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INTRODULCTION

The most important function of the auditory =ser-we: [+ the frequency
analysis that allows to resoclve complex sound= (& their component
frequencies. The mechano-electrical energy tranwduttion system that
initiates the filtering action im the ioternal ear ls & very complicated
and not well known process. [ts sharpness ask:z for a zecondary nevronal
filter action in the cochlear micromschanism baze< on an active function
of the hair cells {(Evans, 1986). The filtering a<tion in the cochlea is
physioclogically vulnerable. In amny case, *%the rdeterioration of the

filtering action and,
[ oo 1 ¢ consequantily, of tha auditory
100 F e fun-tian, is related to the

T

, ’ degradation of thé hair cells, in

o
E'u- -
e -
= 8ofr . :
i - . particuiar the outer ones. Figure 1,
» GOF ] after Evans and Harrison {(1976),
L=} 3
c 4o Eh:nmu.lF'l'G_ shows the correlation between the
e sal _ Guinea pig "] loss in sharpness of the Frequency
z [ W AET. 18] seahise 4 Threshold Curwves (FIC), in the high
F O e3 63 1 3 8 1 20 &0 frequency range, and the proportion
Tane frequency (kHz] of inpner {(IHC) and outer hair cells
fOHC) remaining in the cochlea of a
A 1 10 0 kH
q r r E * guinea plg Sar damaged With
¢ U . UL
E IH.
R Among cother causes, overexposure
3 m-—_f‘“““ to mechanical wvibrations of the
" o * organ of Corty due to intense nolse
= 100
- D______E""c: has shown to alter the integrity of
Z 100 the hair cells.
# o ane, Industrial environments being one
e af the most common places where
Apes Oistonce clong cochlea imm) Base - pPeople are exposed to intense noise
' lavels ask for regulations and
Fig, [ legislation to protect their health
including physiological and psychical effects and , in particular ,

tha auditory preservation.

In this conference, we analyze the correlation between the physical
parameters of noise exposure {(level, spectra and time pattern), with
hearing damage as related to the adoption of protective noise limits.



AUDITORY IMPAIRMENT AND HANDICAP

The American Academy of Otorinolaringology defined the #uditory
Handicap as "an impairment sufficient to affect a person’'s efficiency in
the activities of daily living". In order to simplify this broad
concept, it has been adopted as & realistic practice to relate handicap
with ordinary speech inteligibility, mainly because the detereoration of
the cochlear analitical function fails to recognice spectral complex
sounds like speech consonants. A further simplification is added by
evaluating speech inteligibility in term= of tonal auvdiometry.

The impairment is measured in Hearing Level decibels relative to the
Standard Hearing Threshold at specified avdiometric frequencies (500-
4000 Hz). The shift in threshold caused by a sound exposure being
permanant (PTS) or temporary (TTS) according to recovery with time after
exposure,

The Handicap is defined in terms of the difference between the
individual permanent hearing level and the "low fence®, an empirical
curve that, theoretically, marks the limit between "no difficulty" and
"some difficulty” in understanding ordinary speech, & line of relative
fiability to relate tonal awdiometry with speech understanding (Noble,
1978).

Damage Risk

The damage risk to a sound exposure is defined in percentage of the
average hearing impairment difference between exposed and non exposed
comparable populatioms.

¥hen evaluating the hearing impairment due to a definite sound
exposure, as in the case of industrial environments, other cancurrent
factors must be eliminated:

Presbycusis, or age action;

Sociocusis, sound exposure aside from the industrial environment, as
in everyday life, and ;

Nosoacusis, other otological damaging factors such as chemicals,
drugs, diseases, etc. 5

The mnoise induced hearing impairment is then referred as NIFTS or
HITTS. In the case of industrial noise, these abbreviations are preceded
by an I (INIFTS aor IFNITIS?).

Damage Criteria

With reference to the noise or sound induced handicap, a first step is
to define the zero reference of hearing damsge. There is a generical
concordance among different criteria in defining the Hearing Losses by
the average of H.L. dE at three or four fixed frequencies (500 Hz, 1, 2
aor even 3 or & kHz), the handicap starting at values ranging from 15 to
23 dB (wiz. CHABA, 15 d4B; ANSI, 25 d4B; [80, 25 4B; egtc.). These losses
are considered acceptable in relation to the mentioned empirical lime of '
zpeech understanding.

A general remark to be made when trying to protect individuals from
hearing impairment is that all limits and criteria are referad ta the
median level of the exposed population, i.e. the value that divides the
population into ftwo halves which are likely to have less or more losses
than the limit walue. Dangerous deviations from this value are mainly
due to individual susceptibility to noise exposure, a problem that asks
for screening tests to detect such persons.

A= to the deviations encountered in epidemiclogical studies, we
refer to Table I that reproduces values of 50, 20 and 10 percentiles as
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ziven hy Kryter and Vard (1966) based on Glorig and Nixon (1961) and
Fudmose (109573, The extrapolated curves of level distributions of figure
2 at 1000, 2000 and 3000 Hz, anrd the corresponding cumulative curves
show an assymmetrical distribution with median value well ssparated
from the modal and average values.

fccording to these data, it could be possible to find, after years af
exposure, a L0% of pecple with 60 dB losses at 3000 Hz in an environment
-onzidered acceptable because 20 dB is the mean value!

TAELE I
Test frequency  HIPTE(4E):Percentile
(Hz} S0% 20 10%
1000 10 20 30
2000 15 30 45
0G0 20 a0 50

Once this important fact is taken inkoc consideration, all hearing
damame criteria are referred to the median wvalue of the average
gapuslation.

1 THET‘": FQP |"“E_""1|aH:[: ﬂl”E:‘ EXPOSURE

fuats an [NIFTS have to be retrospective, mainly based on hearisg
surveys in industries with steady and permanent noise levels,

Data on occupational deafness were collected by GStevens =t al,
f19531. The ASA Commlittee Z24-X2, analyzing industrial data, found
several useful correlations as published im the report "The relations of
Hearing Loss to Hoise Exposure®™ (N. Y. 18940,

Some  main findings in this field are gquoted Thelow:
~Hearing losses due to noise exposure (HEX» ftend to be maxima in the
range 3-G kHz for any given exposure. (4 maximum at 4 kHz can gensrally
ba dus to nolse exposure)



—For speech understanding, only hearing losses in the range 0.5-2 kHz
are important.

-Hearing losses below S00 Hz are generally less or eqgual to those at
300 Hz, but hearing losses above 2000 Hz may be greater than the loss at
Z kHz.

~Individual susceptibility is reflected in losses above 2 kHz.

-Hearing loss is not an image of the noise spectrum.

-In the noise spectrum, it can be selectad an actawve hand {zorting
octave!) that correlates better with the Hearing Losses.

—Noise lewels below 1000 Hz are more important as regards to speech
lossas.

-Distribution of Hearing Losses in populatians exposed to noise have
4 greater s=pread than for non-exposed papulations. (This fact is
fpportant in evaluating data from World s Fair).

The survey by Passchier-Vermeer (1263) i= comsidered a representative
cne of INIFTS in workers exposed £ hours per day for years, with a good
linear regression with levels in dBA, or with NE curves, ar ewven with
the integral of the noise pressure (Kraak, 197%).

Because of simplicity besides reliability, lewvels in dBA have been
thorougly adopted to stablish limits of sound exposure.

The refered survey includes the INIPTS as a function of the frequency
far 10 or more years of exposure to constani noise lewvels in dBEA,
the regression curves being also linear but with different slapes and
values (Fig. 3.

It can be seen the higher
ear liablity to high
frequencies, and how the
50 A0 frequencies related with

// 2000 speech intelligibility (500,
/ 100G, 2000 Hz) are only
affected by levels above 90
dBA. This fact legitimates
the previously referred
value of the damage criteria
for handicap.
- 8000 It is seen also that 80
dBA is a low wvalue and B85
dEA an acceptable one, as it
may produce less than 10 4B

/’/’m and only at the higher
frequencies .
/é/f/ - ) Fevertheless, it must be
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T 89 85 20 o5 00 (-] recalled that these values
A-WEIGHTED SOUND LEVEL (d84) are median estimated INIPTS
and that significant
e individual deviations can be
~g, e produced.

It may be then concluded that values ranking from 85 to 90 dBA are
reasonable limits for constant level noise exposure to a 8 hour/day, for
L0 ar more years.

7] = — u v

IBLPTS corresponding to exposure to high levels of time varying
patterns of noise are almost inexistent or wery incomplete. Eeal tests
ask for laboratory work, where controlled noise levels and time patterns
2an ke obtained te carry out experiments to determine Transitory
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Threshold Shifts. Laboratory experiments with intermittent high levels
are only made with animals . The additional problem i=s to extrapolate
from TTS ta PTS and from animals to persons.

Growth And Recovery Of TTS: CHABA Damage Risk Criteria

The CHABA (Commitiee on Hearing, Bioacoustics and Biomechanics aof
the USA National Academy of Sciences) proposed in 19686 a set of contour
curves of Damage Risk Criteria (DREC) for continuous and intermittent
exposures to steady naoise (Kryter et al., 1966, Vard, 1970) based on the
three main following assumptions:

a) a NE pattern would be considered acceptable if it produces in the
average worker no more than 10 4B of PTS at 1 kHz or below, 15 4B at 2

kHz or 20 4dB at 3 kHz and above.
b» The PIS after 10 or more years of HE will not exceed the TTS=

genarated by a single day exposure. (For simplicity, it was assumed that

they are aguall.
<} All exposures that produce a given TISz will be equally hazardous.

By using data on TTS, including intensive laboratory tests, the
following main findings were used to derive the CHABA DRC:

1- In daily exposure, recovery from temporary threshold shifts in less
than 1¢ hours will not produce an accumulative effect resulting in a

PTS.

2= Recavery curves have shown that TTSz, i.e., the threshold shift
measured 2 minutes after the cessation of the exposure to noise, is a
good indication of the TIS induced by any particular noise exposure.
Some other recovery times (30 or 50 minutes) have been proposed, but
TTS: behaves in most cases as a significant index.

TTS: FOR [NTERMITTEXNT NOISE

—

I I [ | I | I i I |

GROWTH OF TTE, RECGVERY OF TTsS

Frg, 4

TTS (DA

| 1
5 10 o e oo 5 5 A a5 ) P
EXPOSIARE TIME [disd] RECOVERY TIME [MiN]

L1

3- The growth and recovery of TIS: are exponential (Fig. 4; Ward, 1970}.

4- For a constant NE level, an asymptotic walue of TTS: is reached in 8
to 12 hours.

59— The growth of TTS: with NE level is approximately linear, once this
bas reached some SFL defined as "effective quiet®. {(About 73 4dE in
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octave bands), Below this walue, not significant TTS. are shown ( The
effective quiet is frequency independent, but the growths of TTS:
increase with frequency).

Levels above effective gquiet are referred as Effective level
(EL). {Ward el al., 1978). Consequently, a 95 dB constant NE (EL= 20 4B}
will produce twice as much TTS:z: as one of 85 4B (EL= 10 dB).

Using all these findings and selecting average curves (Fig.4) for the
growth and recovery of TTS: CHABA damage risk contours for steady NE
give the limit levels in dB of EPL in octave and 1/3 octave noise bands
not to be exceeded in 10 or more years for single exposures ranging from
8 hours down to half a minute or less. {(Fig. 5, Kryter et al., 190&6}.

loomana]
2 1o \ \\M H""-..H- . - MINLTES
NS D MR g
z 3
Emnﬁ‘ .HfHMRH R HHH\ Hh“h—-f’fg 3 n:EE
5 \\ ™1 ' \ /-"} Ed
i . h 33
E ,.,,.\ H""- - \\\\"--.._ _-‘/'_‘_..- 7 053 §
- \ [~ ™, E =
-.....- I |
gﬂmkhhhhm_ “\Hh Hhhhh L ﬁh“'_ﬂ#ﬂ## - :uEE
o R m T
= H‘mﬁhhh‘- =l —1 z3
e e LR
~ —ae0
00 -3 [ 3 L] 00 1 ¥ L1 ! ||:|.m:.
BEND CENTER FREQUENCY iM CPS
Fig. §

Broad band noise follows the criteria of the highest band reaching
the contours.  If more bands eaxceed the contours, the hearing loss will
cover wider range of frequencies, every region being more affected by a
band of approximately half an octave below.

For intermittent noise level exposures, the influence pf the exposure
time fin the CHABA contours and interval values are mainly based on the
finding that for fluctuating level or rapid interruptions (less than 5
minutes) the TTS: is proportiomal to the arithmetic average of the EL.
(The same TTS will be generated by 8 hours of FE to 85 dB that 4 hours

to 95 4 or by & random fluctuating noise with an average of 10 dB over
T8 dEX.

This criterion, as compared with the total emergy theory (increase of
3 dB for each halving of time), admits greater increase in levels when
reducing the exposure time. A level of 95 4B acting alternatively in
equal "on" and "off" periods will generate the same TTS= than a
continuous one aof 75+(05-75/2)= 85 dB, i.e. a differeace of 10 4dE,

inatead af 3 4B'.

Furthermore, the difference between both criteria wvaries with the
ratio of "on time"™ to the "on plus off time"™, called the on-fractiomn

rule {(Ward, 1970).

Total inmission theory by Eobinsom (1966), associates hazard with the
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total & weighted energy, regardless of the time distribution for the
whole working week, [t is an extensicn of the total energy theory, based
only on data of continugus exposure SUrveys.
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Impulsive noise was not included, but evidence was noticed that
repeataed exposure to sound impulses over 140 dE (200 Pal) could produce

in some persons significant hearing impairment.

i

HECESRARY

The CHABA DEC contours had the merits of gquantifying the influsnce of
growth and recovery time of temporary shifts of hearing threshold and
reasanably relate measurable daily TTS: with long term exposure FIS. For
practical application, it has the difficulty af the measurement of
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levels in bands of frequency. A good simplification was introduced when
there was evidence that the damage risk correlates well with the global
level of the noise in dBA (It can be observed that the DRC contours for
steady noise exposure, Fig. 5, approximate to the shape of the "A"
curve). On this basis, it was given the simplified Table II of maximum
values in dBA as a function both of total time of exposure and number of

intervals.

TABLE II
Exposure Ho. of intervals of exposure in & hours
time
1 3 7 15 35 75 130
8 b 90 - - = = - -
6§ h 91 Q2 93 94 94 94 94
4 b 93 G4 25 95 o8 99 100
2 h 25 o8 100 103 106 109 11z
1h 9% 102 105 109 114 - -
30 142 109 110 114 - - -
15 ' 195 110 115 = = = =
8 ' 108 115 = - = = -
4 111 = - - = - =

IS0 STANDARD

The [50 Standard 1999 (1975) "Assesment of occupational noise
exposure for hearing conservation purposes®™ is based on the total energy
concept, assuming no bandicap for a hearing loss of 25 4B (arithmetic
mean of PIS at 500, 1000 and 2000 Hz).

Partial indices E. of noise exposure are given to weekly exposures
aAtl at different levels L., (dBA), by the expression
E.= & ti/40 1Q-21-7on10
the composite index being E.= [ E., and its relation with the equiwvalent
continuous level L.g = 70+ 10 lg E..
A table (IS0, 1999) gives the percentage of damage risk for L.g from
80 to 115 dBA and 5 to 45 years of daily exposure.

IRESHOLD LINIT VALUE

A further simplification was introduced by the NIOSH (Natianal
Institute for Occupational Safety and Health) of USA for the TLY
(Threshold Limit Value) as a function of exposure time, deduced from the

expression
&

max ,(L-80) /5

For intermittent daily exposure (T.) at different levels (L,), the
additional condition being



This <riterion also admits higher values that the equal energy, viz.
5 4BA instead 3 dBA for each halving the time. It was adopted in USA in
1971, being later corrected the formula for 85 instead of 80 d4BA.
{Walsh-Healey Act, Anocn 1969).

For impulsive noise (peaks at intervals larger than 1 minute), the
following Table includes number of impulses per day as a function of the

pealr_ laval.
TABLE III <(NIOSH)
dB Impulses/day
140 100
130 1.000
120 10. 000
EEC DIRECTIVE 86,188

Not to be exhaustive, we conclude with the Directive that the Council
of the EEC has published in 1986, after several years of harmonizaticn
work, to protect the workers from hearing impairment derived from noise
exposure in working environments.

The Directive refers all rules and recommendations to the dally
equivalent personal noise exposure level in dBA, Lers glven by

T P T
Lep g = 1010g | == f % —3—|+10 1og = =
,d T : T
e O Py o
T m (L. )./10 | . T
" Lpneq,T +10 1log == = HJlngl L 10 M1 +10 log —
[} T:, im] Tn

where pa = instant value of the acoustic pressure with "A" weighting
pe = cero reference acoustic pressure: 20 pPa
Te = daily exposure time
To = raference daily exposure time; 8 hours
(La):y = constant noise level during period T.

For n weekly working days, the weekly equivalent personal noise
exposure is

""BF,djn /10

n
1
Lgp w = 10 109 | o f 10

All regulations and recommendations are referred toc the value of
Leras, the most significatives being:

- For Lera = 85 dBA Or pine. = 200 Pa(lL= 140 d4dB), workers must be
informed of the situation (Art 4th) and ear protectors must be made
available (Art &th).

- If Lara = 90 4dBA, noisy areas must be signalized, causes must be
investigated, control programmes established (Art Sth) and the use of
ear protectors is obligatory (Art 6th).
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CONCLUSTONS

- It is not possible to define absolute safe limits for nolse
exposure in the broad sense that ewverybody will be protected. Limit
values are referred to median values of the average pgpulations. Strong
deviations from the median are due to personal susceptibility, what
calls for previous specialized screening tests.

- Limits for continuous steady noise exposure are reasonably well
founded in available epidemiclogical data on INIFTS, including estimated
avaluations on Presbicusis, Noso and Sociocacusis. These limits are also
in good agreement with those derived from laboratory TTS experiments.

- The total energy concept applies relatively well when comparing
contineous steady exposure of different duration. For intermittent aor
fluctuating levels the limits are too conservative as compared with the
temporal theory (CHABA) because of the ability of the hearing mechanisms
to recover from TTS, at least for bursts shorter than 5§ minutes. {(For
longer bursts CHABA curves separate from later ewvidence, that recavery
from repeated exposure follows quasi-paralel lines instead of convergent
ones (Fig 4) i.e., recovery becomes longer along the daily exposure).

- The relationship between temporary and permanent effects of noise
exposure is far from being well known, as to define safe limits mainly
for intermittent and fluctuating noise exposure.

- The CEE Directive follows the total energy criterion with
reasonable level limits, feasible applicability and relatively easy
evaluation with present noise measurement equipment.

- MNore research is needed botk in relating PTS with TTS and fto
extrapolate from experiments with animals to man reactions.
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