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This paper describes a new analysis of data from the 1968—72 National Institnte for Occupational
Safety & Health (NIOSH) Occupational Noise and Hearing Survey (ONHS). The population
consisted of 1172 (792 noise-exposed and 380 “‘controls’”) predominately white male workers from
a cross section of industries within the United States. The analysis focused on how risk estimates
vary according to various model assumptions, including shape of the dose-response curve and the
mmdmerpmmmgbwmexposedwakm(amds) Logistic regression
models were used to describe the risk of hearing handicap in relation to age, occupational noise
exposure, and duration exposed. Excess risk estimates were gencrated for several definitions of
hearing handicap. Hearing handicap is usually denoted as an average hearing threshold level (HTL)
of greater than 25 dB for both exrs at selected frequencies. The frequencies included in the biaural
averages were (1) the articulation-weighted average over 1-4 kHz, (2) the unweighted average over
0.5, 1, and 2 kHz, and (3) the anweighted average over 1, 2, and 3 kHz. The results show that excess
risk estimates for time-weighted average sound levels below 85 dB were sensitive to statistical
model form and assumptions regarding the sound level to which the *“‘control®* group was exposed.
The choice of frequencies used in the bearing handicap definition affected the magnitude of excess
85 dB, an age-stratified analysis provided evidence of excess risks at levels ranging from 80 to 84
dB, 85-89 4B, and 90-102 dB. Due to uncertainty in quantifying risks below 85 dB, new data
collection efforts should focus on better characterization of dose-response and longitndinal hearing
surveys that inclode workers exposed to 8-hour time-weighted noise levels below 85 dB. Results are

compared to excess risk estimates penerated using methods given by ANSI §3.44-1996.
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INTRODUCTION

‘The most common goal for protecting workers from the
auditory effects of occupational noise has historically been
the preservation of hearing for speech discrimination. With
this protection goal in mind, the National Institote for Occu-
pational Safety and Health (NIOSH) defined hearing handi-
cap as a biaural average of hearing levels exceeding 25 dB
at the andiometric test frequencies of 1, 2, and 3 kHz and
035, 1, and 2 kHz (NIOSH, 1972). Here, the term “*biaural
average™ is used to identify the mean value for the left and
right ears. Using these definitions, NIOSH (1972) estimated
the excess risk of hearing handicap as a function of age,
sound levels and duration of occupational noise exposure.
Excess risk, also known as percentage risk, is defined as the
percentage of individuals with hearing handicap among indi-
viduals exposed to daily 8-hour occupational noise exposure
after subtracting the percentage of individuals who would
typically incur such a handicap due to aging in an uncxposed
population. For a 40-year lifetime exposure to average daily
{8-hour) noise levels of 80, 85, and 90 dB im the workplace,
NIOSH (1972) estimated the excess risk to be 3%, 15%, and
29%, respectively for the bianral average over 1, 2, and 3
kHz. [Unless otherwise noted, “*dB”” implics an A-weighted
8-hour time-weighted average sound level.] Table I com-
pares the NIOSH (1972) excess risk estimates for the biaural
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average over 0.5, 1, and 2 kHz to those developed by other
organizations at approximately the same time.

Since the publication of the 1972 NIOSH Criteria Docu-
ment, statistical methods for analyzing categorical data out-
comes have been improved to assess risk of disease (Breslow
and Day, 1980a). The aim of this paper is 1o reevaluate the
models used to generate excess risk estimates from data col-
lected for the NIOSH 1968-72 Occupational Noise and
Hearing Survey (ONHS) (Lempest and Henderson, 1973).
Using these nmewer statistical methods, the paper examines
the relationship between exposure to noise and risk of moise-
induced bearing handicap (NIHH) and highlights aeas of
uncertainty in estimating risks. These results will be com-
pared to the 1972 NIOSH analysis (NIOSH, 1972) and to the
ANSI S3.44 (ANSI, 1996) standard, which adopted the
methods developed by the Intemmational Standards Ovganiza-
tion (ISO 1971, 1990). The data collected in the NIOSH
survey arc of continuing interest since they were obtained
before hearing protection devices were widely used in the
U.S. Observations by NIOSH investigators during sound
level surveys and management’s impressions of their respec-
tive plants did not indicate that participating companies had
policies requiring hearing protection use. Use of protectors,
if available at all, were left to the discretion of the workers.
No mass use of hearing protectors was noted in any of the



TABLE L Comparison of excess risk estimates by organization.*

Excess risk estimates (%)
Hearing handicap defined as HTLs > 25 dB

Avecrage for the of 05, 1, 2kHz
daily average
exposure ISO 1999
level (dB) NIOSH (1972) (1971} EPA*
80 3 0 5
85 15 10 12
90 29 21 23
95 43 2 mot available

an&mnhaﬁwﬂmmbm
“From Federal Register, Vol. 39, No. 244, 1974

coml;aniwmvcyed((]ohen.pusonalmmuniaﬁms.
1996).

{. RELEVANCE TO COMPARABLE STUDIES OF
NOISENDUCED HEARING LOSS

Several investigators (Robinson and Sutton, 1975;
Royster and Thomas, 1979; NCHS, 1965; Robinson, 1970;
Yerg et al., 1978) have examined the relationship of noise-
induced permanent threshold shift (NIPTS) and occupational

noise exposure. Studies similar to the NIOSH 1968-72
Noise Survey with respect to time period and methods of
data collection include Baughn (1973), Passchier-Vermeer
(1968) and Burns and Robinson (1970). These studies will
be the main focus of our review of the relevant noise and
hearing surveys from this period. These studies have been
used by ISO 1999 (1971) and ANSI §3.44 (ANSIL, 1996) to
estimate the risk of NTHH or NIPTS. Table II presents major
study characteristics of each of these smdies.

As shown in Table IL, only the Baughn (1973) study did
not screen their workers for otologic abnormalities. These
studies report that their populations were zestricted to work-
ers with daily constant levels of steady state noise exposure
for the entire length of employment. A review of these smd-
ies’ limitations has been addressed by Ward and Glorig
(1975) and Yerg et al. (1975). They include possible con-
tamination of non-steady state noise exposure in the popula-
tion and small sample sizes for subjects exposed to continu-
ous steady state for daily sound levels below 90 dB. The
Passchier-Vermeer report (1968) reviewed published studies
and was not specifically designed to address criteria for a
noise standard. The NIOSH study (Lempert and Henderson,
1973) was specifically designed to examine risk of noise-

TABLE 1L Overview of sclecied moise and bearing stadies wsed 00 assess risk of bearing handicap.

Population examined i risk Exposure
Study snalysis characteristics Screening of sabjects
NIOSH 1172 predominately white males Waorkers exposcd 1o Workers were excluded if they
ONHS from a cross section of steady staie noise had previous noisy jobs,
sdy* industries within the U.S. for up to 41 years of significant firearn exposure
792 noise-exposed exposure 1o daily (military or recreational)
380 low noise-exposed moise Jevels from 80—102 dB. ear discase or other otologic
Workers exposed to impact sbnormalities, incomplete
or impulsc moise were job histories or enknown
excloded NOESE EXPOSUTTS.
Baughn, 6,835 andiograms on Cancasian Warkers ascigned to No Owlogical screening of
1973 male employees from a three 3-hour TWA subjects.
Midwesicrn auto parts plant- exposure levels: 78, /3 of available tests were
1960—65. Stable work force, 86, and 92 dB: excloded due t0 significant
Eght mmover. Employees drawn N=852-78 dB known or anknown cxposures.
from surrounding N=5150-36 dB
farming-industrial commaunity N=833-92 dB
Age range: 1868 yrs. Age used as vniform
measwre of exposure
duration.
Passchier- 4557 Cancasian workers from an Include only workers Workers exciuded if they had
Vermeer, ndostrial population in The with constamnt noise previous noise exposure
1968 Netherfands: cxposure levels for during other jobs, otologic
4096 males an 8-hour shift for abnormalities.
461 females all exposure years
considered.
Bums & 759 noisc-exposed warkers and Exposed daily to Excluded individoals with
Robinson, 97 non-noise exposed controls steady statc moise existing or previous ear
1970 from a variety of occupations. for periods of up w0 disease or abnormality,
Subjects were volunieers. 50 years. exposure (o firing weapons,
422 males workers whose noise exposure
337 females could not be quantified, and
those with language
difficulty.

*empest and Henderson, 1972,



induced hearing handicap as a basis for establishing health
based occupational standards. The following summary of the
study methods is from a NIOSH technical report by Lempert
and Henderson {1973).

N. STUDY METHODOLOGY

A. Survey population

In 1968, the US. Public Health Service undertook a na-
tionwide study, called the Occupational Noise and Hearing
Survey (ONHS). The study was continued and completed by
NIOSH in 1972. The aim of the survey was “‘to characterize
noise exposure levels in a variety of industries, to describe
the hearing status of workers exposed to such noise condi-
tions, and to establish a relationship between occupational
noise exposture and hearing handicap that would be appli-
cable to gencral industry.”” Subjects for the study were re-
cruited through notices at industrial hygienc conferences and
through the regional offices of the U.S. Public Health Ser-
vice. All companies interested in participating were consid-
cluded (1) existence of a factory or occupational noise
conditions having noise levels relevant to developing noise
standards and criteria, and (2) a work force with a wide range
of years of exposure to such noise levels.

‘The data collected in the survey included noise measure-
ments, personal background information, medical and oto-
surements (using Bruel-Kjaer Sound Level Meters) were
taken at different areas of each plant and tape recordings
were used for laboratory analysis of noise characteristics. A
questionnaire was used to obtain information on each work-
er’s job history, military service, hobbies, and medical his-
tory pertinent to ear abnormalities and hearing difficulty. An
otoscopic inspection of the ears was also made, asually after
the completion of the questionnaire. Mcasurements of hear-
ing levels (using a Rudmose RA-108 audiometer) for pure
tone frequencies of 0.5, 1, 2, 3, 4, and 6 kHz in the right and
left ears of the workers were conducted in a Rudmose audio-
metric travel van (model RA-113). Workers from noisy
workplaces were always tested at the beginning of their work
shift.

For plants with less than 500 employees, the entire work
force was tested. For larger plants, a random sample was
selected. Individuals from each plant who worked in offices
oro(herqmetwmtmwucalsomclwedmﬂmmcyto
provide control data.

B. Screened population for analysis

" The survey population was “‘screened’” to exclude indi-
viduals with prior noise exposure (from occupational and
non-occupational sources) and medical or otologic condi-
tions that might affect a person’s risk of hearing loss, inde-
pendent of occupational noise levels at the time of the sur-
vey. Criteria for data exclusion included (1) uncertainty in
the noise exposure history or validity of andiometric tests
and (2) evidence that hearing loss might have been caused by
factors other than occupational noise exposure (c.g., military
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trauma, other audiological/otologic medical conditions).
Workers exposed to noise that was not continuous (e.g., dis-
crete impact sounds or noise with highly variable and unpre-
dictable levels) and all maintenance workers were also ex-
cluded. Due to the relatively small number of females in the
survey population, all analyses were Limited to 1172 males
(792 noise-exposed and 380 controls).

C. Variable definitions

1. Definition of hearing handicap

The major outcome of interest is hearing handicap, de-
fined as a biaural average bearing threshold level of greater
than 25 dB for a sclected set of frequencics. In this analysis,
the set of frequencies includes (a) 0.5, 1, and 2 kHz, (b) 1, 2,
and 3 kHz and (c} 1, 2, 3, and 4 kHz (herein denoted as 1-4
kHz). The 14 kHz frequency average was recommended by
an American Speech-Language-Hearing  Association
(ASHA) Task Force (ASHA, 1981), which focused on the
need to include frequencies most affected by noise exposure.
The ASHA Task Force recommended that percentage formu-
las should include hearing threshold levels for 1, 2, 3, and 4
kHz, with low and high fences of 25 and 75 dB, representing
0 percent and 100 percent hearing handicap boundaries, re-
spectively (ASHA, 1981). In this analysis, the ASHA recom-
mendation was modified by calculating a weighted average
across frequencies rather than an arithmetic average over the
test frequencies of 1, 2, 3, and 4 kHz. Weights were assigned
acconding to frequency specific articulation indexes (ANSI,
1969). The articulation index (Al) is a weighted fraction rep-
resenting (for a given listening situation) the effective pro-
portion of the specch signal that is available {(above a mask-
ing noisc level or hearing threshold) to a listener for
conveying speech intelligibility (ANSI, 1969).

Average hearing threshold levels ) using the ar-
ticulation indexes as weights were cakculated [Eq. (1)] and
then averaged over both ears:

HTLy, Wy + HTLy, W, + HTL, Wy + HTLu W,

)

where, W, = 0.24, W,= 0.38, Wy= 0.34, and W,= 0.24 are
the weights at 1, 2, 3, and 4 kHz, respectively. This defini-
tion will be referred to as the “‘1—4 kHz Al average™ defi-
nition of NIHH.

2. Measurement of noise exposure

Daily 8-hour time-weighted average (TWA) noise expo-
sure was estimated for each worker or worker group using
(1) area survey samples, (2) interviews with workmen and
supervisors to establish typical workday patterns and (3)
time-stody charts. These charits segmented the workday into
a succession of exposures at specific noise levels and for
specified durations. Discussions with both management and
workmen were pecessary to determine changes in noise ex-
posure over the course of many years. Consideration was
given to variations in occupational noise conditions due to
placement or relocation of machinery and as well as changes
in workers® work routine and locations. The reported noise



TABLE IIl. Covariates comsidered for inclusion in the analysis of the

NIOSH survey.

Variables

Coding conventions

Age at .

Duration of noise

Sound level, Ly . A-weighted
8-hour, time-weighted

Comtinuous variable: age n years

Categorical®
17-27 years
28-35 years
3645 years
45-54 years
>54 years

Continuous variable: duration in

years

Camcgorical*>
0-1 years
24 years
5-10 years
11-20 years
> ) years

Continuous variable

“Centered™ t Ly, dB: (Lyg—Lo)

Average (TWA) Lo was initialty fixed to 79 dB
sound level—dB, where bot then estimated in models
Lyg=average sound levels for presenied in the text.
exposed workers;
=average sound levels for
control population

Categorics were the same as NIOSH, 1972,

*In the 1972 NIOSH analysis, those exposed 10 acise for less than 6 months
were coded as “‘0”* for duration of exposure. In the crent analysis, con-
trols were coded as *'0"* for duration of exposure and exposed individuals
with less than 6 months of exposure were given a value of 0.25.

levels for the study population represent A-weighted eight
hour TWA sound levels calculated assuming a 5 dB ex-
change rate (ic., 5 dB increase in sound level is exchanged
against a factor of 2 in duration within the workday). All
levels were measured with sound level meters set o *“slow™’
response. The A-weighted daily noise levels were available
on the 792 noise-exposed individuals but npot available for
the 380 controls. Although sound levels for the control popu-
fation were not recorded, they were reported to be below 80
dB (Lempert and Henderson, 1973).

3. Other covariates

Other covariates of interest in this paper were age and
duration of exposure in years. The risk of hearing handicap
was examined in relation to the covariates defined in Table
1. For models that included categorical variables for age
{reference: 1727 years) and duration (reference: 01 years),
four indicator variables were created for different levels of
age and duration cxposed (Table III). For models that in-
cluded continuous variables for duration exposed, all con-
trols were reassigned a duration value of zero because it was
assumed that duration has no cffect on the hearing of the
controls. Exposed individuals with less than six months were
coded as 0.25 years (midpoint between 0 and 0.5 years).

D. Statistical models

Logistic regression models were used to analyze hearing
handicap, defined as the proportion of individuals whose bi-
aural hearing level is greater than 25 dB for averages over
selected frequencies. These logistic regression models were
fit using the SAS LOGISTIC procedure (SAS Institute, Inc.,
1989) and the nonlinear minimization (NLMINB) routine in
S-PLUS (Statistical Sciences, Inc., 1993).

Stratified contingency table analyses (Breslow and Day,
1980a) were performed to assess these data for qualitative
evidence of hearing handicap due to exposure to aoise after
controlling for age. The 2X2 contingency tables were strati-
fied by one year age groups and the prevalence of hearing
handicap among the three noise-exposed categories of 80—84
dB, 85-89 dB, and 90-102 dB were contrasted to the preva-
lence among controls. One-sided tests for detecting increased
risks were computed using Mantel-Haenszel methods. Fur-
ther details of this method are found in Breslow and Day
(1980a).

The quantitative relationship between hearing handicap
and the covariates {defined below) was modeled using logis-
tic regression methods (Breslow and Day, 1980b). These
models can be expressed as

eFiX.a.B.4.Lg)

p=PrY =110~ T —Foragsy @

where, p=the expected proportion with average hearing
level greater than 25 dB (indicated by ¥=1), given X. (¥
= 0 indicaies an average hearing level is less than or equal to
25 dB);

X =a vector of explanatory variables containing infor-
mation on age, sound level, and duration of exposure;

F(X;a:8;6,Lp)= a+ By (Age) +[ By (Lae—Lo)*1, )

where

Lys=A-weighted 8-hour TWA sound level for noise-
exposed workers in dB;

Ly=parameter for nominal TWA sound level in control
population in dB;

¢=shape parameter on dB effect;

a=intercept paramelter;

B =slope coefficient for age effect;

B,j=the slope coefficient for the jth duration of expo-
sure (years) interval, where j=1,2,3 represent ex-
posure intervals of 2—4 years, 5-10 years, and
>> 10 years of exposure, respectively.

1. Model development

The first step in the analysis was to fit several hierarchi-
cal logistic regression models and compare nested models
using likelihood ratio tests (LRTs) to identify which param-
eters significantly improved the fit to the data (Fienberg,
1987). The fit of the model to the data was evaluated using a
likelihood ratio test and examining the log likelihood statis-
tic, G, which is defined by the expression

G=—2Z{Y log p+(1-Y)log(1—p)}, @
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where the summation is over all individuals in the sample
(Breslow and Day, 1930b).

In general, the lower the value of G, the better the fit
between the model and the data. Differences in G statistics
for nested models may be interpreted as chi-squares
(Breslow and Day, 1980b). )

To be consistent with the methodology used in the 1972
NIOSH Noise Criteria Document (NIOSH, 1972), the model
was initially fit assuming that the sound level for the control
population { Lg) was 79 dB and the shape parameter () was
1. This was accomplished by first fitting models with main
effects only and then adding interaction terms between (a)
duration exposed and daily TWA sound level (L); (b) dura-
tion exposed and age; and (c) age and sound level. These
interaction terms tested whether there should be allowance
for differing slopes by levels of other variables. Models with
lincar main effect of age, duration exposed, and sound levels
were fit with an assumption that all control 8-hoar TWA
sound levels { Ey) were 79 dB. This assumption was made
available but were known to be less than 80 dB (Lempert and
Henderson, 1973). Other models with categorical main ef-
fects of age and duration were also examined. The final steps
of the analysis involved forther model refinements that in-
cluded (1) assuming there is a nondecreasing relationship of
prevalence with sound level and duration; (2) refitting func-
tional forms identified by the LRT strategy accordingly; (3)
assuming more flcxible models for incorporating the effects
of sound level by permitting the shape parameter (¢) to
vary; (4) permitting the contro] sound level (Lg) to vary from
79 dB; and (5) conducting sensitivity analyses of the impact
of critical assumptions.

A final form of the model was fit such that all the pa-
rameters (incloding Ly and ¢) were solved for simulta-
neously. This model form was fit with the following restric-
tion: the controf level, Ly, was bounded at 55 dB and 79 dB.
For the final model, a two-sided 90 percent confidence inter-
val was calculated for several noise levels using the paramet-
ric percentile bootstrap method (Efron and Tibshirani, 1986;
Efron, 1982). The same restrictions on Ly were applied to
1000 bootstrap samples generated to obtain the confidence
limits for excess risk. Graphical displays of bootstrap-based
confidence limits were smoothed using localized Linear re-
gression smoothers in S-PLUS (Statistical Sciences, Inc.,
1993).

2. Excess risk estimation

Excess risk for a particular age is defined as the differ-
ence between the nisk of hearing handicap for the notse-
sure sound level, Loy (where Ly > Lg), and the risk of
hearing handicap among controls. The excess risk associated
with exposure to poise evaluated at a given age was esti-
mated from Jogistic models using the following relationship:
Excess Risk=Pi{Y=1|age, duration, and intensity

of exposure] —Pi{ Y =1|age, control). (5)

Hence, excess risk is assumed 10 be equivalent to the in-
crease in risk of hearing handicap associated with noise ex-
posure.

3. Sensitivity analyses

Sensitivity analyses were performed to examine how
model assumptions may affect the results (i.c., excess risk
estimates). Assumptions evaluated in this analysis included
(1) the shape of the dose-response relationship; (2) the sound
level, Ly, for the control population; and (3) the effect of
issues were addressed during model development, where

A comparison of how excess risk estimates varied with
different definition of hearing handicap was also examined in
this analysis. The new definition (1-4 kHz AI average) was
compared to definitions previously used by NIOSH (1972)—
biaural hearing levels averaged over 1-3 kHz and 0.5-2
kHz. The anatyses of different hearing handicap definitions
were based on our fina! model for each definition of hearing
handicap: the mode] in which the control sound level (Lg)
and shape parameter {¢) were simultaneously estimated.

N, RESULTS

Figure 1 shows the hearing threshold level distributions
{10th, 50th, 90th percentiles) for different frequencies by age
and sound level categories for exposed and control workers.
All bearing thresholds shown are averages over the left and
right ears. Data are classified into five age groups and three
noise exposure categories (8087 dB, 88-92 4B, 92-102
dB). The boundaries for the age and sound level categorics
were sclected to provide adequate sample size (ie., at Jeast
30) in each cell. Sample sizes for the noise-exposed [n(NE))
duration. The sample sizes for the controls [r(C)] are the
same within age groups (shown in top panel of cach col-
umn). The graphs show similar exposure durations within
each age cell and increasing trends for median hearing
threshold levels with age and sound level. In all cases, con-
trol hearing threshold levels are lower than the noise-
cxposcd population, The tendency of median hearing thresh-
olds to increase with increasing age and sound level is also
illustrated. The spread of the distribution (given by the 10th
and 90th percentiles) is most marked at 3 and 4 kHz

A scatter plot of the ONHS data showing years of dura-
tion versus TWA sound level, Ly, is preseanted in Figure 2.
The vast majority of the data points are at sound levels above
85 dB. Almost 50% of the noise-exposed population had
8-hour TWA sound levels between 85 and 89 dB, while only
27% were exposed below 85 dB. There are also very few
data points cormesponding o 40 or more years of noise ex-
posure. This lack of data in the low exposure region (80-84
dB) and among workers with long duration of exposure
{> 40 years) imposes himitations for quantifying the risks
for workers exposed to noise throughout their working life-
time (e.g.. 45 years, assuming a worker starts work at 20
years of age and ends at 65 years).
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FIG. 1. Distribution of hearing levels (10th, 50th, and 90th percentiles) by age and average daily sound level (Lyg) categories from the NIOSH 196872

smrvey.

Despite the limited amount of data in the low exposure
region, the Mantel-Haenszel age-stratified analysis provided
evidence of positive excess risk associated with sound levels
ranging from 80 to 84 dB (p=0.02), as well as &5 to 89 dB
(p=0.02) and 90 to 102 dB (p<<0.001).

Age was found to be a highly significant predictor of
hearing handicap due to noise whether it was modeled using
a continuous variable (x?=211, df=1) or a set of categori-
cal variables (x*=213, df=4). The fitted categorical effects
for age suggested a linear trend (data not shown). This trend
was also apparent when models including sound leve] and
duration were fit. Therefore, the simpler models with linear
effects for age (as a continuous variable) were subsequently
considered in the final models. The addition of either years
of exposure or sound level ( Lyg) significantly improved the
fit of the model containing age. The addition of both terms
further increased the goodness of fit. A statistically signifi-
cant interaction (x?=29.6, df=4) was observed between
sound level and categories of years of exposure. No signifi-
cant interactions between age and duration exposed, nor age
and sound level were observed in this data set.

Based on this preliminary analysis, the best fitting linear
model is a function of continucus age, categorical levels of
duration of exposure, -and sound level. However, this model

initially appeared to be inappropriate for risk assessment be-
cause the excess risk of hearing handicap predicted by this
model decreased over limited ranges of sound level and do-
ration of exposure. For example, the parameter estimates of
this model suggested that the risk of hearing handicap was
lower for individuals with greater than 20 years of exposure
than it was for individuals with 11-20 years of exposure
when the sound level was above 90 dB. We found no statis-
tically significant difference between the fit of the model that
combined the two highest duration categories (11-20 years
and > 20 years combined to > 10 years) and the model with
separate parameters for cach duration category. This sug-
gested that risks remain essentially flat after 10 years of ex-
poswre, and that these two categories could be combined.
This initial model was farther refined to describe predicted
nisks of hearing handicap as a nondecreasing function of ex-
posure duration and sound level. The models also assume
that the effects of sound level depend on durations greater
than or equal to two years.

To test whether a linear sound level effect (¢=1) ad-
cquately described the relationship between noise exposure
and risk of hearing handicap, higher order terms for the
sound level effect were tested in the analysis. Using a qua-
dratic sound level term for exposure ( ¢=2) appreciably im-
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FIG. 2. Scaiter piot of exposmare somd levels (Lyg) versus exposare daration of 792 soise-exposed workers from the NIOSH 196872 sarvey.

proved the goodness of fit of the model relative to the linear
model. Using a cubic sound level term ($=3) resulied in
only a slight improvement in the goodness of fit over the
quadratic model. The final results from fitting models with
linear, quadratic, or cubic sound level terms and assuming
control sound levels, Ly, of 79 dB are presented in Table IV.
Also shown are the results from fitting a final model in which
the comtrol value and the shape parameter were found to be
73 dB and 3.4, respectively (model 4, Table IV). Model 4 is
denoted as the *‘best fiting model,”” because it produced the
best fit to the data. These results indicate considerable vari-
ability in excess risk estimates depending on model form and
is Likely due to lack of data at lower sound levels. This was
most marked at average daily sound levels less than or equal
to 85 dB. Figurc 3 presents excess risk estimates with
smoothed 90 percent confidence limits for 65-year-old males
with preater than 10 years of exposure as a function of sound
level for the “best fitting model”” (model 4).

A. Sensitivity analyses

1. Assumption regarding corirol 8-hour TWA sound
levels

To examinc the sensitivity of risk estimates to the as-
sumed sound level for the control group, the value of Ly was
varied from 60 w0 79 dB and optimum values of the shape
parameter, ¢, were estimated. As Ly is varied, there is very
little variation in the log likelihood statistic, G, whereas the
cxcess risk estimate for noise exposure at a level of 80 dB
varies between 0.06 and 2.9 (Table V). The results also show
that the optimum value of ¢ decreases considerably as the
assumed value of Ly increases. This analysis suggests that
information regarding the distribution of occupational sound
Jevels within the control population is important in estimat-
ing the risk of noise-induced handicap in noise-exposed
populations. The variability of excess risk estimates below
85 dB seen in Fig. 3 may be attributed o the lack of accurate

TABLE IV. Excess risk percent of moise-indoced hearing handicap for workers sged 65 with 10 or more years of moise exposure af various tme-weighsed

avcrage sound levels for linear, guadratic, cubic, and best Biting models.

Exposure ] Lincar dB models (¢=1)

level {mode 2) {model 3} (model 4)* Present
(Lyg) in dB =2 #=3 =34 amalysis NIOSH (1972)

80 02 002 1.2 34 3

85 83 32 16 196 15

9% 245 178 223 322 2

95 225 362 383 0.6 43

100 4.1 412 40 455 56

o —.

*Risk cstimaies cam be geacraed asing the following equation: Logi [Pr(Y> 25 dB HL)] = —5.0557 + 0.0812{Age) + [B; (Doration=1)1[{ Lye=-Lg)/
(102-73) 1, where, B, = 2.6653, 3.989, and 6.4206, respectively, for the ji duration of exposure for 2—4 years, 5—10 years, and > 10 years, respectively
and ¥ is the Al-weighted bisural average over 1-4 kiiz. For the best fitting modcl, ¢ was estimatcd o be 3.4 aud Ly = 73 dB. The term (102-73) im the
deaominator of the cocfficient describing the effect of duration and sound level, standardizes the cxposnre tenm sach shat the maximam exposure equals onc.
This was done for casc of comparison 1o models with differing estimates for Ly and .
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TABLE V. Excess risk percent of hearing handicap from logistic regression
models assuming different sound bevel values for controls with correspond-
ing shape parameters: Male workers aged 65 with duration exposure greater
than 10 years.

Cootrol sonnd levels (Ly ) in dB and cormesponding shape

Exposure
parametcrs (4}
level 60 65 "N s ™
(L) indB (#=546) ($=467) ($=388) ($=310) ($=249)
80 29 24 L3 08 0.06
85 96 21 £3 70 52
20 4 232 28 21 210
95 392 20 386 381 373
100 452 449 444 436 426
Log
litelihood 1039794 1039.715 1039645 [1039.631 1039754
siatistic, G

e ——
———

sound level data among control subjects and the sparseness
of the data for workers exposed at sound levels below 85 dB.

2. Definition of hearing handicap

To examine whether excess risk estimates varied by the
definition of hearing handicap used, we compared the 1-4
kHz Al average definition to two other definitions using the
same fence (> 25 dB HL), the unweighted biaural frequency
averages of 0.5-2 kHz and 1-3 kHz. All three definitions
were examined using a model that included age and a dose
metric effect defined as ( Lyg—Lyg)? times duration catego-
res {e.g., 2—4, 5-10, and > 10 years). The resultant esti-
mated shape parameters for the 0.5-2 kHz and 1-3 kHz
biaural averages were 4.5 and 4.9, respectively, with Ly
equal to 55 dB for both.

Under these models, excess risk estimates were affected
by both the definition of hearing handicap and the age of the

worker. We also found that changing from the articulation
index to a simple average of 14 kHz did not substantially
affect excess risk estimates (results not shown). For workers
aged 65 years (with > 10 years of exposure), excess risks for
the 1-3 kHz definition are higher than excess risk for the
new definition, particularly for sound levels above 85 dB
(Fig. 4A). However, among workers aged 45 with similar
years of cxposure, excess risk estimates are similar for all
soumd levels for the 1-3 XHz definition and the new defini-
tion (Fig. 4B). For younger workers (aged 30 years) with 5 to
10 years of exposure, excess nsk estimates for the definitions
that included 3 kHz and/or 4 kHz, are similar for all sound
levels (Fig. 4C).

V. DISCUSSION

The results of these analyses indicate that there is an
excess nisk of noise-induced hearing handicap (NIHH) at
8-hour time-weighted average (TWA) sound levels greater
than or equal to 85 dB. The excess risk below 85 dB was not
well defined in our analysis. However, the Mantel-Haenszel
test result suggests that there is a positive and statistically
significant excess risk at levels between 80 and 84 dB.

These findings also indicate two major areas of uncer-
tainty for quantifying the risk of noise-induced hearing
handicap. The first concems the sensitivity of the analysis to
the assumed sound level for the control group ( Ly). The
second relates to the shape of the dosc-response relationship
between the sound levels among the noise-exposed group
(Lng), duration exposed, and the risk of NIHH. Risk esti-
mates were found to vary comsiderably for values of Lyg
below 85 dB, depending on the assumed control sound level
(Ly), and the shape parameter () for the sound level effect
{e.g., lincar, quadratic, or cubic) in the models.

Peroent Exosss Risk of Hearing Handicap

HG. 3. Excess risk (percent) of bearing handicap (Al-weighing, 1-4 kHz) and bootstrap-based 90% confidence limits from model 4 (Table IV) for 65-year-old

malcs exposed for greater than 10 years 1o varying levels of moisc (Lyg).
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Poroent Bacess Aisk of Hearing Handioap

Percant Exoses Misk of Hearing Handicap

C

FIG. 4. Excess risk percest from meode] 4 (Table IV) a2 a fuaction of varying sownd levels (Lyy) for different definitions of hearing handicap. Pasel A- A,
65 years, durstion exposure > 10 years. Panel B: Age 45, dwration exposure > 10 years. Pancl C: Age 30 years. duaration exposure 5-10 years.
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The previous NIOSH (1972) estimate of excess risk for
a 40-year working lifetime of exposure to noise was approxi-
mately 15 percent at 85 dB. A linear regression model of log
hearing levels was used in the previous analysis (NIOSH,
1972) to estimate the risk of hearing handicap. NIHH was
defined as an average biaural hearing level greater than 25
dB based on unweighted averages of 0.5-2 kHz or 1-3 kHz.
The model described in the 1972 NIOSH criteria document
(NIOSH, 1972) is mathematically equivalent 1o a probit
model in which the risk of a hearing level greater than 25 dB
is of interest. The results from the previous NKOSH analysis
(NIOSH, 1972) also appear to be consistent with the assump-
tion that the control group was exposed to sound levels near
9 dB.

It is clear that models which include a quadratic or cubic
effect for the sound level effect fit significantly better than
the linear effect model and produce lower excess risk esti-
mates for sound levels below 85 dB than similar models used
in the 1972 NIOSH analysis (NIOSH, 1972). As shown in
Table IV, the point estimates of excess risk at 85 dB from the
quadratic and cubic models are 8 percent and 3 percent, re-
spectively. The quadratic and cubic models fit better than the
lincar model, mainly due to the effect of sound level in the
low exposure region. For sound levels less than or equal to
90 dB, the excess risk estimates from fitting a linear model
(Table IV) are slightly higher than those in the NIOSH
(1972) analysis. Thus, the disparity in excess risk estimates
presented in Table IV may be attributed primarily to the
different functional forms (i.e., shape of the sound level ef-
fect) of the fitted models. The logistic model used in this
analysis assumes the existence of a platean in risk after 10
years of exposure duration.

The analysis comparing different indicators of NIHH
show that patterns of excess risk as a function of average
daily sound level depend on age. Differences in excess risk
were nominal for the 1-4 kHz average, imespective of
whether HTLs were weighted by the frequency-specific ar-
ticulation indexes. These differing results by age may be
attributable to the fact that the effect of aging on risk of
hearing handicap may overshadow any incremental increases
in excess risk due to noise exposure. In the upper range of
duration and sound level, the dose-response curve shows
signs of a platean effect. The analysis also suggests that the
effect of sound intensity and duration of exposure is depen-
dent on frequency. Hearing damage at 3 and 4 kHz is ex-
pected to occur sooner than loss at lower frequencies (0.5, 1,
or 2 kHz). Definitions that exclude the higher frequencics
tend to_be less sensitive to noise damage and may require
longer durations of exposure to a given sound level to see
significant excess risks in the population.

Figure 4A and B suggests that the most suitable defini-
tion of hearing handicap may depend on the population char-
acteristics, such as age, exposure duration, and degree of
bearing handicap already accrued, as well as whether one
chooses to identify preclinical or later stages of hearing
handicap. The addition of the most sensitive frequencies to a
hearing handicap definition is a valid option if the goal is to
have a measure that addresses both preveation and identifi-
cation of hearing handicap.

A. Data limitations

The cross-sectional design of this study presented limi-
tations for estimating the risk of noise-induced hearing
handicap. For example, the 8-hour TWA sound levels, Ly
were determined at one point in time and are assumed to be
representative of exposure over the entire length of an em-
ployee’s job experience. This may have introduced a sub-
stantial source of error in the estimation of Lz . As a means
of reducing this emror, the screened ONHS population in-
ciuded only workers who remained in the same job for the
entire time that they worked at the study facility. These
workers were then assigned an 8-hour TWA sound level
based on noise measurements and job activities at the time of
the survey. It is possible that larger emmors in estimating
8-hour TWA sound levels over a long period of time may
have occurred for workers with longer durations of exposure.
It is also possible that the workers with long durations in-
cluded in this study represented a population which may
have been less sensitive to the adverse effects of noise on
hearing. This may have contributed to the observed decrease
in risk with increasing sound level, Ly, for durations
greater than 20 years. Hence, the cross-sectional design of
the survey introduces areas of concern for predicting NIHH
risks over a working lifetime.

B. Modeling caveats

The data limitations described above also placed Iimita-
tions on the modeling approach and interpretations presented
in this paper. One data limitation with implications for mod-
eling the risk of noise-induced hearing handicap, was the
lack of information on the distribution of 3-hour TWA sound
levels among the control population. This is a crucial omis-
sion because all excess risk estimates depend on the risk of
handicap among workers with low levels of occupational
noisc exposure (in this study, defined as exposure to sound
levels less than 80 dB).

Due to this lack of data, a very simplistic assumption
was made: sound levels in the contrel population could be
represented by a single number. This is problematic in terms
of model interpretation. First, it ignores the possibility that
there may be a distribution of sound levels below 80 dB for
this population. Second, this assumption results in a model
that implies that the estimated value {Ly) is a threshold
sound level at which no excess risk of noise-induced hearing
handicap is predicted regardless of the duration of exposure.
Hence, the statistical criteria used in model development are
vafid only if all of the controls were below a defined thresh-
old.

These modeling issues vnderscore the fact that all mod-
els are likely to be dependent on assumptions used to ac-
count for uncertainty in the available data. This analysis did
not model hearing threshold levels as a continuous variable.
Therefore, calculation of NIPTS using these models are not
possible. The analysis also did not extensively explore other
possible shapes for the sound level function other than
(Lye—Lg)*. Furthermore, modeling exposure duration as a
categorical variable limits finer examination of the relation-
ship of duration of exposure on risk of hearing handicap.
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FIG. 5. Bxcess risk (Al-weighting, 14 k) as a function of sownd level (L) according 80 model 4 (Table IV), in comparison with carves derived from
ANSI 53.44.1996 wsing Aancx A datsbese. Panel A: age 65 years, exposure duration 45 years. Panel B: age 45 years, exposure doration 25 years.

The models described in this paper were developed on
the basis of this particular data set. Inferences based on the
ONHS data set are also limited by its cross-sectional nature
and the fact that exposure data was absent for the control
population exposed to 8-hour TWA sound levels below 80
dB. As a result, the use of this model for other data sets with
differing characteristics and different methods of data collec-
tion would not necessarily provide similar results.

C. Comparison of new risk estimates to ANSI S3.44

Given this updated analysis of the NIOSH (1972) data, it
is of interest to compare these results to estimates generated
using methodology developed by the International Standards
Oxganization (ISO 1971, 1990), which was adopted in the
ANSI S3.44 standard (ANSI, 1996). This standard was is-
sued to provide a more accurate and more generalized mode!
of the relationship between NIPTS and occupational noise
exposure for people at different ages and duration of expo-
sure. ANSI §3.44 (ANSI, 1996) provides mathematical pro-

i

cedures for estimating hearing handicap due to noise expo-
sure for populations free from avditory impairment {other
than that due to noise).

The data from studies by Passchier-Vermeer (1968) and
by Burns and Robinson (1970) are the basis of the ANSI
$3.44 (ANSI, 1996) standard for estimating NIPTS. As with
the NIOSH (1972) study, most of the noise-cxposed workers
were exposed 1o daily noise levels ranging from 85 w0 95 dB.

The Passchier-Vermeer (1968) and Robinson (1970)
models are represented by different mathematical equations
which include an aging (non-noisc) component in dB and a
NIPTS component in dB. For each model, the equation for
NIPTS was determined by age correcting the noise-exposed
workers® hearing threshold levels to get the NIPTS compo-
nent. An empirical equation was developed for NIPTS in
terms of noise level and exposure time. For each model, the
aging and NIPTS components were combined to compute
total hearing threshold level in dB {ANSI, 1996). A simple
arithmetic average of the NIPTS values of Passchier-
Vermmeer and Robinson are used to predict NIPTS for ANSI



FIG. 6. Bootstrap-based 90% lower and wpper confidence limits for excess risk (Al-weighting, 1—4 kiHz) as a feoction of sound level (Lyg) according to
made] 4 (Table 1V), in comparison with corves derived from ANST 53.44.1996 using Annex A database. Panel A: age 65 years, exposure duration 45 years.

Pancl B: age 45 years, exposure daration 25 years.

$3.44 (ANSL, 1996). Johnson (1978) provides the methodol-
ogy used to develop risk percent calculations using the per-
centage of the population expected to exceed a specific hear-
ing threshold level (e.g.. 25 dB) for a given population.
The excess risks generated from our analysis of the 14
kHz Al definition are compared to excess risk estimates gen-
erated using the ANSI 53.44 (ANSI, 1996) methodology and
Annex A as the unexposed population. Annex A was chosen
over Annex B since the NIOSH study population was highly
screened. Hence, the Annex A highly screened control popu-
lation is the most appropriate comparison to our study popu-
lation. As shown in Fig. 5, excess risk estimates from our
best fitting mode] are similar to those estimated by ANSI
§3.44 (ANSI, 1996) for workers aged 65 years with 45 years
of exposure. However, among workers aged 45 ycars with 25
years of exposure, cxcess risk estimates at sound levels
greater than 90 dB are higher for this analysis as compared to
ANSI 53.44 (ANSL, 1996). These results particularly in the
range of 80-90 dB are not surprising given the similarities in

study design, data collection and time period for all of these
studies. Although these are qualitative comparisons, the dif-
ferences in estimates of lifetine excess risk between ANSI
83.44 (ANSL 1996) and this analysis do not appear to be
substantial. This is illustrated in Fig. 6, which shows that
excess risk estimates generated from ANSI $3.44 are located
between the bootstrap-based 90% upper and lower confi-
dence limits from the best fitting logistic model. At age 45
years and 25 years of exposure, excess risk estimates below
89 dB are within the lower bound of the confidence limits
from the logistic model. Thereafier, point estimates from
ANSI 5344 are found to be lower, particularly at sound
levels greater than 92 dB.

For other definitions of hearing handicap (0.5-2 kHz
and 1-3 kHz), ANSI S3.44 estimates of excess risk are con-
siderably lower at 85 dB for workers aged 65 years with 25
years of exposure_ For the 0.5-2 kHz definition, excess risks
at 85 dB from our logistic model and ANSI S3.44 (ANSI,
1996) are 12% and 1%, respectively. For the 1-3 kHz defi-
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nition, the values are 16% for our model and 4% using ANSI
53.44 (ANSL, 1996) methods. At 80 dB, ANSI S3.44 gener-
ates excess risks of 0% for both definitions, while estimates
from this analysis are 5% and 6% for the 0.5-2 kHz and 1-3
kHz definitions, respectively. Some of the divergent results
may be due to differences in population characteristics of the
studies used to generate excess risks. The NIOSH data set
represented a betevogeneons population of workers from a
variety of geographic regions and worksites within the
United States. The sty populations used to develop the
ANSI §3.44 (ANSI, 1996) models were likely to be more
homogeneous with respect to industry, demographic and so-
cioeconomic {e.g., access to medical care) characteristics.

D. Future directions and data needs

This analysis indicates a need to collect and analyze data
from populations exposed to noise at sound levels below 85
dB to learn more about the shape of the dose-response rela-
tionship below 85 dB. Like similar stndies conducted in the
late 1960 and early 1970's, the screened QNHS data set had
few subjects with exposures at levels below 85 dB. This
contributed o a high degrec of instability in the risk est-
mates as the modeling assumptions were varied. Although
methods for evaluating excess risks can reasonably be ap-
plied to these data Nonetheless, it scems plausible that the
observed instability below 85 dB would persist using other
modeling methods. Risk estimates in the range of 883-95 dB
are probably more reliable than the estimates for the lower
ranges of sound level. More recent longitudinal data sets
may be useful in examining risk below 85 dB. To examine
whether noise-induced hearing handicap remains a problem
for workers enrolled in OSHA-mandated hearing conserva-
tion programs (Department of Labor, 1981a,1981b), we are
currently examining appropriate longitudinal audiometric da-
should be implemented to (1) characterize noise exposure for
presumably *‘non-noise™ or low noise populations (inchui-
ing populations exposed o nonoccupational sources of
noise); and (2) examine dose-response relationships for noise
and hearing handicap among workers exposed to noise levels
below 90 dB.
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