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A re-examination of risk estimates from the NIOSH Occupational
Noise and Hearing Survey (ONHS)
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4676 Columbia Parkway, Cincinnati, Ohio 45226

(Received 13 July 1994; revised 9 April 1996; accepted 20 Septembej 1996

This paper describes a new analysis of data from the 1968—72 National Institute for Occupational
Safety & Health (NIOSH) Occupational Noise and Hearing Survé®@NHS). The population
consisted of 1172792 noise-exposed and 380 “contro}giredominately 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
amount of noise exposure among low-noise exposed worlgrgontrolg. 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 generated for several definitions of
hearing handicap. Hearing handicap is usually denoted as an average hearing threshgttilevel

of greater than 25 dB for both ears at selected frequencies. The frequencies included in the biaural
averages wer€l) the articulation-weighted average over 1-4 kk#,the unweighted average over

0.5, 1, and 2 kHz, an¢B) the unweighted 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 hearing handicap definition affected the magnitude of excess
risk estimates, which depended on age and duration of exposure. Although data were limited below
85 dB, an age-stratified analysis provided evidence of excess risks at levels ranging from 80 to 84
dB, 85-89 dB, 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 longitudinal hearing
surveys that include workers exposed to 8-hour time-weighted noise levels below 85 dB. Results are
compared to excess risk estimates generated using methods given by ANSI S3.44-1996.
[S0001-496807)01102-9

PACS numbers: 43.50.Qp, 43.64.\WWBAD]

INTRODUCTION average over 0.5, 1, and 2 kHz to those developed by other

The most common goal for protecting workers from theorganizations at approximately the same time.
auditory effects of occupational noise has historically been Since the publication of the 1972 NIOSH Criteria Docu-

the preservation of hearing for speech discrimination. with"ent statistical methods for analyzing categorical data out-

this protection goal in mind, the National Institute for Occu- comes have been improved to assess risk of dis@aeslow

pational Safety and HealttNIOSH) defined hearing handi- @nd Day, 1980a The aim of this paper is to reevaluate the
cap as aviaural averageof hearing levels exceeding 25 dB models used to generate excess risk estimates from data col-

at the audiometric test frequencies of 1, 2, and 3 kHz andfctéd for the NIOSH 1968-72 Occupational Noise and
0.5, 1, and 2 kHZNIOSH, 1972. Here, the term “biaural H€aring Survey(ONHS) (Lempert and Henderson, 1973
average” is used to identify the mean value for the left andJysing these newer statistical methods, the paper examines
right ears. Using these definitions, NIOSE972 estimated the relationship between exposure to noise and risk of noise-
the excess risk of hearing handicap as a function of agdnhduced hearing handicaNIHH) and highlights areas of
sound levels and duration of occupational noise exposuréincertainty in estimating risks. These results will be com-
Excess risk, also known as percentage risk, is defined as ttred to the 1972 NIOSH analysisIOSH, 1972 and to the
percentage of individuals with hearing handicap among indiANSI S3.44 (ANSI, 1996 standard, which adopted the
viduals exposed to daily 8-hour occupational noise exposuréiethods developed by the International Standards Organiza-
after subtracting the percentage of individuals who wouldtion (ISO 1971, 1990 The data collected in the NIOSH
typically incur such a handicap due to aging in an unexpose@urvey are of continuing interest since they were obtained
population. For a 40-year lifetime exposure to average dailypefore hearing protection devices were widely used in the
(8-houn noise levels of 80, 85, and 90 dB in the workplace,U.S. Observations by NIOSH investigators during sound
NIOSH (1972 estimated the excess risk to be 3%, 15%, andevel surveys and management's impressions of their respec-
29%, respectively for the biaural average over 1, 2, and 3ive plants did not indicate that participating companies had
kHz. [Unless otherwise noted, “dB” implies an A-weighted policiesrequiring hearing protection use. Use of protectors,
8-hour time-weighted average sound leyélable | com- if available at all, were left to the discretion of the workers.
pares the NIOSH1972 excess risk estimates for the biaural No mass use of hearing protectors was noted in any of the
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TABLE I. Comparison of excess risk estimates by organizdtion.

Excess risk estimate@o)

Hearing handicap defined as HTLs 25 dB

Average for the average of 0.5, 1, 2 kHz
daily
exposure 1ISO 1999
level (dB) NIOSH (1972 (1979 EPAP
80 3 0 5
85 15 10 12
20 29 21 22.3
95 43 29 not available

#These excess risk estimates are for a 40-year lifetime exposure to noise.

From Federal Register, Vol. 39, No. 244, 1974.

companies surveyedCohen,

1996.

|. RELEVANCE TO COMPARABLE STUDIES OF
NOISE-INDUCED HEARING LOSS

Several investigators(Robinson and Sutton, 1975; Passchier-Vermeer repdt968 reviewed published studies
Royster and Thomas, 1979; NCHS, 1965; Robinson, 1970and was not specifically designed to address criteria for a
Yerg et al, 1978 have examined the relationship of noise- noise standard. The NIOSH stu@lyempert and Henderson,

induced permanent threshold sHiRIPTS) and occupational

personal communications,

noise exposure. Studies similar to the NIOSH 1968-72
Noise Survey with respect to time period and methods of
data collection include Baugh(1973, Passchier-Vermeer
(1968 and Burns and Robinsofi970. 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 19991971) and ANSI S3.44ANSI, 1996 to
estimate the risk of NIHH or NIPTS. Table Il presents major
study characteristics of each of these studies.

As shown in Table IlI, only the Baughi1973 study did
not screen their workers for otologic abnormalities. These
studies report that their populations were restricted to work-
ers with daily constant levels of steady state noise exposure
for the entire length of employment. A review of these stud-
ies’ limitations has been addressed by Ward and Glorig
(1975 and Yerget al. (1979. 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

1973 was specifically designed to examine risk of noise-

TABLE Il. Overview of selected noise and hearing studies used to assess risk of hearing handicap.

Population examined in risk

Exposure

Study analysis characteristics Screening of subjects
NIOSH 1172 predominately white males Workers exposed to Workers were excluded if they
ONHS from a cross section of steady state noise had previous noisy jobs,
study? industries within the U.S. for up to 41 years of significant firearm exposure

792 noise-exposed exposure to daily (military or recreationa|
380 low noise-exposed noise levels from 80-102 dB. ear disease or other otologic
Workers exposed to impact abnormalities, incomplete
or impulse noise were job histories or unknown
excluded. noise exposures.
Baughn, 6,835 audiograms on Caucasian Workers assigned to No Otological screening of
1973 male employees from a three 8-hour TWA subjects.
Midwestern auto parts plant: exposure levels: 78, 2/3 of available tests were
1960-65. Stable work force, 86, and 92 dB: excluded due to significant
light turnover. Employees drawn N=852-78 dB known or unknown exposures.
from surrounding N=5150-86 dB
farming-industrial community. N=833-92 dB
Age range: 18—68 yrs. Age used as uniform
measure of exposure
duration.

Passchier- 4557 Caucasian workers from an Include only workers Workers excluded if they had
Vermeer, industrial population in The with constant noise previous noise exposure
1968 Netherlands: exposure levels for during other jobs, otologic

4096 males an 8-hour shift for abnormalities.
461 females all exposure years
considered.

Burns & 759 noise-exposed workers and Exposed daily to Excluded individuals with
Robinson, 97 non-noise exposed controls steady state noise existing or previous ear
1970 from a variety of occupations. for periods of up to disease or abnormality,

Subjects were volunteers.
422 males
337 females

exposure to firing weapons,
workers whose noise exposure
could not be quantified, and
those with language
difficulty.

50 years.

3 empert and Henderson, 1972,
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induced hearing handicap as a basis for establishing healtrauma, other audiological/otologic medical conditipns
based occupational standards. The following summary of th&/orkers exposed to noise that was not continu@ug., dis-
study methods is from a NIOSH technical report by Lempertcrete impact sounds or noise with highly variable and unpre-

and Henderso(1973. dictable levels and all maintenance workers were also ex-
cluded. Due to the relatively small number of females in the
Il. STUDY METHODOLOGY survey population, all analyses were limited to 1172 males

A. Survey population (792 noise-exposed and 380 contjols
In 1968, the U.S. Public Health Service undertook a na_ variable definitions
tionwide study, called the Occupational Noise and Hearing o . ]
Survey(ONHS). The study was continued and completed by Définition of hearing handicap
NIOSH in 1972. The aim of the survey was “to characterize ~ The major outcome of interest is hearing handicap, de-
noise exposure levels in a variety of industries, to describdéined as a biaural average hearing threshold level of greater
the hearing status of workers exposed to such noise condihan 25 dB for a selected set of frequencies. In this analysis,
tions, and to establish a relationship between occupationahe set of frequencies includés 0.5, 1, and 2 kHz(b) 1, 2,
noise exposure and hearing handicap that would be appland 3 kHz andc) 1, 2, 3, and 4 kHZherein denoted as 1-4
cable to general industry.” Subjects for the study were rekHz). The 1-4 kHz frequency average was recommended by
cruited through notices at industrial hygiene conferences andn  American  Speech-Language-Hearing  Association
through the regional offices of the U.S. Public Health Ser{ASHA) Task Force(ASHA, 1981, which focused on the
vice. All companies interested in participating were consid-need to include frequencies most affected by noise exposure.
ered if certain priority considerations applied. These in-The ASHA Task Force recommended that percentage formu-
cluded (1) existence of a factory or occupational noiselas should include hearing threshold levels for 1, 2, 3, and 4
conditions having noise levels relevant to developing nois&Hz, with low and high fences of 25 and 75 dB, representing
standards and criteria, af®) a work force with a wide range 0 percent and 100 percent hearing handicap boundaries, re-
of years of exposure to such noise levels. spectively(ASHA, 198)). In this analysis, the ASHA recom-
The data collected in the survey included noise measuranendation was modified by calculating a weighted average
ments, personal background information, medical and otoacross frequencies rather than an arithmetic average over the
logical data and audiometric examinations. Noise level meatest frequencies of 1, 2, 3, and 4 kHz. Weights were assigned
surements(using Bruel-Kjaer Sound Level Metgravere  according to frequency specific articulation indexaSl,
taken at different areas of each plant and tape recordings969. The articulation indexAl) is a weighted fraction rep-
were used for laboratory analysis of noise characteristics. Aesenting(for a given listening situationthe effective pro-
questionnaire was used to obtain information on each workportion of the speech signal that is availatédove a mask-
er's job history, military service, hobbies, and medical his-ing noise level or hearing thresholdo a listener for
tory pertinent to ear abnormalities and hearing difficulty. Anconveying speech intelligibility ANSI, 1969.
otoscopic inspection of the ears was also made, usually after Average hearing threshold levegdTL .y using the ar-
the completion of the questionnaire. Measurements of heaticulation indexes as weights were calculaféd). (1)] and
ing levels (using a Rudmose RA-108 audiometéor pure  then averaged over both ears:

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 audigqT|. ALy W+ HTLpWo - HTL gt Ws + HTL 4Wa

metric travel van(model RA-113. Workers from noisy e Wi+ Wot+ Wi+ W, ’
workplaces were always tested at the beginning of their work @
shift. where,W,;= 0.24,W,= 0.38,W,;= 0.34, andW,= 0.24 are

For plants with less than 500 employees, the entire workhe weights at 1, 2, 3, and 4 kHz, respectively. This defini-
force was tested. For larger plants, a random sample wason will be referred to as the “1-4 kHz Al average” defi-
selected. Individuals from each plant who worked in officesnition of NIHH.
or other quiet work areas were also included in the survey to

provide control data. 2. Measurement of noise exposure

Daily 8-hour time-weighted averag&@WA) noise expo-
sure was estimated for each worker or worker group using
The survey population was “screened” to exclude indi- (1) area survey sample$2) interviews with workmen and

viduals with prior noise exposuréfrom occupational and supervisors to establish typical workday patterns &8d
non-occupational sourcesnd medical or otologic condi- time-study charts. These charts segmented the workday into
tions that might affect a person’s risk of hearing loss, inde-a succession of exposures at specific noise levels and for
pendent of occupational noise levels at the time of the surspecified durations. Discussions with both management and
vey. Criteria for data exclusion includgd) uncertainty in  workmen were necessary to determine changes in noise ex-
the noise exposure history or validity of audiometric testsposure over the course of many years. Consideration was
and(2) evidence that hearing loss might have been caused hyiven to variations in occupational noise conditions due to
factors other than occupational noise expogetg., military  placement or relocation of machinery and as well as changes
history, other non-occupational noise exposures, heath workers’ work routine and locations. The reported noise

B. Screened population for analysis

952  J. Acoust. Soc. Am., Vol. 101, No. 2, February 1997 Prince et al.: Reexamination of NIOSH risk estimates 952



TABLE Ill. Covariates considered for inclusion in the analysis of the D. Statistical models
NIOSH survey.

Logistic regression models were used to analyze hearing
Variables Coding conventions handicap, defined as the proportion of individuals whose bi-
aural hearing level is greater than 25 dB for averages over

Age at examination Continuous variable: age in years
selected frequencies. These logistic regression models were
Categorical fit using the SAS LOGISTIC procedukS8AS Institute, Inc.,
17-27 years 1989 and the nonlinear minimizatioNLMINB ) routine in
gi:ig 5:22 S-PLUS(Statistical Sciences, Inc., 1993
45-54 years Stratified contingency table analys@reslow and Day,
>54 years 1980a were performed to assess these data for qualitative
evidence of hearing handicap due to exposure to noise after
Duration of noise Continuous variable: durationin controlling for age. The 22 contingency tables were strati-
exposure years

fied by one year age groups and the prevalence of hearing
handicap among the three noise-exposed categories of 80—84

CategoricaP?
0-1 years dB, 85-89 dB, and 90—-102 dB were contrasted to the preva-
2-4 years lence among controls. One-sided tests for detecting increased
5-10 years risks were computed using Mantel-Haenszel methods. Fur-
11-20 years ther details of this method are found in Breslow and Day
> 20 years
(19804.
Sound levelL e , A-weighted Continuous variable The quantitative relationship between hearing handicap
8-hour, time-weighted “Centered” atLy, dB: (Lye—Lo) and the covariate&lefined belowwas modeled using logis-
Average(TWA) L, was initially fixed to 79 dB tic regression methodéBreslow and Day, 198Qb These
sound level—dB, where but then estimated in models models can be expressed as
L ye=average sound levels for presented in the text.
exposed workers; eF(Xia.8,4,L0)
L,=average sound levels for p=PrY=1|X)= Tr e Rapdly 2

control population

“Categories were the same as NIOSH, 1972, where, p=the expected proportion with average hearing

bln the 1972 NIOSH analysis, those exposed to noise for less than 6 montH€vel greater than 25 dBindicated byY=1), given X. (Y

were coded as “0" for duration of exposure. In the current analysis, con-= ( indicates an average hearing level is less than or equal to
trols were coded as “0” for duration of exposure and exposed individuaI325 dB):

with less than 6 months of exposure were given a value of 0.25. . . .
X =a vector of explanatory variables containing infor-

mation on age, sound level, and duration of exposure;

levels for the study population represent A-Weighted eight F(X;a’;,B;¢,L0):a+Bl(Age)+[BZj(LNE_LO)¢]1

hour TWA sound levels calculated assumia 5 dB ex- 3)
change ratdi.e., 5 dB increase in sound level is exchanged

against a factor of 2 in duration within the workdayll ~ Where _ _
levels were measured with sound level meters set to “slow”  Lne=A-weighted 8-hour TWA sound level for noise-
response. The A-weighted daily noise levels were available exposed workers in dB; _

on the 792 noise-exposed individuals but not available for ~ Lo=parameter for nominal TWA sound level in control
the 380 controls. Although sound levels for the control popu- population in dB;

lation were not recorded, they were reported to be below 80 ¢ =Shape parameter on dB effect;

dB (Lempert and Henderson, 1973 a=intercept parameter;
B1 =slope coefficient for age effect;

Boj=the slope coefficient for theth duration of expo-
sure (years interval, wherej=1,2,3 represent ex-
3. Other covariates posure intervals of 2—4 years, 5-10 years, and

>10 years of exposure, respectively.
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. Model development
lll. For models that included categorical variables for age

(reference: 17—27 yedrand duratior{reference: 0—1 years The first step in the analysis was to fit several hierarchi-

- . ) cal logistic regression models and compare nested models
four indicator variables were created for different levels of . - . . . .
age and duration exposddable Ill). For models that in- using I|I.<eI|_h'ood rat!o testeLRTS) to. identify wh|ch param-

' eters significantly improved the fit to the datBienberg,

cluded continuous variables for duration exposed, all Con'198n. The fit of the model to the data was evaluated using a

trols were reassigned a duration value of zero because it w . . . - .
: : ikelihood ratio test and examining the log likelihood statis-
assumed that duration has no effect on the hearing of th Co . .
ic, G, which is defined by the expression

controls. Exposed individuals with less than six months were
coded as 0.25 yeafsidpoint between 0 and 0.5 years G=—-23{Y log p+(1-Y)log(1—p)}, (4

953  J. Acoust. Soc. Am., Vol. 101, No. 2, February 1997 Prince et al.: Reexamination of NIOSH risk estimates 953



where the summation is over all individuals in the sampleHence, excess risk is assumed to be equivalent to the in-
(Breslow and Day, 1980b crease in risk of hearing handicap associated with noise ex-

In general, the lower the value @&, the better the fit posure.
between the model and the data. Differences§istatistics
for nested models may be interpreted as chi-squares o
(Breslow and Day, 1980b 3. Sensitivity analyses

To be consistent with the methodology used in the 1972  Sensitivity analyses were performed to examine how
NIOSH Noise Criteria DocumenNIOSH, 1972, the model  model assumptions may affect the resuits., excess risk
was initially fit assuming that the sound level for the Contr0|estimate; Assumptions evaluated in this analysis included
population( Lo) was 79 dB and the shape parameig) (vas (1) the shape of the dose-response relationgBipthe sound
1. This was accomplished by first fitting models with main|evel, L, for the control population; an) the effect of
effects only and then adding interaction terms betwe®n using different definitions of hearing handicap. The first two
duration exposed and daily TWA sound levkl); (b) dura-  jssues were addressed during model development, where
tion exposed and age; ar(d) age and sound level. These each assumption was varied while the other remained fixed.
interaction terms tested whether there should be allowance A comparison of how excess risk estimates varied with
for differing slopes by levels of other variables. Models with different definition of hearing handicap was also examined in
linear main effect of age, duration exposed, and sound levelgis analysis. The new definitioi—4 kHz Al averagpwas
were fit with an assumption that all control 8-hour TWA compared to definitions previously used by NIOGI972—
sound levely L) were 79 dB. This assumption was made biaural hearing levels averaged over 1-3 kHz and 0.5-2
because individual noise exposure data for controls were urkHz. The analyses of different hearing handicap definitions
available but were known to be less than 80(@Bmpert and  were based on our final model for each definition of hearing
Henderson, 1973 Other models with categorical main ef- handicap: the model in which the control sound legley)
fects of age and duration were also examined. The final stepghd shape parametes) were simultaneously estimated.
of the analysis involved further model refinements that in-
cluded(1) assuming there is a nondecreasing relationship of
prevalence with sound level and durati@8) refitting func-  !ll. RESULTS

tional forms identified by the LRT strategy according() Figure 1 shows the hearing threshold level distributions

assuming more flexible '_“‘?de's for incorporating the effects(lom, 50th, 90th percentilg$or different frequencies by age
of sgu4nd Ievgtlt_by tﬁermltt;ngl the (sjhlape patrameté? to and sound level categories for exposed and control workers.
\7/3“(;’8(' ) pzrg‘n mgd € control soun ev(?l(’) 0 \;aLy rom hearing thresholds shown are averages over the left and

£ ori N aln ) conducting sensitivity analyses of the iImpact right ears. Data are classified into five age groups and three
° C”Atf.a ?stumptf'cms' del fit h that all th noise exposure categori€80—87 dB, 88-92 dB, 92-102

¢ ina ?rrg_ 0 L € mcc)i e was i SUIC d 1? all eltpa- dB). The boundaries for the age and sound level categories

rame ers(mc; uding Lo and ¢) were solved Tor simufta- 06 selected to provide adequate sample §iee at least
neously. This model form was fit with the following restric- 30) in each cell. Sample sizes for the noise-expdsgdE)]
tion: the control levell 5, was bounded at 55 dB and 79 dB. groups are provided for each graph with median exposure

Folr the fm?l T(idgl% a two-5|d|ed 90 Terclent c_onfltorl]ence Interauration. The sample sizes for the contrpd§C)] are the
val was calculated for several noise levels using the paramef, .\ i age groupéshown in top panel of each col-

ric percentile bootstrap methqéfron and Tibshirani, 1986; umn). The graphs show similar exposure durations within

Efron, 1983. The same restrictions obo were applied t_o each age cell and increasing trends for median hearing
1000 bootstrap samples generated to obtain the conﬁden&g

o - . ) reshold levels with age and sound level. In all cases, con-
limits for excess risk. Graphical displays of bootstrap-base d

fid limit thed using localized li rol hearing threshold levels are lower than the noise-
confidence fimits were smoothed using locallzed fiinear re'exposed population. The tendency of median hearing thresh-
gression smoothers in S-PLUtatistical Sciences, Inc.,

olds to increase with increasing age and sound level is also
1993. illustrated. The spread of the distributiégiven by the 10th
and 90th percentiless most marked at 3 and 4 kHz.
A scatter plot of the ONHS data showing years of dura-
2. Excess risk estimation tion versus TWA sound level, g, is presented in Figure 2.

E isk f ficul is defined as the diff The vast majority of the data points are at sound levels above
XCEss Msk for a particular age 1S detined as the diflergg g - Ajmost 50% of the noise-exposed population had
ence between the risk of hearing handicap for the nois

. ) : €8-hour TWA sound levels between 85 and 89 dB, while only
exposed population, given exposure duration, and the EXP% 705 were exposed below 85 dB. There are also very few

Eure.so'ﬂ]d é?velLNE (WhereIENEI >_”|1‘°)' and th_ek”Sk of td ta points corresponding to 40 or more years of noise ex-
earnng handicap among controls. 1ne excess risk assoclalyfg e This lack of data in the low exposure regidd—84

with exposure _to_noise evalugted at a giv_en age was ?St B) and among workers with long duration of exposure
mated from logistic models using the following relationship: (> 40 years imposes limitations for quantifying the risks

Excess RiskPf{Y=1|age, duration, and intensity fpr workers exposed to noisg throughout their working life-
time (e.g., 45 years, assuming a worker starts work at 20

of exposure}P{Y=1|age, contrgl. (5  years of age and ends at 65 years

954  J. Acoust. Soc. Am., Vol. 101, No. 2, February 1997 Prince et al.: Reexamination of NIOSH risk estimates 954
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FIG. 1. Distribution of hearing level&l0th, 50th, and 90th percentilesy age and average daily sound leyelg) categories from the NIOSH 1968-72
survey.

Despite the limited amount of data in the low exposureinitially appeared to be inappropriate for risk assessment be-
region, the Mantel-Haenszel age-stratified analysis providedause the excess risk of hearing handicap predicted by this
evidence of positive excess risk associated with sound leveisiodel decreased over limited ranges of sound level and du-
ranging from 80 to 84 dBp=0.02, as well as 85 to 89 dB ration of exposure. For example, the parameter estimates of
(p=0.02 and 90 to 102 dBp<0.00J. this model suggested that the risk of hearing handicap was

Age was found to be a highly significant predictor of lower for individuals with greater than 20 years of exposure
hearing handicap due to noise whether it was modeled usintipan it was for individuals with 11-20 years of exposure
a continuous variablex¢=211,df=1) or a set of categori- when the sound level was above 90 dB. We found no statis-
cal variables ?=213,df=4). The fitted categorical effects tically significant difference between the fit of the model that
for age suggested a linear trefdhta not shown This trend  combined the two highest duration categori#$—20 years
was also apparent when models including sound level andnd> 20 years combined to- 10 year$ and the model with
duration were fit. Therefore, the simpler models with linearseparate parameters for each duration category. This sug-
effects for aggas a continuous variablevere subsequently gested that risks remain essentially flat after 10 years of ex-
considered in the final models. The addition of either yeargposure, and that these two categories could be combined.
of exposure or sound levélL \g) significantly improved the This initial model was further refined to describe predicted
fit of the model containing age. The addition of both termsrisks of hearing handicap as a nondecreasing function of ex-
further increased the goodness of fit. A statistically signifi-posure duration and sound level. The models also assume
cant interaction ¢?=29.6, df=4) was observed between that the effects of sound level depend on durations greater
sound level and categories of years of exposure. No signifithan or equal to two years.
cant interactions between age and duration exposed, nor age To test whether a linear sound level effeei=€1) ad-
and sound level were observed in this data set. equately described the relationship between noise exposure

Based on this preliminary analysis, the best fitting linearand risk of hearing handicap, higher order terms for the
model is a function of continuous age, categorical levels osound level effect were tested in the analysis. Using a qua-
duration of exposure, and sound level. However, this modefiratic sound level term for exposure£2) appreciably im-
Prince et al.: Reexamination of NIOSH risk estimates 955
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FIG. 2. Scatter plot of exposure sound levélsg) versus exposure duration of 792 noise-exposed workers from the NIOSH 1968-72 survey.

proved the goodness of fit of the model relative to the lineaA. Sensitivity analyses

model. Using a cubic sound level terng €3) resulted in ) )

only a slight improvement in the goodness of fit over thel- ASsumption regarding control 8-hour TWA sound

quadratic model. The final results from fitting models with /€V€/S

linear, quadratic, or cubic sound level terms and assuming To examine the sensitivity of risk estimates to the as-
control sound leveld, ,, of 79 dB are presented in Table IV. sumed sound level for the control group, the valué givas
Also shown are the results from fitting a final model in which varied from 60 to 79 dB and optimum values of the shape
the control value and the shape parameter were found to hgarameterg, were estimated. Ak is varied, there is very
73 dB and 3.4, respectivelynodel 4, Table IV. Model 4 is little variation in the log likelihood statistid3, whereas the
denoted as the “best fitting model,” because it produced theexcess risk estimate for noise exposure at a level of 80 dB
best fit to the data. These results indicate considerable varicaries between 0.06 and 2Bable V). The results also show
ability in excess risk estimates depending on model form anthat the optimum value o decreases considerably as the
is likely due to lack of data at lower sound levels. This wasassumed value of ; increases. This analysis suggests that
most marked at average daily sound levels less than or equaiformation regarding the distribution of occupational sound
to 85 dB. Figure 3 presents excess risk estimates withevels within the control population is important in estimat-
smoothed 90 percent confidence limits for 65-year-old maleghg the risk of noise-induced handicap in noise-exposed
with greater than 10 years of exposure as a function of soungopulations. The variability of excess risk estimates below
level for the “best fitting model”(model 4. 85 dB seen in Fig. 3 may be attributed to the lack of accurate

TABLE IV. Excess risk percent of noise-induced hearing handicap for workers aged 65 with 10 or more years of noise exposure at various time-weighted
average sound levels for linear, quadratic, cubic, and best fitting models.

Excess risk estimates for various models

Exposure ] Linear dB models ¢=1)
sound Quadratic Cubic Best fitting
level (model 2 (model 3 (model 42 Present
(Lyp) in dB »=2 »=3 $=3.4 analysis NIOSH1972

80 0.2 0.02 1.2 34 3
85 8.3 3.2 7.6 19.6 15
90 24.5 17.8 22.3 32.2 29
95 28.5 36.2 38.3 40.6 43
100 44.1 41.2 44.0 45.5 56

®Risk estimates can be generated using the following equaltiogit [Pr(Y> 25 dB HL)] = —5.0557+ 0.0812Age) + [B; (Duration=1)]*[( Lne—Lo)/

(102-73 1¢, where,; = 2.6653, 3.989, and 6.4206, respectively, for ftieduration of exposure for 2—4 years, 5-10 years, ai@ years, respectively

andY is the Al-weighted biaural average over 1-4 kHz. For the best fitting madelas estimated to be 3.4 ahg = 73 dB. The term(102-73) in the

denominator of the coefficient describing the effect of duration and sound level, standardizes the exposure term such that the maximum exposure equals one.
This was done for ease of comparison to models with differing estimatdsyfand ¢.
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TABLE V. Excess risk percent of hearing handicap from logistic regressionyyorker. We also found that changing from the articulation
models assuming different sound level values for controls with correspondmd(_:,X to a simple average of 1-4 kHz did not substantially

ing shape parameters: Male workers aged 65 with duration exposure greate

than 10 years.

Control sound level$Lg) in dB and corresponding shape

Sffect excess risk estimaté®sults not shown For workers

aged 65 yearéwvith > 10 years of exposuygexcess risks for
the 1-3 kHz definition are higher than excess risk for the

Ezgﬁi‘(‘;e parameters ) new definition, particularly for sound levels above 85 dB
level 60 65 70 75 79 (Fig. 4A). However, among workers aged 45 with similar
(Lyp) indB  (¢=5.40 ($=4.67 (¢=3.89 ($=3.10 (¢$=2.49 years of exposure, excess risk estimates are similar for all
20 9 >4 18 08 0.06 S_ound_levels for the 1-3 kHz definition and the new defini-

85 96 91 8.3 70 52 tion (Fig. 4B). For younger workergaged 30 yeajswith 5 to

90 23.4 23.2 22.8 22.1 21.0 10 years of exposure, excess risk estimates for the definitions
95 39.2 39.0 38.6 38.1 37.3 that included 3 kHz and/or 4 kHz, are similar for all sound
100 45.2 44.9 44.4 43.6 42,6 levels (Fig. 4C).
Log

likelhood  1039.794 1039.715 1039.645 1039.631 1039.754

statistic, G

sound level data among control subjects and the sparseness

of the data for workers exposed at sound levels below 85

2. Definition of hearing handicap

IV. DISCUSSION

The results of these analyses indicate that there is an

gEEXcess risk of noise-induced hearing handi¢hipHH) at
8-hour time-weighted averagd@ WA) 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

To examine whether excess risk estimates varied by thest result suggests that there is a positive and statistically
definition of hearing handicap used, we compared the 1—4ignificant excess risk at levels between 80 and 84 dB.

kHz Al average definition to two other definitions using the

These findings also indicate two major areas of uncer-

same fence¥ 25 dB HL), the unweighted biaural frequency tainty for quantifying the risk of noise-induced hearing
averages of 0.5-2 kHz and 1-3 kHz. All three definitionshandicap. The first concerns the sensitivity of the analysis to
were examined using a model that included age and a doshe assumed sound level for the control grdupy). The

metric effect defined agLye—L )¢ times duration catego

ries (e.g., 2—4, 5-10, and>10 year$. The resultant esti-

mated shape parameters for the 0.5-2 kHz and 1-3
biaural averages were 4.5 and 4.9, respectively, wigh
equal to 55 dB for both.

- second relates to the shape of the dose-response relationship
between the sound levels among the noise-exposed group

kH@ \g), duration exposed, and the risk of NIHH. Risk esti-
mates were found to vary considerably for valuesLgf
below 85 dB, depending on the assumed control sound level

Under these models, excess risk estimates were affectdtl ), and the shape parametes)(for the sound level effect
by both the definition of hearing handicap and the age of thée.g., linear, quadratic, or cubia the models.
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FIG. 3. Excess riskpercent of hearing handicapAl-weighing, 1-4 kHz and bootstrap-based 90% confidence limits from mod@&kble 1V) for 65-year-old

males exposed for greater than 10 years to varying levels of fojgg.
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The previous NIOSH1972 estimate of excess risk for A. Data limitations
a 40-year working lifetime of exposure o noi;e was approxi- The cross-sectional design of this study presented limi-
mately 15 percent at 85 dB. A linear regression model of Iogcations for estimating the risk of noise-induced hearing

hearing Ievgls was usgd in the p'revious gnaIYNIDSH, handicap. For example, the 8-hour TWA sound levelg
1972 to estimate the risk of hearing handicap. NIHH WaS\vere determined at one point in time and are assumed to be

defined as an average biaural hearing level greater than 2n@presentative of exposure over the entire length of an em-
dB based on unweighted averages of 0.5-2 kHz or 1-3 kHz, o ee's job experience. This may have introduced a sub-
The model described in the 1972 NIOSH criteria document o tial source of error in the estimationlofz. As a means

(NIOSH, 1972 is mathematically equivalent to a probit q¢ reqcing this error, the screened ONHS population in-

model in which the risk of a hearing level greater than 25 d_BcIuded only workers who remained in the same job for the

is of interest. The results from the pre_zvious NIOSH analysissptire time that they worked at the study facility. These
(NIOSH, 1972 also appear to be consistent with the assumpyorkers were then assigned an 8-hour TWA sound level

tion that the control group was exposed to sound levels negfgeq on noise measurements and job activities at the time of
79 dB; o ) _ the survey. It is possible that larger errors in estimating
It is clear that models which include a quadratic or cubicg_our TWA sound levels over a long period of time may
effect for the sound level effect fit significantly better than jyaye occurred for workers with longer durations of exposure.
the linear effect model and produce lower excess risk esti s also possible that the workers with long durations in-
mates for sound levels below 85 dB than similar models used|,ded in this study represented a population which may
in the 1972 NIOSH analysieNIOSH, 1972. As shown in haye peen less sensitive to the adverse effects of noise on
Table IV, the point estimates of excess risk at 85 dB from theéyearing. This may have contributed to the observed decrease
quadratic and cubic models are 8 percent and 3 percent, rg; risk with increasing sound level, ye, for durations
spectively. The quadratic and cubic models fit better than th@reater than 20 years. Hence, the cross-sectional design of

linear model, mainly due to the effect of sound level in thethe survey introduces areas of concern for predicting NIHH
low exposure region. For sound levels less than or equal tgsks over a working lifetime.

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 estimate®- Modeling caveats

presented in Table IV may be attributed primarily to the  The data limitations described above also placed limita-
different functional formgi.e., shape of the sound level ef- tions on the modeling approach and interpretations presented
fect) of the fitted models. The logistic model used in thisn this paper. One data limitation with implications for mod-
analysis assumes the existence of a plateau in risk after 18ling the risk of noise-induced hearing handicap, was the
years of exposure duration. lack of information on the distribution of 8-hour TWA sound
The analysis comparing different indicators of NIHH |evels among the control population. This is a crucial omis-
show that patterns of excess risk as a function of averagsion because all excess risk estimates depend on the risk of
daily sound level depend on age. Differences in excess riskandicap among workers with low levels of occupational
were nominal for the 1-4 kHz average, irrespective ofnoise exposuréin this study, defined as exposure to sound
whether HTLs were weighted by the frequency-specific ar{evels less than 80 dB
ticulation indexes. These differing results by age may be  Due to this lack of data, a very simplistic assumption
attributable to the fact that the effect of aging on risk of was made: sound levels in the control population could be
hearing handicap may overshadow any incremental increasespresented by a single number. This is problematic in terms
in excess risk due to noise exposure. In the upper range @f model interpretation. First, it ignores the possibility that
duration and sound level, the dose-response curve showsere may be a distribution of sound levels below 80 dB for
signs of a plateau effect. The analysis also suggests that thieis population. Second, this assumption results in a model
effect of sound intensity and duration of exposure is depenthat implies that the estimated valug) is a threshold
dent on frequency. Hearing damage at 3 and 4 kHz is exsound level at which no excess risk of noise-induced hearing
pected to occur sooner than loss at lower frequen(@és 1,  handicap is predicted regardless of the duration of exposure.
or 2 kHz. Definitions that exclude the higher frequenciesHence, the statistical criteria used in model development are
tend to be less sensitive to noise damage and may requikalid only if all of the controls were below a defined thresh-
longer durations of exposure to a given sound level to seeld.
significant excess risks in the population. These modeling issues underscore the fact that all mod-
Figure 4A and B suggests that the most suitable definiels are likely to be dependent on assumptions used to ac-
tion of hearing handicap may depend on the population charount for uncertainty in the available data. This analysis did
acteristics, such as age, exposure duration, and degree bt model hearing threshold levels as a continuous variable.
hearing handicap already accrued, as well as whether onkherefore, calculation of NIPTS using these models are not
chooses to identify preclinical or later stages of hearingpossible. The analysis also did not extensively explore other
handicap. The addition of the most sensitive frequencies to possible shapes for the sound level function other than
hearing handicap definition is a valid option if the goal is to (Lyg—Lo)?. Furthermore, modeling exposure duration as a
have a measure that addresses both prevention and identifiategorical variable limits finer examination of the relation-
cation of hearing handicap. ship of duration of exposure on risk of hearing handicap.
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FIG. 5. Excess riskAl-weighting, 1-4 kHz as a function of sound levél \g) according to model 4Table V), in comparison with curves derived from
ANSI S3.44.1996 using Annex A database. Panel A: age 65 years, exposure duration 45 years. Panel B: age 45 years, exposure duration 25 years.

The models described in this paper were developed oredures for estimating hearing handicap due to noise expo-
the basis of this particular data set. Inferences based on tisire for populations free from auditory impairmefather
ONHS data set are also limited by its cross-sectional naturghan that due to noige
and the fact that exposure data was absent for the control The data from studies by Passchier-Verm@®68 and
population exposed to 8-hour TWA sound levels below 80py Burns and Robinsoii1970 are the basis of the ANSI
dB. As a result, the use of this model for other data sets With3.44(ANS|, 1996 standard for estimating NIPTS. As with
Qiﬁering characteristics e_md diff(.arent.m.ethods of data collecype NIOSH(1972 study, most of the noise-exposed workers
tion would not necessarily provide similar results. were exposed to daily noise levels ranging from 85 to 95 dB.

The Passchier-Vermegl968 and Robinson(1970
models are represented by different mathematical equations
C. Comparison of new risk estimates to ANSI S3.44 which include an agingnon-nois¢ component in dB and a

Given this updated analysis of the NIOSED72 data, it NIPTS component .in dB. For each quel, the equation for
is of interest to compare these results to estimates generat®fP TS was determined by age correcting the noise-exposed
using methodology developed by the International Standard§orkers’ hearing threshold levels to get the NIPTS compo-
Organization(ISO 1971, 199 which was adopted in the nent. An empirical equation was developed for NIPTS in
ANSI| S3.44 standardANSI, 1996. This standard was is- terms of noise level and exposure time. For each model, the
sued to provide a more accurate and more generalized modaging and NIPTS components were combined to compute
of the relationship between NIPTS and occupational noisé¢otal hearing threshold level in dBANSI, 1996. A simple
exposure for people at different ages and duration of expoarithmetic average of the NIPTS values of Passchier-
sure. ANSI S3.44ANSI, 1996 provides mathematical pro- Vermeer and Robinson are used to predict NIPTS for ANSI
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model 4(Table IV), in comparison with curves derived from ANSI S3.44.1996 using Annex A database. Panel A: age 65 years, exposure duration 45 years.
Panel B: age 45 years, exposure duration 25 years.

S3.44(ANSI, 1996. Johnson(1978 provides the methodol- study design, data collection and time period for all of these
ogy used to develop risk percent calculations using the perstudies. Although these are qualitative comparisons, the dif-
centage of the population expected to exceed a specific hederences in estimates of lifetime excess risk between ANSI
ing threshold levele.g., 25 dB for a given population. S3.44(ANSI, 1996 and this analysis do not appear to be
The excess risks generated from our analysis of the 1—4ubstantial. This is illustrated in Fig. 6, which shows that
kHz Al definition are compared to excess risk estimates genexcess risk estimates generated from ANSI S3.44 are located
erated using the ANSI S3.4ANSI, 1996 methodology and between the bootstrap-based 90% upper and lower confi-
Annex A as the unexposed population. Annex A was chosedence limits from the best fitting logistic model. At age 45
over Annex B since the NIOSH study population was highlyyears and 25 years of exposure, excess risk estimates below
screened. Hence, the Annex A highly screened control popu89 dB are within the lower bound of the confidence limits
lation is the most appropriate comparison to our study popufrom the logistic model. Thereafter, point estimates from
lation. As shown in Fig. 5, excess risk estimates from ourANSI S3.44 are found to be lower, particularly at sound
best fitting model are similar to those estimated by ANSllevels greater than 92 dB.
S3.44(ANSI, 1996 for workers aged 65 years with 45 years For other definitions of hearing handicdp.5-2 kHz
of exposure. However, among workers aged 45 years with 2&nd 1-3 kHz, ANSI S3.44 estimates of excess risk are con-
years of exposure, excess risk estimates at sound levesiderably lower at 85 dB for workers aged 65 years with 25
greater than 90 dB are higher for this analysis as compared tgears of exposure. For the 0.5-2 kHz definition, excess risks
ANSI S3.44(ANSI, 1996. These results particularly in the at 85 dB from our logistic model and ANSI S3.4ANSI,
range of 80—90 dB are not surprising given the similarities in1996 are 12% and 1%, respectively. For the 1-3 kHz defi-
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from this analysis are 5% and 6% for the 0.5—2 kHz and 1_§aughn, W. L.(1973. “Relation between daily noise exposure and hearing

kHz definitions. respectivelv. Some of the divergent results loss as based on the evaluation of 6835 industrial noise exposure cases,”
! p y- 9 AMRL-TR-73-53, Aerospace Medical Research Laboratory, Wright-

may be due to differences in population characteristics of the pagterson air Force Base, Ohio.

studies used to generate excess risks. The NIOSH data sgbsiow, N. E., and Day, N. E19804. “Classical Methods of Analysis of
represented a heterogeneous population of workers from aGrouped Data,” inStatistical Methods in Cancer Research: Vet. The
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sion for Large Strata,” inStatistical Methods in Cancer Research: Vol.

h9m°99”99”5 with respect to md_UStry' demeraphI,C and So_I—The Analysis of Case-control Studi@isternational Agency for Re-
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Majesty’s Stationary Office, London

Cohen, A.(1996. Personal communication. August 1996.

Department of Labo(19813. 46 Fed. Reg. 11, “Occupational noise expo-
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