 400 oreilles presentant differents niveaux de pertes 
auditives dues au bruit, montrent que de telles pertes peuvent entrainer un handicap serieux pour 
la perception de la parole et ce particulierement dans Ie bruit. Les seuils de reception de la parole 
furent determines en ambiance silencieuse ainsi qu'en presence de bruits de 35, 50, 65 et 80 
dB(A). L'analyse de cas resulta1s et des audiograrnmes tonaux montrent que les seuils de reception de 
la parole dans Ie bruit peuvent etre efficacement predits a partir de I'audiogramme tonal sur la 
simple base des pertes auditives a 2 et 4 kHz. Le coefficient de correlation est de 0,82 alors que si 
I'on tient compte de I'erreur de mesure, la plus haute valeur possible de ce coefficient est de 0,91. 
On n'observe pratiquement pas d'amelioration de la valeur de ce coefficient (0,82) si I'on augmente 
Ie nombre de frequences audiometriques utilisees pour predire Ie seuil de reception de la parole. 
D'autres mesures psychoacoustiques fondees sur Ie masquage et en particulier sur Ie rapport 
critique et I'etendue superieure du masquage ne contribuent pas a une meilleure prediction dlJ seuil 
de reception de la parole. La relation entre Ie seuil de reception de la parole dans Ie bruit et 
I'audiogramme tonal suggere qu'une perte auditive moyenne superieure a 30 dB sur les frequences 2 
et 4 kHz represente un handicap pour la perception de la parole. Cette perte auditive de 30 dB 
correspond a une valeur d'environ ii,S dB lorsque I'on considere la moyenne sur les frequences 
1/2, 1 et 2 kHz. La valeur de ii,S dB est considerablement plus faible que la limite de 25 dB 
proposes par I'AAOO pour Ie debut du handicap auditif. A mon avis, la limite de I'AAOO est trop elevee 
du fait que I'AAOO ne tient pas compte de la perception de la parole dans des conditions bruyantes. 

Comprehension de la langue maternelle et d'une seconde langue dans Ie 
bruit 

H.M. Borchgrevink, Oslo, Norvege 

Des phrases simples et uSllelies de norvegien (10) et d'anglais (10) ont ete lues par un 
adulte bilingue puis enregistrees et presentees a des sujets adultes dont Ie norvegien (13) ou 
I'anglais (13) etait la langue maternelle et qui possedaient un bon niveau dans I'autre langue 
(niveau universitaire). Chaque phrase d'un niveau de 65 dB SPL etait tout d'abord presentee dans un 
bruit de fond USASI si eleve qu'elle ne pouvait etre per~ue puis la phrase etait repetee dans des 
niveaux de bruit progressivement decroissants (par pas de 2 dB) jusqu'a ce qu'elle puisse etre 
correctement repetee par Ie sujet. Les sujets presentaient tous une audition normale avant Ie test. 

Les resultats montrent pour chaque groupe de sujets que les phrases en langue matemelle 
etaient correctement repetees apres un plus petit nombre de presentations, c'est a dire avec un 
rapport signal sur bruit de 3 dB environ inferieur a celui necessaire pour la comprehension des 
phrases presentees dans I'autre langue. Les differences de seuil entre la langue maternelle et I'autre 
langue etaient statistiquement significatifs pour chaque groupe (p<O,001 en appliquant Ie test en t 
au nombre moyen de presentations necessaires a la repetition correcte des phrases). Le meme 
resultat etait obtenu lorsque on utilisait un critere qui tolerait une erreur lexicale ou deux erreurs 
grammaticaies. 

Etant donne que les phrases a-grammaticales, sans signification, sont plus difficiles a 
·suivre" que les phrases possedant un sens (Miller et Isard, 1963), la repetition d'un scMma 
sonore sans Signification necessitera un meilleur rapport signal sur bruit que celui necessaire a la 
repetition de phrases ayant une signification. Si I'on augmente Ie rapport signal sur bruit d'une 
phrase inconnue en commen~nt a un niveau inintelligible comme dans cette experience, Ie seuil de 
comprehension de la phrase sera atteint avant Ie seuil de repetition du son sans signification. En 
consequence la repetition d'une phrase represente la comprehension de celle-ci dans notre schema 
experimental. 
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Les resultats ont montre que les sujets ont besoin de moins d'indices acoustiques pour 
comprendre meme des phrases simples et usuelles presentees dans leur langue maternelle que les 
phrases correspondantes dans I'autre langue et ce, meme lorsqu'ils possedent une bonne 
connaissance de cette autre langue. Presente d'une autre fac;on on peut dire que la capacite du sujet a 
"remplir", deviner ou synthetiser ce qui est cache dans Ie bruit de fond et parvenir a un message 
vraisemblable et significatif est meilleure dans la langue maternelle qui est acquise avec 
I'apprentissage des concepts et Ie developpement cogniUf dans la petite enfance. 

Les memes stimulus etaient presentes aux memes sujets dans les memes conditions. 
La perception de la parole doit ainsi etre consideree comme un processus actif qui depend 

largement des aspects cognitifs et de concepts de reference et de coherence. Le phenomene peut 
influencer la comprehension du message et ainsi avoir une effet negatif sur les conditions 
d'apprentissage par exemple, iI peut influencer les operations de controle et de securite qui sont 
basees sur la communication verbale specialement lorsque des messages complexes ou inattendus 
sont fournis a des sujets etrangers dans des conditions de communication qui sont juste suffisantes 
pour des sujets de meme langue maternelie (par exemple dans Ie cas du trafic aerien). 

Evaluation parametrique du principe d'isoenergie 

D. Henderson, R.P. Hamernik et R.J. Salvi, Universite du Texas, Dallas, USA 

Le principe d'isoenergie est base sur I'hypothese selon laquelle Ie risque pour I'audition 
associe a une exposition au bruit est une fonction croissante de I'energie acoustique totale rec;ue par 
un sujet. Bien que I'on s'accorde pour dire que ce principe represente une bonne approximation pour 
certaines expositions a des bruits conti nus, il n'est pas sur qu'iI puisse etre valable pour des bruits 
impulsionnels ou des bruits d'impact. 

On presentera une serie d'experiences au cours desquelles Ie principe d'isoenergie a ete 
teste pour des bruits d'impact de niveau compris entre 107 et 143 dB a des cadences de 4/s a 1/16s 
et de durees d'exposition totale allant de 20 jours a 1,8 minute. Toutes les conditions d'exposition 
contenaient la meme energie acoustique; ainsi, si I'amplitude des pertes auditives est determinee par 
cette quantite, tous les groupes devraient presenter les memes effets. Plusieurs tendances 
apparaissent: 

(i) aux niveaux compris entre 107 et 119 dB taus les groupes presentent essentiellement 
la meme fatigue auditive, les memes pertes auditives et les memes destructions celiulaires, 

(ii) les dommages audiologiques et histologiques augmentent tres fortement pour les 
niveaux superieurs a 119 dB, 

(iii) pour des niveaux identiques, I'amplitude des dommages croit lorsque Ie rythme de 
repetition decroit (c'est a dire de 1/4 s a 4/s) , 

(iv) pour ce spectre d'impact etendu, les principaux effets surviennent entre 2 et 4 kHz. 
Ces resultats montrent que Ie principe d'isoenergie decrit les resultats aux niveaux d'exposition les 
plus faibles et pour les cadences lentes, mais qu'il ne predit pas les lesions rencontrees chez les 
groupes exposes a 125 dB ou plus. 

Risque dO it I'exposition aux bruits impulsionnels en fonction de leur 

niveau et de leur composition spectrale 

G.R. Price, Aberdeen Proving Ground, USA 

Un niveau critique fonction de la frequence a ete propose comme explication au 
comportement de I'oreille lars de I'exposition a des sons intenses (Price, 1981, J. Acoust. Soc. Am., 
69: 171-177). II semble tres probable que les dommages survenant a la cochlee sont d'origine 
essentiellement mecanique a partir du moment au Ie niveau de la stimulation est suffisamment eleve 
pour qu'une contrainte mecanique critique soit obtenue dans I'oreille interne. 

On a donc supose qu'en ce qui concerne les bruits d'armes, ceux contenant de I'energie aux 
basses frequences seraient moins dangereux ayant une meme surpression de crete mais contenant de 
I'energie aux frequences moyennes (qui correspondent a celles auxquelles I'oreille est la plus 
sensible). Cette hypothese est contraire a tous les criteres d'exposition existants. Dans une serie 
d'experiences realisees chez Ie chat, a I'aide de mesures electrophysiologiques de la sensibilite 
auditive, les animaux ont ete exposes a 50 bruits de canon, de fusil ou d'amorce (maximum spectral 
respectivement a 100, 800 et 4000 Hz) a un niveau fonction du type de bruit (140 a 166 dB 
crete). Les pertes auditives furent mesurees Ie jour de I'exposition et deux mois plus tard. Les 
resultats vont dans Ie sens de I'hypothese presentee plus haut et montrent que des pertes auditives 
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peuvent etre engendrees par des energies acoustiques bien inferieures a 1J/m2 (Leq <75dB) et ce 
specialement lorsque Ie niveau est eleve et que I'energie est localisee sur les frequences ou I'oreille 
est la plus sensible. De plus, la frequence correspondant a la perte auditive maximale pour tous les 
bruits impulsionels etait de 4kHz et I'observation histologique realisee sur certaines oreilles 
confirme ce resultat. Ceci suggere que I'ajustement de I'oreille est plus aigu que celui du spectre 
dans Ie milieu aerien. 

Etudes experimentales relatives aux eHets des bruits impulsion nels 

P. Nilsson, D.E. Dunn, J. Grenner, S. Rydmarker et B.S. Katbamna, Suooe 

Des groupes de cobayes furent systematiquement exposes a differentes energies 
acoustiques presentees soit sous forme de bru~ impulsionnel soit sous forme de bruit continu ayant 
une repartition spectrale identique. Le seuil du potentiel d'action etait different pour chaque type de 
bruit. En accord avec Ward et coli. (JASA 1979) un niveau critique defini comme la zone de 
trans~ion entre I'absence de dommages et des dommages croissants en fonction de I'augmentation de 
I'energie acoustique fut mise en evidence avec I'exposition au bruit continuo Les expositions aux 
bruit impulsionnel ont montre des dommages aussi a des niveaux d'energie plus faibles. Le niveau 
critique pour les expositions aux bruits impulsionnels fut par consequent defini comme une 
modification de la fonction entree-sortie. 

Des comparaisons furent faites entre deux groupes d'animaux exposes a la me me energie 
acoustique totale, un groupe avec des bruits impulsionnels et I'autre avec des bruits conti nus, 
presentant des pertes auditives comparables. La microscopie stereoscopique a balayage electronique 
a mis en evidence des types de dommages differents et a perm is en particulier d'observer 
significativement plus de lesions au niveau des cellules ciliees internes et externes dans Ie groupe 
expose au bruit continuo 

Role du niveau de crete dans la determination du risque du it I'exposition 
aux bruits impulsionnels 

J.H. Patterson, I.M. Lomba-Gautier et D.L. Curd, Fort Rucker, USA 
R.P. Hamernik, R.J. Salvi, C.E. Hargett et G. Turrentine, 
Universite du Texas, Dallas, USA 

Les criteres d'exposition aux bruits impulsionnels les plus courants sont rediges en 
fonction du niveau de crete qui represente I'indice principal du pouvoir lesionnel ou du risque 
associe it I'expos~ion au bruit impulsionnel. Puisque Ie niveau de crete n'est que I'un des nombreux 
parametres d'un bruit impulsionnella question se pose de savoir si une norme basee sur ce niveau 
de crete peut representer efficacement Ie risque que constituent les bruits impulsionnels pour 
I'audition. 

Les experiences decr~es dans ce rapport ont pour but de savoir si Ie niveau de crete est un 
parametre adequat pour caracteriser un critere d'exposition aux bruits impulsionnels. L'approche 
generale fut de produire deux types de bru~s impulsionnels ayant Ie meme spectre mais des niveaux 
de crete differents. Ceci a permis de com parer les pertes et les lesions dues it des impulsions ayant 
la meme energie acoustique totale distribuee de la meme fac;on en fonction de la frequence, mais 
ayant des niveaux de crete differents. Nous avons aussi pu comparer les lesions entrainees par des 
impulsions de meme niveau de crete et de differentes energies. 36 animaux furent divises en 6 
groupes (6 animaux par groupe). Les groupes 1 et 2 furent exposes it des impulSions ayant environ 
la meme energie mais de niveaux de crete qui differaient de a dB. De la meme fac;on les groupes 3 et 
4 et les groupes 5 et 6 formaient des paires a I'interieur desquelles I'energie etait equivalente 
mais ou Ie niveau de crete differait de a dB. D'un autre cote les groupes 2 et 3 rec;urent des 
expositions dans lesquelles Ie niveau de crete etait identique mais ou I'energie differait de adB. Les 
deficits auditifs furent mesures 30 jours apres la fin de I'exposition et les lesions cochleaires 
furent observees it I'aide de preparations de surface de la membrane basilaire. Les deficits auditifs 
mesures durant les premieres heures apres I'expos~ion presentent une variation systematique avec 
la pression de crete et I'energie. Les pertes auditives mesurees 20 a 30 jours apres I'exposition 
ainsi que les lesions cellulaires dependent fortement de I'energie mais moins du niveau de crete. Ces 
resultats indiquent que Ie niveau de crete n'est pas un indicateur suffisant du risque que 
representent les bruits impulsionnels pour I'audition; cependant I'energie acoustique seule ne 
constitue pas non plus un indicateur suffisant. 
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Effets des bruits d'armes sur I'audition 

A. Dancer, Institut franco-allemand de recherches de Saint-Louis, France 

Les bruits d'armes different generalement des bruits industriels ou des bruits de 
I'environnement par leur surpression de crete (qui peut atteindre 100kPa) et leur duree 
(generalement une fraction de milliseconde ou, au plus, quelques millisecondes). 

Ces caracteristiques particulieres ont plusieurs consequences en ce qui conceme les effets 
de ces bruits sur I'audition ainsi que les methodes d'evaluation de ces effets. 

Dans certaines conditions d'exposition aux bruits d'armes les lesions cochleaires peuvent 
survenir presque instantanement par effet mecanique direct du stimulus acoustique sur les 
structures sensorielles de I'organe de Corti; dans d'autres conditions, les lesions apparaissent plus 
progressivement comme dans Ie cas des bruits industriels. La transition entre ces deux processus se 
produirait pour un certain "niveau critique" au dela duquelles deficits auditifs augmenteraient tres 
rapidement. L'existence d'un tel niveau critique restreint Ie domaine d'application des methodes 
generales d'evaluation des effets lesion nels des bruits d'armes. 

L'evaluation des risques d'exposition aux bruits d'armes est rendue egalement difficile du 
fait de I'interaction probable existant entre les composantes basses et hautes frequences des bruits 
impulsionnels au niveau de I'oreille moyenne et/ou de I'oreille inteme. On a pu montrer, sur deux 
especes animales differentes, que des ondes de choc de niveau de surpression de crete donne et de 
duree de premiere phase positive longue provoquaient moins de deficits auditifs que des ondes de choc 
analogues mais ayant une duree de premiere phase positive courte alors que les premieres 
contiennent au moins aut ant d'energie acoustique que les secondes quelle que soit la frequence 
consideree ( en fait, beaucoup plus pour les basses frequences). 

De tels problemes nous interdisent d'utiliser de fa<;on generale (pour to utes les conditions 
d'exposition) les methodes simples d'evaluation des effets lesionnels des bruits d'armes dont on 
dispose actuellement. 

Niveau critique relatif au risque d'exposition au bruit impulsionnel: 
pertes auditives chez des groupes de militaires exposes a des bruits impulsionnels 
variant de fac;on connue 

H.M. Borchgrevink, O. Woxen et G. Oftedal, Norvege 

Entre 1982 a 1983 (nouvelles recrues) Ie groupe d'apparat de la garde royale 
norvegienne modifia sur sa propre initiative la position de tir du fusil: de I'horizontale a la 
verticale et utilisa des munitions a blanc plus puissantes durant Ie tir des salves que ce groupe 
execute sans protection auditive a I'issue des quelques 20 ceremonies officielles qui ont lieu pendant 
une periode de 3 mois. Les pertes auditives dans Ie groupe 1983 furent notablement augmentees. Le 
reste de l'entraTnement n'avait pas ete modifie. Ceci nous a foumi I'occasion unique de realiser une 
etude definie retrospectivement ! et controlee des effets de la position des armes et de leur bruit sur 
les pertes auditives, chez I'homme, en faisant tirer sous surveillance audiometrique Ie groupe 1984 
avec la munition de1982 et avec la position de 1983.Les mesures audiometriques ont montre que 
dans Ie groupe 1984 les pertes auditives etaient aussi rares que dans Ie groupe 1982; I'effet de la 
position de tir semble donc negligeable. 

Des mesures de bruit furent realisees sur Ie terrain de ceremonie standard qui est 
recouvert d'asphalte et ces bruits furent analyses par FFT. En quelques millisecondes, les 
impulsions atteignaient I'oreille sous la forme d'une succession rapide de pics isoles conduisant a 
une augmentation de la duree du bruit impulsionnel mais avec des niveaux de crete correspondant a 
celui d'un bruit isole: pour la munition 1982: ::; 160dB et pour la munition 1983: ::; 170 dB crete. 

L'examen des signaux de pression ne montre aucune difference ni au niveau du temps de 
montee ni a celui des durees A, B, C ou D qui pourrait rendre compte des differences de risque 
potentiel entre les deux types de munitions. 

Du fait du petit nombre d'expositions a des niveaux plus eleves (z 20) distribuees au 
hasard sur une longue periode (3 mois), Ie degre eleve des pertes auditives observees sur Ie groupe 
1983 est difficilement compatible avec Ie concept d'isoenergie mais milite plutot en faveur de 
I'existence d'un niveau critique pour I'exposition aux bruits impulsionnels, niveau au dela duquel 
les lesions de I'oreille interne seraient tres etendues meme apres des expositions courtes et peu 
frequentes. 

A notre avis les resultats ci-dessus indiquent que c'est Ie niveau de crete d'environ 170 dB 
qui est responsable des pertes auditives substantielles observees sur Ie groupe 1983 et que ceci 
signifie qu'un niveau critique existe chez I'homme entre 160 et 170 dB crete au moins pour des 
bruits impulsion nels de memes composition spectrale, temps de montee et duree. 
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Les TIS peuvent-ils servir d'indicateur de la susceptibilite aux PTS 
K. Buck et R. Franke, Institut franco-allemand de recherches de Saint-Louis, France 

Afin de savoir si les TIS ou certains parametres qui y sont associes peuvent etre utilises 
en tant qu'indicateur de la susceptibilite aux PTS, des cobayes furent exposes a un bruit de bande 
(1/3 d'octave centre sur 8 kHz) de 103 dB pendant 5 minutes. Les TIS induits par I'exposition 
furent mesures par electrocochleographie (electrode chronique sur la fenetre ronde) jusqu'a 
recuperation complete (generalement 1 a 2 jours). Une semaine plus tard les memes animaux 
furent exposes a un deuxieme bruit de meme composition spectrale mais d'energie superieure 
(11OdB pendant 30 minutes). Coo provoqua un PTS qui se stabilisa au bout de 15 jours. Les PTS et 
les TIS etaient com parables a ceux decrits dans la litterature (TIS maximum de 25 dB a 16 kHz; 
PTS maximum de 15 dB a 8 kHz). Cependant nous n'avons pu trouver aucune correlation au niveau 
individuel entre les TIS ( ou d'autres parametres associes) et les PTS. 

Ainsi iI semble que les tests de susceptibilite individuelle ne peuvent etre bases sur des 
mesures de TIS. Le fait que Ie PTS maximum apparaisse a une frequence inferieure a celie du TIS 
maximum indique que des mecanismes differents pourraient etre responsables des TIS et des PTS. 

Etude sur Ie terrain de tir d'une garnison des bruits impulsionnels au plan 
de I'environnement 

IH. Brinkman, BWB Coblence, Republique Fooerale d'Ailemagne 

Le bruit produit par les armes a une importance toujours plus grande en tant que nuisance 
pour I'environnement et ce specialement dans un pays a population dense comme la Republique 
Fooerale d'Ailemagne. A la fin des annees 60 et au debut des annees 70, des mesures furent effectuees 
avec des armes portatives en champ libre, sur un terrain de tir militaire. Ces mesures ont ete 
maintenant completees par d'autres realisees dans un champ de tir de gamison possooant des ecrans 
isolants. Ces mesures recentes furent realisees au cours de 5 peri odes en 1983 et 1984 pour 
determiner les effets des conditions meteorologiques pendant les differentes saisons de I'annee. Les 
resultats de cette etude de terrain sont presentees. Ces resultats ont servi de base au developpement 
d'un modele predictif d'emission sur les champs de tiro Ce modele est egalement presente. 

Resultats d'etudes a long terme des traumatismes sonores dOs aux bruits 
impulsionnels chez des militaires: relation entre la fatigue auditive et les pertes 
auditives 

IF. Pfander, Breme, Republique Fooerale d'Ailemagne 

Des etudes a long terme montrent que la fatigue auditive resultant d'expositions 
quotidiennes a des bruits impulsionnels intenses augmente. La duree de recuperation s'allonge 
egalement. Les observations effectuges sur des soldats de carriere qui sont frequemment exposes aux 
traumatismes des bruits impulsionnels montrent qu'en depit de la protection auditive, des 
expositions continuelles peuvent faire passer progressivement de la fatigue aux pertes aUditives. 
D'un autre cOte iI est evident qu'en depit de I'accroissement de la duree de la recuperation, celle-ci 
est encore possible meme apras p1usieurs mois. L'experience selon laquelle Ie dommage auditif cause 
par un seul traumatisme sonore tend a recuperer ou a demeurer constant durant la periode qui y fait 
suite, s'applique a I'evidence egalement aux dommages qui se developpent progressivement du fait 
d'aggressions multiples causees par les bruits impulsionnels. Du fait du port, aujourd'hui 
obligatoire, des protecteurs d'oreille, Ie pourcentage de personnes menacees est tom be a environ 
5%. Mais meme ces sujets ont une chance de recuperer apras quelques mois si I'exposition est 
stoppee. Ceci est important pour I'evaluation de I'invalidite. 

Effets des ondes de choc sur les tissus epitheliaux non auditifs 

J. B. Moe, C.B. Clifford et D.O. Sharpnack, Walter Reed Institut, Washington, USA 

Les lesions des tis sus epitheliaux representent un des effets primaires de I'exposition aux 
ondes de choc. L'expression morphologique de ces lesions varie selon I'organe. Dans Ie parenchyme 
pulmonaire, I'hemorragie qui survient a la suite de I'exposition au blast noie les alveoles, masquant 
ainsi les lesions directes de I'epithelium alveolaire et provoquant une menace reelle de suffocation. 
Chez les animaux sevarement leses par Ie blast, les lesions epitheliales du parenchyme pulmonaire 
se manifestent principalement par la rupture des septums alveolaires. Dans Ie larynx, la trachee et 
les bronches d'animaux leses on observe frequemment des zones d'epithelium mises a nu. Le 
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mecanisme fondamental de ce decapage epithelial n'est pas clairement etabli mais il represente 
probablement un eftet direct de I'onde de choc car il survient frequemment en I'absence de toute 
autre manifestation lesionnelle localisee. 

Dans une experience recente, des trachees de rats exposes a des ondes de choc repetees 
furent examinees par microscopie a balayage pour rechercher la presence de ce decapage epithelial. 
Le seuil d'exposition qui produit ce decapage est d'environ 10 psi (20 coups) et 100% des animaux 
sont atteints a 22,5 psi (20 coups). Dans Ie me me groupe de rats Ie seuil d'hSmorragie pulmonaire 
etait d'environ 16 psi (20 coups). L'examen microscopique des tissus gastrointestinaux leses 
suggere que la rupture epitheliale survient a la suite de la lesion vasculaire. 

Quoique les implications biologiques des lesions du parenchyme pulmonaire, des voies 
aeriennes superieures et du tractus gastrointestinal soient incompletement connues, il semble qu'il 
existe d'importantes possibilites de complications pendant la periode de recuperation. Les reponses 
des tissus des especes de mammiferes de grande taille a differents types d'ondes de choc de differents 
niveaux seront egalement discutees. 

Effets extra-auditifs d'expositions repetees it des bruits impulsion nels 
intenses 

Y.Y. Phillips, Walter Reed Institut, Washington, USA 
A. Dancer, I.S.L., France 
D.R. Richmond, Los Alamos, USA 

L'exposition aux bruits impulsionnels intenses peut entraTner des lesions de to utes les 
structures de I'organisme qui contiennent de I'air. Bien que I'oreille soit I'organe Ie plus sensible, Ie 
tractus respiratoire (URT), les poumons, et les intestins peuvent etre leses par Ie blast aerien. Ces 
lesions extra-auditives ont ete etudiees dans Ie cadre des effets des bruits d'armes. Le developpement 
de systemes d'artillerie legers et a grande portee ainsi que d'armes d'epaule puissantes a conduit a 
I'elevation du niveau des bruits impulsionnels auxquels les soldats sont exposes. Les lesions 
auditives sont reconnues comme un cas d'invalidite d'origine militaire et I'arrivee d'armes plus 
bruyantes a fait craindre que les lesions extra-auditives puissent constituer un probleme pour 
I'etablissement de limites de securite. 

La recherche animale fut entreprise en Europe et aux USA afin de preciser ce nouveau 
risque. Des moutons et des pores ont ete autopsies apres exposition a divers types d'exposition a des 
impulsions. II lut rapidement mis en evidence que lors d'expositions repetees, les lesions 
extra-auditives pouvaient se developper a des niveaux de pression relativement faibles. Dans une 
serie d'experiences, des groupes de 6 animaux lurent exposes a 20 blasts de meme niveau de crete 
(P; 69 kPa) mais de ditterentes valeurs d'impulsion de premiere phase positive (I; 63, 110, 145, 
184 et 222 kPa.ms). Dans une etude complementaire des groupes de meme taille furent exposes a 
20 blasts d'impulsion analogue (140 kPa.ms) mais de niveau de crete variable 
(26,48,69,115,126 et 262 kPa). Ces experiences ont montre que les lesions survenaient dans 
I'URT, les intestins et les poumons avec une Irequence et une severite de plus en plus elevees 
lorsque I etait augmentee, avec un niveau de crete constant, ou lorsque que ce niveau de crete etait 
augmente alors que I restait constante. L'URT etait Ie systeme Ie plus sensible avec au moins des 
petechies laryngees chaque lois qu'il y avait lesion des intestins ou des poumons. Les lesions de I'URT 
surviennent souvent en I'absence de toute autre lesion organique. Les lesions extra-auditives 
entraTnees par les ondes de choc produites en champ libre sont fonction du nombre d'expositions, du 
niveau de crete et de I'impulsion. 

Les petechies observees au niveau du tractus respiratoire superieur (URT) constituent la 
premiere manifestation apparente de lesion et peuvent etre utili sees pour definir des conditions 
limites d'exposition. 

Etudes analytiques et experimentales des effets des ondes de choc sur les 
principaux systemes de I'organisme 

J.H. Stuhmiller, San Diego, USA 

Le fait qu'il apparaisse des lesions extra-auditives aigues chez I'animal a la suite de 
I'exposition a des ondes de choc intenses et la possibilite d'apparition de lesions chroniques chez 
les servants d'armes conventionnelles a fait apparaTtre la necessite de modeles biomecaniques 
detailles pour aider I'US Army a definir des criteres d'exposition chez I'homme. La methodologie 
utilise des modeles mathematiques et des codes de calcul pour etablir des relations causales et 
verifiables entre Ie blast exterieur et les contraintes locales dans les tissus. L'observation 
directe, in vitro, des processus lesionnels ainsi que la mesure de la resistance des tissus conduit 
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a la determination de seuils critiques lesionnels qui definissent ainsi les conditions mecaniques 
qui produisent la lesion. 

La distribution de la pression sur un l'TlOd€Ie de torse expose a des ondes de choc de 3 a 30 
psi de niveau de crete fut utilisee pour valider les calculs de mecanique des fluides relatifs a 
I'interaction onde-volume corporel et pour developper une relation preliminaire de charge due 
au blast. Un modele a elements finis d'une section transversale de thorax de mouton a ete mis au 
point et des calculs parametriques faisant varier ses proprietes mecaniques ont montre que les 
seules quantites importantes sont la densite et la compressibilite du parenchyme pulmonaire 
ainsi que Ie module de cisaillement de la cavite thoracique. Toutes les proprietes du materiel 
pulmonaire necessaires pour Ie modele de thorax ont ete mesurees sur differentes especes et la 
capacite du parenchyme pulmonaire a supporter une onde de compression de faible vitesse a ete 
directement mesuree. La comparaison des predictions du modele et des resultats clisponibles chez 
I'animal en ce qui concerne les pressions intra-thoraciques a ete satisfaisante; la variation de la 
pression intrathoracique sous des conditions d'iso-impulsion correspond bien aux resultats 
experimentaux. Une technique de perfusion a ete ooveloppee qui permet une investigation in vitro 
des origines mecaniques des lesions du tractus gastrointestinal. les resultats indiquent 
clairement Ie role joue par les bulles de gaz dans les sections d'intestin, bulles qui induisent des 
mouvements amples et des contraintes dans les parois intestinales adjacentes et qui provoquent 
eventuellement des lesions. 

Audition chez les gardes cotiers et les pecheurs 

A. Axelsson, I. Arvidsson et T. Jerson, Goteborg, Suooe 

les pecheurs et les gardes cotiers ont une organisation du travail tres differente de celie 
d'un travailleur normal dans I'industrie. Au lieu de 8 heures de travail suivies de 16 heures de 
repos, 5 jours par semaine, les pecheurs et les gardes cotiers travaillent frequemment 
plusieurs jours d'affilee en etant exposes continuellement au bruit. Meme pendant leur sommeil 
ils sont exposes a de hauts niveaux sonores du fait du moteur du bateau. De plus ils sont exposes a 
d'autres facteurs d'environnement defavorables com me la houle, les vibrations sur I'ensemble de 
I'organisme, de rapides variations climatiques, la privation de sommeil, Ie travail de nuit, .... II 
est parfaitement possible que Ie bruit soit plus dangereux pour I'audition dans des conditions 
defavorables. 

l'examen de I'audition d'un grand nombre de pecheurs et de gardes cotiers a montre une 
mauvaise audition particulierement chez les jeunes. On suppose que I'origine majeure de ce 
mauvais etat de I'audition est I'exposition au bruit pendant Ie travail peut-etre en interaction 
avec d'autres facteurs ototraumatiques. Dans les periodes de repos, des activites de tir chez 24 et 
28% des pecheurs et des gardes cotiers respectivement semblent avoir contribue a cet etat de 
mauvaise audition. Des controles annuels repetes, une protection amelioree de I'oreille, et des 
diminutions de bruit a bord des bateaux pourraient ameliorer considerablement I'audition des 
personnes exerc;ant ces professions. 

Interactions entre differents types de bruit 

O.J. Manninen, Universite de Tampere, Finlande 

Ce rapport concerne les modifications de la fatigue auditive mesuree deux minutes apres 
la fin de I'exposition (TTS2), de la pression sanguine systolique (SBP), de la pression sanguine 
diastolique (DBP), du rythme cardiaque (HR) et de I'index hemodynamique (HDI) qui se 
produisirent lors de I'exposition de nos sujets a differents bruits stables. 

Dans chacune des quatre experiences Ie niveau sonore etait de 90dB et les frequences de 
coupure de 1 et 2kHz, 1 et 4 kHz, 1 et 8kHz, 2 et 4 kHz, 4 et 6 kHz, 4 et 8 kHz ou 0,2 et 16 
kHz. Afin d'examiner la fiabilite des eftets du bruit et de determiner la signification d'autres 
facteurs de I'environnement les sujets furent exposes aux bruits decrits plus haut et (en meme 
temps ou separement) a des vibrations de basse frequence (frequences de 5 Hz ou de 2,8 a 11 
Hz, acceleration efficace 2, 12m/s2) appliquees a tout Ie corps (axe Z) a deux temperatures 
ditterentes (20· et 30·C). Pendant les expositions les groupes de sujets, 13, 14, 70 ou 108 
etudiants volontaires masculins jeunes et en bonne sante, durent realiser un travail intellectuel 
ou physique astreignant. les experiences ont ete realisees dans une cabine d'exposition de 
conception speciale. Une experience sur un individu durait 1 h45min. l'experience etait divisee 
en: une periode de controle de 30 minutes, trois periodes successives d'exposition de 16 minutes, 
une pause de 4 minutes pour les mesures et une peri ode de recuperation de 15 minutes. les 
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resultats montrent que lorsque les sujets realisaient a leur guise un simple travail de contrale a 
20°C, I'augmentation des valeurs de nS2 etait maximale a 4 kHz s'ils etaient seulement exposes 
a un bruit de frequences de coupure de 2 et 4 kHz, 1 et 4 kHz, 1 et 8 kHz ou 0,2 et 16 kHz. Dans 
des conditions similaires I'accroissement des valeurs de nS2 a 6 kHz etait maximale avec les 
bruits de frequences de coupure de 4 et 6 kHz, 4 et 8 kHz ou 1 et 4 kHz, 1 et 8 kHz ou 0,2 et 16 
kHz. D'une fagon generale, les effets des bruits sur les nS2 a 8 kHz etaient nettement plus 
faibles que sur les nS2 a 4 et 6 kHz. Les valeurs de nS2 a 4, 6 et 8 kHz furent moins affectees 
par Ie bruit de frequences de coupure de 1 et 2 kHz. Durant une exposition combinee a un bruit 
de bande large (frequences de coupure 0,2 et 16 kHz) et a une vibration sinuso'idale de 5 Hz, les 
valeurs de nS2 a 4 kHz etaient 1,2 a 1,5 fois plus grandes que celles entrainees par Ie bruit 
seul. Une temperature de 30°C et un stress du type "competition mentale" acceleraient 
I'augmentation des nS2 a 4 et 6 kHz lorsque les sujets etaient exposes a un bruit de large bande 
ou, simultanement, a ce bruit et a une vibration verticale. Une vibration large bande (gamme de 
frequences: 2, 8 a 11,2 Hz) accelerait I'augmentation des nS2 legerement plus que la vibration 
sinuso'idale de 5 Hz lorsque Ie niveau de bruit etait de 9OdB, la temperature de 30°C et que les 
sujets realisaient leur test. Les effets d'un travail musculaire intense (charge de travail 8 W) 
etaient opposes a ceux de la situation competitive c'est a dire que ce type de travail semble 
diminuer les nS2 lorsque les sujets sont exposes au bruit et a la vibration a 20° ou 30°C. Les 
valeurs de HR, SBP, DBP et HOI refletent les diverses combinaisons d'exposition et sont 
correlees avec les nS2. Le stress de type competition mentale accelere particulierement 
I'augmentation des nS2 et des valeurs de HR et de SBP lorsque les sujets sont exposes au bruit 
ou a une combinaison bruit-vibration. 

Interactions entre les ototoxiques et I'exposition a un son intense 

D. McFadden, Universite du Texas, Austin, USA 

On fera Ie point des connaissances actuelles relatives aux interactions entre les 
medicaments et Ie bruit. Des etudes aussi bien physiologiques que psychophysiques seront 
passees en revue. Les differentes fagons selon lesquelles les drogues peuvent interagir avec 
I'exposition au bruit seront discutees et des distinctions seront etablies entre les drogues qui 
produisent par elles-memes des pertes auditives et celles qui ne Ie font pas. Les difficultes 
d'interpretation des experiences passees ainsi que les difficultes de ce type de recherches chez 
I'homme seront mises en evidence. Le sujet prinCipal concernera nos resultats selon lesquels des 
doses moderees de salicylates prises pendant deux jours ou plus peuvent augmenter 
temporairement les seuils d'audition de 10 a 15 dB tandis que d'autres anti-inflammatoires non 
stero'idiens ne potentialisent pas I'exposition au bruit. 

Une voie d'interaction entre les effets du stress et du bruit sur 
I'audition 

H.A. Oengerink, J.w. Wright, J.E. Oengerink et J.M. Miller, USA 

Bien qu'elle soit tres difficile a mesurer, I'irrigation de la cochlee est supposee jouer un 
role dans les effets lesionnels du bruit. II est aussi bien connu que I'irrigation varie avec les 
activites homeostatiques de I'organisme, avec I'activite physique et avec Ie stress. Etant donne 
que I'irrigation cochleaire est un agent important des pertes auditives induites par Ie bruit et 
que les conditions de circulation varient avec Ie stress, on peut imaginer que Ie bruit (qui est 
lui-meme un agent stressant) puisse interagir avec d'autres agents stressant pour influencer 
I'importance des deficits auditifs consecutifs a une exposition sonore. Si les reponses 
physiologiques au stress augmentent I'irrigation cochleaire alors on peut suggerer que de tels 
processus pourraient reduire les effets lesionnels du bruit. L'effet des reponses physiologiques 
au stress sur I'irrigation cochleaire n'est pas bien compris. Cet article resume nos recherches 
qui concernent ces interactions. 

L'angiotensine est un puissant agent de contrale de la pression sanguine et de I'irrigation 
vasculaire, il s'agit d'un peptide circulatoire qui est converti a partir de I'angiotensinogene par 
la renine. Les effets primaires de I'angiotensine sont la vasoconstriction, I'augmentation de 
I'absorption de liquides et la faim de sel, et la liberation de vasopressine. Quelques auteurs ont 
indique que les taux d'angiotensine sont augmentes en anticipation ou en reponse a des stress. Un 
autre systeme majeur de reponse au stress qui agit sur la pression sanguine et I'irrigation locale 
est Ie systeme catecholaminergique. 

Une de nos strategies de recherche a ete d'evaluer les effets du bruit sur les taux 
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d'angiotensine. A la fois chez I'homme et chez I'animal nous avons observe des augmentations des 
taux plasmatiques d'angiotensine a la suite d'une exposition de courte duree au bruit. Nous avons 
egalement observe une consommation accrue de liquides, due probablement a I'angiotensine, lors 
d'expositions de longue duree. 

Une seconde strategie de recherche a ete la mesure du flux sanguin cochleaire a I'aide 
d'un systeme laser Doppler. Le laser Doppler permet une evaluation dynamique du flux sanguin 
dans de petites zones tissulaires sans sacrifier I'animal. En utilisant ce systeme nous avons 
mesure Ie flux sanguin cochleaire pendant la perfusion d'angiotensine et de catecholamines dans 
la carotide de cobayes. L'angiotensine, I'epinephrine et la norepinephrine elevent la pression 
sanguine systemique et accroissent Ie flux sanguin. Le flux sanguin au niveau de la peau decroit 
lors de I'administration de ces substances. 

Cas resultats suggerent que Ie flux sanguin varie, en partie, a la suite de modifications de 
la pression sanguine systemique. De plus, etant donne que les taux d'angiotensine et de 
catecholamines sont aug mentes sous I'action du stress, I'irrigation cochleaire doit I'atre aussi. 
Cet effet des reponses au stress physiologique sur I'irrigation cochleaire indique une veie 
d'interaction possible entre Ie bruit et Ie stress sur les pertes auditives induites par Ie bruit. 

Effets de ,'age et de I'exposltlon au bruit sur les seuils de senslbilite 
auditive de diverses populations 

W. Passchier-Vermeer, TNO Leiden, Pays-Bas 

On presente I'analyse de deux etudes realisees aux Pays-Bas. La premiere etude conceme 
I'effet de I'age sur les seuils de sensibilite auditive de populations non exposees au bruit au cours de 
leur vie professionnelle passee et presente. 500 sujets masculins furent testes. De cette etude les 
conclusions suivantes ont ete tirees: 

Dans un but pratique les resultats base A des normes ISO 7029 et ISOIDIS 1999/1 
peuvent atre utilises comme population de reference pour des populations blanches non controlees 
otologiquement, si les sujets ne sont pas exposes au bruit dans leur travail (passe ou present). 
Selon Driscoll et coli. pour des populations noires d'autres bases pourraient atre plus appropriees. 

Les resultats base B (de I'ISOIDIS 199911, Annex B) ne peuvent de fa~on generale pas 
servir de base pour des populations otologiquement non controlees et non exposees au bruit. 

La deuxieme etude, relative a environ 2000 ouvriers exposes au bruit dans 28 usines, se 
rapporte aux effets de I'exposition au bruit sur les seuils de sensibilite auditive de populations 
exposees pendant les heures de travail. Dans cette analyse, les pertes auditives (N) causees par 
I'exposition au bruit (calculees comme la difference entre les seuils d'audition mesures et les seuils 
selon les resultats de la base A) etaient calcules pour differents pourcentages (0,90 - 0,10). Les 
courbes les mieux ajustees furent determinees selon Ie type de formules donnees dans la norme 
ISOIDIS 1999/1. On montre qu'un bon accord, au niveau de 85 dB(A), existe entre les valeurs N 
donnees dans la norme ISOIDIS 1999/1 et celles de cette etude. Aux niveaux d'exposition inferieurs 
et superieurs une difference existe cependant entre les deux groupes de resultats. 

Les valeurs NO,50- (et les NO,10-) des 30 groupes d'ouvriers (au total environ 1000 
personnes), exposes a des niveaux compris entre 85 et 90 dB(A) montrent une variation 
considerable .. On a pu mettre en evidence que 11 des 30 valeurs NO,5o- etaient superieures a celles 
que I'on pouvait attendre de I'analyse statistique. Ces valeurs N superieures pourraient are dues a 
I'exposition au bruit impulsionnel puisque tous les 11 groupes avaient subi une exposition aux 
bruits impulsionnels considerable dans Ie travail du metal ou du bois par exemple. Cependant la 
marne remarque peut s'appliquer a quelques uns des 19 autres groupes. De ce fait les resultats 
seront analyses plus avant. 

Etat actuel des solutions de protection individuelle de I'audition 

P.W. Alberti et S.M. Abel, Universite de Toronto, Canada 

La protection auditive est maintenant largement acceptee comme une partie importante 
des programmes de lutte contre Ie bruit. Neanmoins iI existe de grandes difficultes dans ce 
domaine. Les techniques d'evaluation des protecteurs auditifs sont largement subjectives en ce 
sens qu'elles mesurent habituellement la protection au seuil d'audition et dans Ie silence. Des 
resultats recents incluent Ie developpement de methodes psychoacoustiques pour 9valuer 
I'attenuation dans les forts niveaux de bruit dans lesquels les dispositifs de protection sent 
utilises. Une confiance de plus en plus grande a ete placee sur les tates artificielles munies de 
microphones pour mesurer I'attenuation reelle sous des casques. II existe aussi une recherche 
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continuelle de protecteurs actifs c'est a dire de protecteurs qui permettent aux faibles niveaux de 
bruit de passer sans etre aMnues mais qui eliminent les forts niveaux. Un tel protecteur a des 
avantages evidents pour la communication. Ces developpements ont principalement ete Ie fait des 
militaires. Un probleme permanent relatif aux bouchons d'oreille est la difficulte de placer et de 
sceller un dispositif dans les contours irreguliers et caches du conduit auditif. Cet article 
passera en revue les tentatives recentes faites pour resoudre ces problemes. Une tentative sera 
faite pour evaluer I'efficacite de protecteurs auditifs personnels en tant qU'element d'un 
programme de lutte c~ntre Ie bruit evaluant les techniques utilisees pour tester Ie degre 
d'efficacite des protecteurs. 

Surveillance de I'audition et bruit impulsionnel dans I'armee 
britannique 

M.R. Forrest, Farnborough, Grande-Bretagne 

Le service militaire a toujours represente un risque pour I'audition du fait des bruits 
impulsionnels; de plus au bruit des armes legeres, d'une pression de crete d'environ 160dB, 
s'ajoute Ie bruit de certains systemes d'armes d'usage courant qui produisent des niveaux de 
crete allant jusqu'a 185dB (35kPa). Enfin un nombre toujours croissant de soldats est expose a 
des bruits intenses. 

Quoique la protection auditive individuelle ait ete introduite en 1966, un certain nombre 
d'etudes qui y ont fait suite ont montre une incidence toujours importante des pertes auditives 
induites par Ie bruit. Recemment I'audiometrie de contrale a ete introduite dans les tests 
medicaux de routine; ceci combine a la mise a disposition de protecteurs auditifs ameliores et a 
une plus grande prise de conscience des effets des bruits sur I'audition devrait reduire 
I'importance des pertes auditives. L'efficacite des mesures de conservation de I'audition est 
montree par les resultats d'une etude sur des recrues pendant I'entrainement. Des details de cette 
etude sont fournis avec les resultats relatifs aux changements du niveau d'audition a la suite de 
I'exposition aux bruits impulsionnels pendant des operations militaires. 

Les niveaux d'exposition maximums au bruit sont donnees dans Ie standard UK 00-2711 ; 
comme tous les standards equivalents I'exposition au bruit doit etre definie en termes simples et 
directs de telle sorte qu'elle puisse etre utilisee lors de la conception de I'equipement militaire. 
Avec la majorite des systemes d'armes, I'utilisation de ces standards montre qu'une protection 
auditive est necessaire, cependant I'efficacite de la protection est limitee auusi bien par des 
facteurs pratiques comme la compatibilite avec d'autres equipements, que par ses proprietes 
acoustiques. 

Les mesures de sauvegarde de I'audition dans I'armee sont d'une importance particuliere 
car les soldats ont besoin d'une bonne oure pour accomplir leur mission correctement. Des pertes 
d'audition aux hautes frequences peuvent en particulier conduire a ne pas detecter des indices 
acoustiques d'importance vitale. Le besoin d'une audition correcte dans I'armee est plus grand que 
dans la vie civile. 

Simulation mathematique des mecanismes cochleaires, application aux 
criteres d'exposition aux bruits impulsionnels 

G.O. Stevin, Bruxelles, Belgique 

Les criteres d'exposition au bruit impulsionnel ne prennent pas actuellement en compte 
Ie spectre des bruits impulsionnels; cependant on sait que Ie systeme auditif humain est 
spectralement accorde. Le present article milite en faveur de I'extension au bruit impulsionnel 
du concept de dose de bruit largement utilise pour les bruits continus. Cette approche est basee 
sur la mesure de I'exposition sonore plutat que sur celie de la pression sonore: I'exposition 
sonore inclut en fait en un seul parametre Ie niveau et la duree de I'exposition. 

IUne simulation mathematique des mecanismes de I'audition humaine prenant en compte 
I'effet non lineaire de I'oreille moyenne a ete utilisee pour calculer Ie risque lesionnel dO aux 
bruits impulsionnels. Ce modele fournit, ainsi, une methode de reference qui peut etre utilisee 
pour evaluer la sonie de n'importe quel bruit. Les resultats de I'analyse des bruits impulsionnels 
obtenus a partir de differents criteres peuvent alors etre compares a I'aide du modele theorique 
qui permet d'evaluer les merites respectifs de ces criteres. 

La principale conclusion de cette etude est que Ie niveau d'exposition pondere A semble 
etre Ie meilleur critere pour Ie bruit impulsionnel. La sensibilite spectrale des mecanismes de 
I'audition humaine pourraient ainsi etre approches par Ie filtre de ponderation A. D'autres 
techniques proposees pour les bruits impulsionnels sont derivees de I'analyse par bande d'octave. 
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Ces elements mettent en evidence la possibilite d'utiliser un critere unique applicable pour tous 
les types de bruits y compris les bruits continus et fluctuants aussi bien dans I'industrie qu'en 
ce qui concerne les bruits d'armes a feu. Ce critere serait applicable aux niveaux de pression 
eleves jusqu'a 170dB, niveau qui peut etre rencontre pour les bruits d'armes. Le niveau 
lesionnel pour une exposition de 8 heures serait aux alentours de 130dB ce qui correspondrait a 
un niveau continu equivalent de 85dB. Cette conclusion est en plein accord avec les experiences 
les plus recentes sur les bruits impulsionnels realisees par des etudes psychoacoustiques en 
A1lemagne, aux Pays-Bas et au Japon. 

L'equipement necessaire a la mesure du niveau d'exposition produit par des bruits 
impulsionnels doit etre plus sophistique que I'equipement standard utilise pour mesurer Ie 
niveau de pression du bruit continuo Au minimum on doit utiliser un sonometre integrateur avec 
la ponderation A. Une analyse bande d'octave du bruit impulsionnel necessite un processeur 
digital pour I'analyse de Fourier avec une conversion bande d'octave ou un sonometre integrateur 
a 7 canaux. La standardisation de ces nouvelles techniques de mesure est absolument necessaire 
pour permettre Ie travail futur de simplification des procedures de controle de bruit. 

Reflexe acoustique et rythme d'echange pour des stimulus WN courts 

G. Rossi et M. Rolando, Universite de Turin, Italie 

La recherche est relative a 10 sujets (4 hommes et 6 femmes) ages de 10 a 23 ans ayant 
des seuils d'audition meilleurs que 15dB dans la gamme de 125 a 8000Hz. Tous les sujets 
presentaient un reflexe acoustique net pour des stimulus de 90 dB SPL de 500 millisecondes de 
duree. Une impedancemEltre Amplifon 702 fut utilise en relation avec un microphone Amplaid MK 
VI pour produire les signaux et traiter les resultats. On a utilise un son test de 220Hz. 
L'ordinateur a fourni une moyenne de 500 valeurs pour chaque type de stimulus (WN bursts de 
500, 250 et 125 ms). En demarrant avec 100dB SPL chaque sujet recevait 10 jours de suite 5 
cycles de stimulus (temps de montee et de descente: 1 ms, frequence 0,2 par seconde). Chaque 
division par deux de la duree du stimulus etait accompagnee respectivement par des 
augmentations d'intensite de 3,4,5 et 6dB SPL. Cette recherche demontre que I'amplitude du 
reflexe acoustique et que son action protectrice sont toujours les memes seulement lorsque la 
division par deux de la duree du stimulus correspond a un accroissement de 5 dB SPL en 
intensite. Nous pensons que Ie processus temporel de sommation survenant dans Ie systeme 
nerveux central donne naissance a ce comportement du reflexe acoustique. Cette recherche ne 
concerne pas ce qui survient lorsque des stimulus de plus de 500 ms sont utilises. 

Standard ISO pour I'exposition au bruit 

H.E. von Gierke, Ohio, USA 

Une modification substantielle du standard ISO etabli en 1975 (ISO 1999 "Acoustics
Assessement of occupational noise exposure from hearing conservation purpose" est en cours 
depuis 1978 et a produit un protocole internationallSOlDlS 1999 "Acoustics- Determination of 
Occupational Noise Exposure and estimation of Noise induced Hearing Impairment". Ce document 
qui represente Ie meilleur compromis possible entre differentes approches, ainsi que les 
resultats et les avis vont mre soumis au vote dans Ie but d'etablir un standard international en 
1985. Puisque I'ISO 1999 constitue la base de la legislation dans de nombreux pays et qU'une 
approche uniforme du probleme des effets du bruit est hautement desirable, I'adoption d'un 
standard ISO pour des buts pratiques et op6rationnels de conservation de I'audition est urgente. Ce 
rapport resume I'approche adoptee par ce standard pour mesurer I'exposition a des bruits 
continus, intermittents, fluctuants et impulsionnels et discute la methode proposee pour 
I'evaluation du handicap auditif selon la formule desiree ou prescrite dans un pays donne ainsi 
que la definition des expositions maximales 
tolerables ou permises selon Ie risque accepte. 
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