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Abstract—A comprehensive strategy is presented for the evaluation of the daily noise exposure
level [Lgx 4 in dB(A)] and the assessment of the risk of hearing impairment. The risk is defined as
the probability for a worker with a given exposure history to noise to develop a hearing deficit
above a given threshold. It is shown that for a given accuracy to be obtained on the risk prediction,
the precision required on the Lgx 4 is low at levels around 90 dB(A) and increases at higher levels.
The strategy uses the concepts of homogeneous group of exposure (HGE) and stationarity interval
(S.1.), defined as the period over which the exposure distribution is the same for the members of the
HGE. The number of workers to sample, the number of samples to take for each worker and their
duration are discussed. A semi-random sampling is recommended, excluding the periods with low
noise exposure. Tests are proposed for the homogeneity of the group and the validity of the S.1.. A
corrected standard deviation is defined in order to take into account the skewness of the
distribution of the noise equivalent levels of the samples and formulas are presented to estimate the
Lgx 4, its standard error and the corresponding risk of hearing impairment. © 1997 British
Occupational Hygiene Society. Published by Elsevier Science Ltd

INTRODUCTION

The literature concerning the sampling strategies to chemical agents is very
extensive. Many papers have been published concerning the validity of the concept
of a ‘representative day’ (Olsen and Jensen, 1994), the variations between and within
subjects (Rappaport et al., 1993) and the accuracy of the estimation of the average
exposure level (Rappaport and Selvin, 1987; Attfield and Hewett, 1992).

Some papers have been published dealing with the same problems in other fields,
in particular concerning the exposure of workers to risks of low back pain (Burdorf,
1993, 1995). .

During a roundtable (No. 218) at the 1996 conference of the American Industrial
Hygiene Association, all the presentations clearly showed that these concepts are not
taken into account in the field of noise. As the American and other international
regulations require an estimate to be made of the noise exposure by means of the
daily noise exposure level [Lgx 4 in dB(A)], it is usually concluded that the noise
level must be measured over an 8-h shift. This was the practice recommended by all
the speakers. Royster, in his presentation, took some liberties with this rule and
recommended recording the noise level over 4 h ... in order to speed up the
evaluation process and decrease the cost of the measurement campaign. No one
mentioned the concept of ‘homogeneous exposure groups’ nor discussed the
representativity of a shift, chosen at random, nor questioned the normality of the
distribution of the noise levels.
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The present article proposes a comprehensive method for noise exposure
assessment with a discussion of the alternative objectives of such an assessment, a
new definition of the risk of deafness and appropriate statistical tools to test the
validity of the hypotheses of homogeneity, stationarity and normality of the data. It
is based mainly on concepts available in the literature and was validated using a
database of 10 8-h continuous recordings of 1 min equivalent levels at 22 different
workplaces. An example of application of the method is given in Appendix A and a
validation study is described in Appendix B.

RISK OF DEAFNESS

The risk of deafness can be defined as the percentage of the population of
workers of a given age who, after a given history of exposure to noise (years of
exposure and corresponding Lgx 4) would develop a hearing deficit greater than a
given threshold.

This percentage can be computed following the procedure described in the ISO
standard 1999 (1990) entitled “Determination of the occupational noise exposure and
estimation of the noise induced hearing impairment”, the information needed being

—the age A of the person (years);

—his noise exposure history: this can be described by the sequence of exposures

during his working life, that is, the set of consecutive durations of exposure T

and the corresponding daily noise exposure levels Lgx g

—the frequencies from which to compute the mean hearing deficit: for example,

the frequencies of 1, 2 and 3 kHz;

—the threshold of mean hearing deficit considered as constituting a significant

impairment for the worker;

e 2 handicap threshold above which significant interference with communica-
tion occurs, namely 35 dB in average at the three chosen frequencies;

e a disability threshold above which significant interference with the daily life
and work capacity occurs, namely 50 dB average at the three chosen
frequencies, as adopted in Belgium.

An example of risks of such a hearing handicap and hearing disability in a
population aged 60 years after 40 years of exposure to a Lgx 4 varying between 80
and 100 dB(A) is shown in Fig. 1.

The risk of hearing impairment can be calculated assuming other frequencies and
thresholds, but these matters will not be discussed here. This figure is interesting in
several ways, as it shows that:

(1) the risk increases roughly as a quadratic function of Lgx 4, which means that
for a given accuracy to be obtained for the prediction of the risk (for
example +£2.5%), the precision needed on the Lgx 4 is rather small at levels
around 90 dB(A) and increases sharply above 95 dB(A);

(2) the obligation of the employer to take any measure possible to reduce the
noise is particularly relevant as, for instance, a decrease of the Lgx 4 from 98
to 94 dB(A)—which, in most instances, can be done rather simply and
inexpensively-—will reduce the disability risk at 60 years from 25% to 15%,
while the additional costly reduction by 9 dB(A) to 85 dB(A) would further
reduce the risk by only 7%.
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Fig. 1. Risk of occupational hearing impairment as a function of the daily noise exposure level (percentage
of the population aged 60 years after 40 years of exposure to noise, suffering from an hearing impairment
greater than 35 or 50 dB average at 1, 2 and 3 kHz).

OBJECTIVES OF RISK ASSESSMENT

Three different objectives can be pursued in the evaluation of exposure to noise.

The first is to identify the major noise sources in order effectively to control the
noise. This is, indeed, the primary objective of a hearing conservation programme
but requires an evaluation procedure rather different from the two others as it will
rely mainly on, for example, point measurements, frequency analyses and
reverberation time measurements in order to characterize the factors responsible
for the emission and propagation of the noise.

The second objective is to comply with the law. As, typically, occupational
exposure limits of 85 and 90 dB(A) are prescribed by regulations, the main
objective, in many exposure assessment cases, is to determine whether the Lgx 4 is
well below 85 dB(A), between 85 and 90 dB(A), or well above 90 dB(A).

Paradoxically, it does not much matter whether the Lgx 4 is 93 or 96 dB(A) for
instance, as, in either cases, the exposure is unacceptable and control measures
(usually hearing protection) must be implemented. By contrast, in this philosophy,
more measurements will be taken in order to determine, with a sufficient accuracy,
whether the Lgx 4 is above or below 85 or 90 dB(A).

This objective, implicitly or explicitly pursued in most cases, would be acceptable
if the control measures were working and the hearing protectors were effectively
protecting the workers. It is obvious that this is not the case and therefore this
approach, although fulfilling the legal requirements, has little interest.

The third objective, which is much more exacting, is to attempt to identify, as
soon as possible during their professional life, those subjects who are likely to
develop hearing deficits that will significantly impair their quality of life. This
requires accurate evaluations of their noise exposure and their hearing deficits
(through a rigorous audiometric programme).

The present paper will describe and justify a comprehensive strategy for the
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accurate estimation of the Lgx 4 with this third objective in mind. The accuracy
required must be determined in terms of what is of interest, that is the prediction of
the risk of hearing handicap or hearing disability, whatever the definitions adopted
for these thresholds of hearing and their scheme of computation. Nevertheless, as
shown by Fig. 1 and as said before, the precision needed for a prediction of the risk
within a range of 5% is, for instance, 2.5 dB(A) around Lgx 4= 88 dB(A), while it
should be 0.8 dB(A) around Lgx 4 =96 dB(A).

MEASUREMENT STRATEGY FOR THE QUANTITATIVE ASSESSMENT OF THE DAILY
NOISE EXPOSURE LEVEL Lgx g

Lancaster (1986) has shown that even where the noise level remains steady,
recordings over a single shift can lead to very significant errors. Olsen and Jensen
(1994) criticized the concept of a representative shift and it is obvious, for those who
have worked in industry, that an 8-h period might in some cases be too long (for
instance, in car assembling plants), but most often too short, to cover all variations
in the conditions of work and therefore in the conditions of exposure.

We propose the concept of a ‘stationarity interval’, S.I., defined as the period of
time (in hours, days or weeks), including several work cycles if any, such that all
variations susceptible to influence the exposure to noise have been met. Such
definition implies that measurements be made not over a single random shift
systematically but over the stationarity interval. It must be noted that the word
‘stationarity’ is here used in the sense defined by Hawkins et al. (1991), that is “a
random process is said to be stationary if its distribution is independent of the time of
observation” and therefore does not imply at all that the exposure is constant over
time.

The continuous recording of noise level over extensive periods of time for each
worker is not feasible and two other concepts must be introduced:

(1) the concept of ‘homogeneous group of exposure’ (HGE) defined as the group
of workers for whom the probability distribution of exposure over the
stationary interval is the same. This concept was clearly described by the same
authors (Hawkins et al., 1991) and others. Two modifications were brought to
their definition. Firstly, a different spelling for the acronym, as the common
spelling (HEG) has confused many users by implying that the exposure must
be homogeneous instead of the group. The second modification is the use of
the S.I. to define the time interval over which the condition is met.

(2) the concept of semi-random sampling during the S.I. ‘Semi-random’ means
that the samples are taken during the period of effective exposure, excluding
the periods of time during which the worker resides in a control booth or
takes his lunch. This will require, as explained later, the identification of
these exposure periods through a task analysis.

Steps of the measuring strategy

The measuring strategy includes four steps:

(1) the basic characterization of the environment and of the activities of the
workers. This step should make possible to form the HGEs and to determine
for each of them the corresponding S.I.;
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(2) the qualitative evaluation of the exposure, which concludes the first step and

provides a first estimate of the Lgx 4, through conventional procedures;

(3) the detailed measurements themselves; and

(4) the quantitative evaluation of the results and the estimation of the Lgx 4, and

of its precision.

It must be emphasized that this is only one part, but a significant one, of the
hearing conservation programme, as audiometric and noise control programmes
must also be developed.

The present paper will focus on steps 3 and 4 of this strategy, as step 1 has been
adequately described and illustrated among others by Hawkins et al. (1991) and step
2 is amply discussed by Royster et al. (1986), along with all the conditions to be met
for the calibration of the instruments and the general organizing of the measurement
campaign.

Planification of the measurements

At the end of steps 1 and 2, HGE groups have been formed, the corresponding
S.I. defined and the periods of effective exposure during the S.I. identified.
Let us define
—nuge as the number of workers belonging to a given HGE;
—the series of Ty and T, defining the times (in min) at the beginning and at the
end of the sequence i of effective exposure to noise;
— Ty =the stationarity interval expressed in min: (=480 xS.I. in case of 8-h shifts);
—T=Y_(T;y— Ty), the total time of effective exposure to noise (in min);
—T,=To— T}, the total time during which the worker is exposed to a noise level
Laeq2 well below [20 dB(A) at least] those met during 7' (in min).
The questions to answer before performing the sampling campaign are:

On how many workers n,, among the nygg should the sampling be conducted?. One
step in the interpretation will be to verify whether the group is indeed homogeneous.
Therefore a sufficiently large number of workers must be chosen, to be able to observe
the potential heterogeneity. Table 1 gives the number of workers n,, to take into
consideration in order to be sure at 95% that one of the workers from the 20% of the
nuge Who would be the most exposed (Leidel et al., 1977) is included in the sample.

How many samples to take per worker?. The same reasoning as above can be
adopted: the number of sample ng per worker being chosen in order to increase the
probability of encountering the noisiest conditions. Based on the approach of Leidel
et al. (1977), it can be shown that five samples would be enough to be sure at 90%
that one sampling period is taken during the 33% of the time with the highest noise
level. This number n,=5 could therefore be used systematically. Our experience
shows that this leads to a standard error of the Lgx 4 which in most cases is smaller

Table 1. Number of workers (n,) to sample as a function of the size of the homogeneous group of
exposure

NHGE <6 7-8 9-11  12-14 1518  19-26  27-43 4450  >50
Ny ne=nuge 6 7 8 9 10 11 12 14
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than 1 dB(A). As discussed before, this is not needed in all cases and in particular
for Lgx 4 lower than 90 dB(A). The recommended procedure is therefore to start
rather arbitrarily with ny=3 samples per workers, to go through the measuring
campaign and the interpretation and to collect additional samples per person, if
needed to reach the desired precision on the Lgx 4.

What should be the duration of the samples?. According to our study reported in
Appendix B, the accuracy of the Lgx 4 varies roughly as a function of the number of
samples, but as a function of the square root of the sample duration Az. Therefore, it
appears preferable to increase n, and use short samples. The problem is not critical,
however, if the Larsen (1971) philosophy is used, assuming that the standard deviation
of the noise equivalent levels (La.q) obtained from samples of duration AT, can be
estimated from the standard deviation of the L.q values for samples of duration A77.

The mathematical expression proposed by Larsen (1971) in the field of
atmospheric pollution has proved to be invalid in the field of noise and our study
(Appendix B) showed that a better prediction can be obtained using the following
expression:

AT 031
SaT, = SaT, (—-l->

AT,
In particular this expression will be used to derive the standard deviation for a 8-h
period.

As this estimation is possible, A¢ should be determined according to practical
considerations. Samples of short duration would be possible in industries with short
workcycles but would be impractical, the time spent to install the instrumentation
becoming relatively too important compared to the sampling time. In the common
case of workplaces with no particular cycle time, At of the order of 30-60 min
appears to be most practical.

When to schedule the sampling? nyn,, samples of duration At must be scheduled
at random over a period of a stationarity interval and during the phases of effective
exposure to noise (duration 7). This can be done using a table of random numbers.

Let r; be the ith random number. r.7) indicates the time during the period of
effective noise exposure when the sampling should start.

From the list of (T, T;;) defined previously, the time of the start of the sampling
can be easily determined.

It remains to be verified whether a sample of duration AT can be taken during
this sequence after the starting time and whether this scheduling is not in conflict
with a previous scheduled sample. If this is the case, this random number is dropped
and the computation restarted with the next one.

How to sample?. Two different measuring techniques have been used in the past:
the zonal method and the ambulatory method. The zonal method was proposed as
the most cost-effective method by Rockwell (1983). It consists of locating an
integrating sound level meter at a point near the worker. This method provides more
accurate noise measurements (no or minimum interference with the frequency
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response of the microphone) but the results are often not representative of the real
exposure of the worker.

Dosimeters are attached to the subjects with the microphone placed near the ear.
Several studies have shown that, using this procedure, the measurement errors are
small (Shackleton and Piney, 1984, Erlandsson et al., 1979) and this must therefore
be considered from now on as the reference method. More recently, ‘exposimeters’,
that is, portable compact integrating sound level meters, have appeared on the
market. They provide the possibility of recording not the total dose only, but the
L aeq levels during almost any increment of time and to have a picture of the history
of the exposure during the observation period. Although this capacity is not used
here, it is useful to determine the characteristics of the exposure, the main noise
sources and the possibilities of improving the situation.

Interpretation of the results

At the end of the measuring campaign, nyny, values of La.q have been recorded
over periods of duration At with effective noise exposure.

The interpretation will include five steps:

(1) verify the homogeneity of the HGE;

(2) verify the stationarity of the results;

(3) determine the normal distribution characterizing the data;

(4) compute Lgx 4 and its standard error; and

(5) interpret the result in terms of risk of handicap or disability.

Homogeneity of the HGE. Statistically, the homogeneity of the HGE can be
tested using an analysis of variance with the following model:

L,'j=Lm+W,‘+€,'j

where

L;; is the jth La.q measured on worker i

L., is the arithmetic mean of the ngn,, Laeq values;

W; is the effect of the worker i, that is the systematic difference from the mean

L., observed for the worker i, for the ng samples taken on that worker; and

€; is the difference not explained.

The analysis of variance will test whether the mean differences between workers
(W)) are significant in regard of the differences within subjects.

If the differences are statistically significant, it must be concluded that the group is
not homogeneous and, by an analysis of these differences, the group can be divided in
HGE subgroups. The other steps of the interpretation will then be conducted on these
subgroups. It remains to allocate to these subgroups, the workers who did not
participate to the sampling campaign. This must be done by going back to the
workplace and to the task analysis performed in steps 1 and 2 of the measuring strategy.

Stationarity of the results. It is obvious that a sequence of values according to
time such as 92, 88, 91, 93, 87 has to be considered differently than a sequence such
as 87, 88, 91, 92, 93, which would clearly indicate a trend of the noise levels during
the sampling period.
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In the second case, it must be concluded that the whole noise situation was not
covered and the stationarity interval adopted must be questioned.

A check of the stationarity of the data can be made using the autocorrelation
function (Préat, 1987, Rappaport, 1991), but this statistical tool remains difficult to
understand, use and interpret. A simpler test is the linear correlation between the
L eq values and the time, during the total duration T, at which they were recorded.
The correlation coefficient R is calculated and its significance tested taking into
account the number of values involved.

If it is not significant, the stationarity interval can be considered to be valid and
the interpretation pursued. If it is significant, it is necessary to the task analysis
performed in steps 1 and 2 to look for the factors justifying the trend demonstrated
by the correlation analysis and correct the S.I. The procedure of sampling must then
be pursued by taking additional samples during the expanded S.I. and the
interpretation phase started again.

Distribution of the observed L 4.,, computation of the Lgy 4 and its standard error.
It is common, when sampling for chemical agents, to assume that the distribution of
the observed concentration is lognormal. As, in acoustics, dB values are used, it is
logical—and usually assumed—that the distribution of the La.q values is normal
(Behar and Plener, 1984). Recordings in industry (Appendix B) prove that this is not
always the case and that this assumption may lead to an underestimation—in some
cases very large—of the Lgx 4.

The A-weighted equivalent level over the n=n,,-n; samples (with »n,, the number
of workers sampled in a subgroup if the initial HGE was indeed split into
subgroups) can be calculated according to the equal energy principle, as follows

LAcq r=10log- (Z Z IOLA:q,/10>

=1 j=I

The arithmetic mean of these »n values is given by

Aw Ny

=133 L

i=1 j=1

If the distribution of the » values is normal, Bernard and Castel (1987) have
shown that La.q 7 would be given by

Lacq, 7 = m+0.1152¢?

where s is the standard deviation of the n La.q; values. The comparison of Laeq 7
and Laeq 7 values gives a first indication of whether or not the distribution is indeed
normal. A further indication is provided by the skewness coefficient of the
distribution which is given by

&= =
where m; is the third moment about the mean and s the standard deviation of the
distribution.
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A positive value of g indicates a positive skewness of the distribution of the Leq,
values.

If the distribution is not normal, we propose to compute, from the Bernard and
Castel expression, the standard deviation of the normal distribution with the mean
equal to m and the overall equivalent level La.q 7 by

VLaeqr—m

0.1152

This procedure will be discussed in Appendix B reporting the field study.
The daily noise exposure level can then be estimated by

S =

1
Lgxa = 10 log F(T,loLw/'0 + To105A=/101
0

As, in the majority of the cases, the level Lacq, is more than 20 dB lower than
Leq, 15 the above formula can be simplified to

T
Lexd = Lacg,r+ 10 long.
0

The standard deviation derived above concerns the distribution of samples of
duration At. As stated earlier, it is possible to derive the standard deviation for a

sampling period of 8 h from
A\ 031
S8 = S(m) .

Finally, the standard error of the Lgx 4 can be estimated from the following
formula (Bernard and Castel, 1987)

e= V-S—Z§+0.028 fé
n n—1

where n is the number of samples for the HGE group or subgroup.
The 95% confidence interval can then be estimated as

[LEX,d — te, LEX,d + te]

where ¢ is the value of the variable ¢ of student for a bilateral risk of error of 5% and
(n—1) degrees of freedom.

Adopting the definitions given above for the handicap and disability thresholds,
the corresponding risks can respectively be estimated using the following
mathematical expressions of the two curves in Fig. 1:

Riand = 18.5 4 0.465L*

Rgis = 5.6 — 0.364L% + 0.419L*

where
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_ Lgxa— 70
T 10

It is also possible to determine from Fig. 1 whether the accuracy (+re) of the
Lgx 4 is sufficient for a given precision of, for example, +:2.5% on the risk. If it is not
the case, the sampling campaign must be pursued by collecting additional samples of
the same duration At on each selected worker.

L

DISCUSSION

The approach described in this paper aims at the determination of the Lgx 4
values for epidemiological purposes and for the predicting the hearing ‘risk’
encountered by an individual worker in the context of a hearing conservation
programme. This is in opposition with the ‘compliance’ approach aiming simply to
determine whether exposure exceeds the limits defined by the law.

An innovating point of the approach is to clearly define the ‘risk’ as the
probability for an individual to develop hearing impairment above a given threshold
during his professional life. The definitions of the maximum hearing deficits (in
terms of audiometric frequencies and levels) are outside the scope of this paper but
those presented as an illustration are used in some countries among which is
Belgium. Whatever the definition used, it remains that the precision needed on the
daily noise exposure level for a given precision on the risk is dependent on that level
and can be rather weak for Lgx 4 levels around 90 dB(A). This is in opposition to
proposals by Royster et al. (1986), who recommend simply to classify the L, 4 levels
in 5 dB(A) categories, as well as by Atzeri (1992), who described a statistical method
to reach a precision of +1 dB(A).

A comprehensive sampling strategy and interpretation procedure is proposed to
determine the daily noise exposure level of a group of workers. The main points of
this strategy are:

—the use of the concept of ‘homogeneous group of exposure’ (HGE) previously

used almost exclusively for the evaluation of the exposure to chemical agents;

—the definition of a new concept, the stationarity interval, as the period over which

the distribution of exposure is the same for the members of the HGE. This
interval, although implicit in the definition of the HGE given by Hawkins ef al.
(1991), appeared to be lacking in the sampling procedure described by these
authors.

—the use of an analysis of variance to test whether the group is homogenous or

not, and of a regression analysis to test the validity of the stationarity interval;

—a procedure to derive the standard deviation of a normal distribution

equivalent to the actual distribution, and to extrapolate from a sampling
duration A7) to any duration AT, and in particular to an 8-h period.

It must be noted that the two tests for the homogeneity of the group and the
validity of the stationarity interval make the assumption that the results are
normally distributed. This appears difficult to avoid as more sophisticated analyses
would be too complicated. Furthermore, skewness in the distribution of the data
tends to produce more significant results in the F-tests and therefore would lead to
split more often then needed the HGE into subgroups (Snedecor and Cochran,






