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The mandate of ASA Working Group S12/WG11 has been to develop “laboratory and/or field
procedurés) that yield useful estimates of field performance” of hearing protection deVitebs.
Areal-ear attenuation at threshold procedure was selected, devised, tested for one earmuff and three
earplugs via an interlaboratory study involving five laboratories and 147 subjects, and incorporated
into a new standard that was approved in 19Rdysteret al, “Development of a new standard
laboratory protocol for estimating the field attenuation of hearing protection devices. Part I.
Research of Working Group 11, Accredited Standards Committee S12, Noise,” J. Acoust. Soc. Am.
99, 1506-1526; ANSI, S12.6-1997, “American National Standard method for measuring real-ear
attenuation of hearing protector§American National Standards Institute, New York, 199The
subject-fit methodology of ANSI S12.6-1997 relies upon listeners who are audiometrically
proficient, but inexperienced in the use of HPDs. Whenever a new method is adopted, it is important
to know the effects of variability on the power of the measurements. In evaluation of protector noise
reduction determined by experimenter-fit, informed-user-fit, and subject-fit methods, interlaboratory
reproducibility was found to be best for the subject-fit method. Formulas were derived for
determining the minimum detectable difference between attenuation measurements and for
determining the number of subjects necessary to achieve a selected level of precision. For a
precision of 6 dB, the study found that the minimum number of subjects was 4 for the Bilsom UF-1
earmuff, 10 for the EA-R Classic earplug, 31 for the Willson EP100 earplug, and 22 for the
PlasMed V-51R earplug. [DOI: 10.1121/1.1633599

PACS numbers: 43.66.Vt, 43.66.YMDKW ] Pages: 311-323

dElectronic address: wmurphy@cdc.gov
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I. INTRODUCTION Virginia Tech will be referred to as the two-lab study. The
results of both studies are reported here.

Roysteret al. (1996 examined the differences between This paper examines the REAT distributions as a func-
subject-fit(SF) and informed-user-fitlUF) hearing protector tion of protector, fitting procedure, and test frequency. The
testing methods. Berget al. (1998 addressed the relation- REATs were analyzed with a multi-level analysis of variance
ship between the noise reduction measured in the laboratothat determined the standard deviations for within-subject
and the noise reduction measured in occupational settingsepeatability, between-subject reproducibility, and between-
The relationship of the variability of real-ear attenuation atlaboratory reproducibility. Lastly, the minimum detectable
threshold (REAT) measurements as a factor controlling differences at each frequency were determined for each de-
sample sizes necessary for adequate statistical power remaivise and fitting procedure. The minimum detectable differ-
an unresolved issue. In this paper, the statistical models fagnces were used to estimate sample sizes necessary to
estimating the within-subject repeatability and between-achieve a given desired resolution between measurements.
subject and between-laboratory reproducibility are developed
and applied to the estimation of the minimum detectable dify, ETHODS
ference and sample-size estimates for REAT measurements.

Hearing protector testing as prescribed by several na? Data sources
tional and international standards consists of measuring oc-  For both the four- and two-lab studies, pairs of occluded
cluded and unoccluded pairs of thresholds in a diffuse soungnd unoccluded thresholds were collected using one-third-
field with at least ten subjects. The attenuations are measurefttave band noise stimuli centered at 125, 250, 500, 1000,
for at least seven third-octave noise bar@i25, 250, 500, 2000, 4000, and 8000 Hz. The hearing protectors tested, the
1000, 2000, 4000, and 8000 Has the numerical difference test methods, and studies providing the data reported here are
in decibels between occluded and unoccluded threshold paigsimmarized in Table |I.
calculated for every subject’s trial. The difference between
the methods studied in this paper deals with the manner id- Four-lab study
which the subjects and experimenters participated in the fit-  The HPDs that were selected for the four-lab study are
ting of the hearing protection devi¢eiPD). described in Sec. IIC and Fig. 1 of Roystetral. (1996.

Roysteret al. (1996 reported tests on subjects with both They included the EA-R® Classi® foam earplug, the
SF and IUF methods according to the instructions uporPlasMed, Inc. V-51R premolded earplufive sizes, the
which Method B of ANSI S12.6-199TANSI, 1997 was  Willson Safety Products EP100 premolded earplisgo
based. In the SF method, the subjects were provided witBizes, and the Bilsom UF-1 earmuff. The devices were se-
only the manufacturer’s instructions for wearing the HPD; nolected based upon availability of published real-world data,
experimenter involvement was permitted. They were in-market-place popularity at the commencement of the studies,
structed to fit the device as best they could and then threstand diversity of protector types. The Working Group had
old pairs were measured. The IUF method was equivalent teelected more earplugs than earmuffs because it determined
the experimenter-assisted fit in ANSI S12.6-199WNSI, that earplugs provided a greater real-world estimation prob-
1997 now commonly referred to as Method A. In this lem than did earmuff¢Casali and Park, 1991
method, the subjects were given the device and the manufac- Subjects for the four- and two-lab experiments were se-
turer’s instructions and instructed to fit the HPD. While thelected from volunteers with pure-tone air-conducted hearing
subject fitted the device in the presence of fitting noise, théhresholds less than 25 dB Hie ANSI S3.6-1999(ANSI,
experimenter was permitted to coach the subject to obtain 4999 at each test frequency and normal tympanometry. Af-
better fit. As with the SF method, threshold pairs were col-
lected from the subjects. Detailed descriptions of the dataABLE I. Hearing protection devices, numbers of subjects, and methods of
collection and subject instructions were given in Roysterfit used in the four- and two-lab studies.
et al. (1996.

An additional study was conducted following the study Methods
reported by Roysteet al. (1996. Subjects were tested at Devices Four-lab study Two-lab study
NIOSH (1995 and Virginia Tech University using the E-A-RCAL (26 subjects NIOSH (25 subjects
subject-fit and the experimenter-(EF) methods. The ANSI USAARL (24 subjects  Virginia Tech
S3.19-1974ANSI, 1974 EF method protocol was used and (26 subjects

NIOSH (24 subjects (Frankset al., 2000
WPAFB (24 subjects
(Roysteret al,, 1996

was equivalent to the test methods presently used by HPD
manufacturers to produce data from which noise reduction
ratings (NRR9 can be determined. In the EF method, the )
experimenter fitted the HPD and instructed the subject not t§iisom UF-1 earmuff — SFIUF

djust the device during the occluded-threshold tests. Fro yyiison EP100 earplug - SHUF
ad) ’ 9 : : B A-R Classic earplug  SAUF® SPEF
hereon, the testing reported by Roysteal. will be referred  pjasmed Vv-51R earplug  SFUF® SEEF
to as the four-lab studyE-A-RCAL Laboratory, NIOSH —— ——
Hearing Protector Laboratory, US Army Aeromedical Re- SF- Subject fit as defined in ANSI $12.6-1997, MethodABiSI, 1997.

. IUF: Informed-user fit equivalent to experimenter assisted fit as defined in

search Laboratory, Wright Patterson Armstrong Laborato-ans| s12.6-1997, Method AANSI, 1997.
ries), while the additional testing performed by NIOSH and °EF: Experimenter fit as defined in ANSI S3.19-19ANSI, 1974.
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ter an initial session for hearing screening and aUdiOmetri¢ab0ratory-to-laboratory(f,aboratorQ. From these sources, es-
training, each subject made eight visits to the lab. In eaclimates for the within-subject repeatability, between-subject
visit, two different HPDs were tested in separate sessiongeproducibility, and interlaboratory reproducibility were cal-
each included two trials pairing sets of unoccluded and occulated. The data from each fitting meth@f, IUF, and SF
cluded sound-field thresholds. In total, four unoccluded angyere analyzed separately. The EF data represent the two-lab
occluded paired thresholds were measured for each devicgudy; the IUF data represent the four-lab study and the SF
subject, and fitting method. Subjects received a brief resg§ata represent the pooled results from four- and two-lab stud-
break between the two sessions of a visit. Visits were sepdes. Learning effects due to repeated tests with the same pro-
rated by a minimum of 6 h, and all eight visits were requiredtector (within-subject repeatability subject effects for a

to take place within 21 days. Each laboratory recruited 24jiven hearing protectotbetween-subject repeatabilityor
subjects who were naive in the use and fitting of hearindaboratory effects(between subject/between laboratory re-
protectors. The subject population was gender-balanced argkatability were assessed by analysis of variance. The geo-
the order of device testing was randomized to minimizegraphical separation of laboratories prevented using the same

learning effects that might occur. REAT means and standargbst subjects for directly assessing interlaboratory effects.
deviations for the four-lab study were reported in Table Il of

Roysteret al. (1996. The instructions regarding fitting and
size selection are given in detail by Royst¢ral. (1996. For

the sized earplugs, subjects were allowed to select the siz& Distribution of REATs
that best fit their ear canals. The experimenter provided no

lll. RESULTS

. i . . . : The data for each HPD were pooled across the labs and

assistance during the subject-fit portion of the testing an%xamined by frequency and fitting method. The REAT means

provided limited coaching during the informed-user fit Stand standard deviations from the four-lab study have been

Ing. reported for the SF and IUF methods for all four devices in
Roysteret al. (1996. Roysteret al. did not examine the nor-

2. Two-lab study mality and modality of the REAT distributions. While the

The two-lab study tested the V-51R and theAER Plug results of the two-lab study were not substantially different
using SF and EF methods. The NIOSH and Virginia Techfrom the four-lab study, the additional data for SF and EF
laboratories tested REAT for 25 and 26 subjects, respe(methods provided the impetus for this analysis. The REAT
tively, first with the SF method and then with the EF method.distributions for the pooled data from both studies are shown
The test methods and data have been reported in detail els8-Figs. 1-3. The figures depict at each test frequency histo-
where(Frankset al, 2000. After an initial session for hear- 9rams of the attenuation data sorted into 3-dB-wide bins. For
ing screening and audiometric training, each subject visite@Xample, if an attenuation estimate for a subject was greater
the lab on separate days for SF and EF testing. In each visithan or equal to—1.5 dB and less than 1.5 dB, it was
three pairs of unoccluded and occluded sound-field thresHzounted as one occurrence in the 0-dB bin. Similarly, the
olds were collected for two different HPDs in separate sesother bins were centered on multiples of 3 dB. The width of
sions. Subjects were permitted a brief rest break as need&®ch bar represents the proportional number of occurrences
between paired trials during a visit. These data were colat €ach attenuation level. In the upper left panel of Figs. 1-3,
lected in order to obtain a direct comparison of the REATs® scale bar the width of 50 occurrences is shown. The color
measured from the two methods on the same subjects, rathé@Presents a transition from minimum to maximdiue to
than relying solely on the SF data from the four-lab studyred), where the red bar indicates the maximum of the distri-

are not given a color or width. The diamond symbol repre-

sents the mean attenuation for a given test frequency.

Each distribution was tested for normality with the SAS

The analyses of the data were conducted in three phasesnivariate procedur€SAS, 1998 and was compared to three
First, the distributions of the REAT histograms for each fit- different probability distributions: normal, gumbel, and
ting method, device, and test frequency were tested for nomixed-normal. In an extension to the maximum likelihood
mality and modality. Second, the REAT distributions wereanalysis in Murphyet al. (2002, the distribution was deter-
analyzed with a multi-level analysis of varianGBNOVA) mined to be better estimated by one probability distribution
with trials nested within subjects and subjects within labora-or another. For instance, a distribution might be more likely
tories. Third, the number of subjects necessary to achieve @ have been sampled from a gumbel distribution than from a
given resolution in the REAT data were calculated for a connormal distribution. The probability estimates of the maxi-
fidence level +a=0.84 and a power 0B=0.80. The con- mum likelihood procedures were used according to Table I
fidence level represents one standard deviation away frono classify whether a distribution was normal, gumbel,
the mean. The confidence level is one minus the probabilitynixed-normal, or non-normal. If the SAS univariate proce-
of committing a type | error, incorrectly identifying an effect. dure showed that the distribution was significantly different
The power is one minus the probability of committing a typefrom a normal distribution, then the remainder of the tests
Il error, failure to identify a real effect. were used to determine the class. In Figs. 1-3, the classifi-

The statistical design accounts for three sources of variagations of the distributiongon-normal, gumbel, and mixed-
tion: trial-to-trial (o), Subject-to-subject s necd, and  norma) are shown for each protector at each test frequency

B. Data analyses
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two-lab studies and represent 147 subjects with four occluded-unoccluded trials per subject per protector in the four-lab study and thresmoccluded-
trials per protector in the two-lab study.

above each distribution. If a distribution was not significantly2000 and 8000 Hz. The distributions for 125, 250, and 1000
different from normal, there is no classification label. Al- Hz were best fit by the gumbel distribution.
though the figures do not display individual laboratory data,  In Fig. 2, four-lab IUF data for the Bilsom UF-1 earmuff
normal, gumbel, mixed-normal, and non-normal distribu-exhibited normal distributions for all frequencies. The IUF
tions are evident in the individual laboratory data as well asREAT distributions for the EA-R plug were non-normal for
the pooled results of all labs. 2000 Hz and best fit by the gumbel distribution for 4000 Hz.
The two-lab EF data for the -B-R plug and V-51R  The REAT distributions for the EP100 earplug were mixed-
earplug are shown in Fig. 1. The REAT distribution for 250 normal for 125, 250, 500, and 1000 Hz. The distributions at
Hz was judged to be mixed-normal for the/=R plug. The 2000, 4000, and 8000 Hz were best fit with the gumbel
REAT distributions for 500, 1000, and 8000 Hz were judgedmodel. The distributions at lower frequencies exhibited a
to be best fit by the gumbel distribution for the/&=R plug.  clear tendency of one mode centered around 0 dB while at
The EF data for the V-51R earplug were normal at 500 andhigher frequencies the distributions are skewed. The V-51R
4000 Hz. The mixed-normal model yielded a better fit atREAT distributions were best fit with the gumbel model at

TABLE Il. Rules for classification of REAT distributions in Figs. 1-3 for a significapee0.05. For instance,
the probabilites for the EP100 earplug SF REAT distribution at 2000 Hz weggs=0.0042,
PuLeGumbel-Normar 0-015, PumLewmixedNormal-norma= 0-0044,  and Puixednormal-cumber 0-19680. According to the
rules, this distribution was classified as Gumbel.

Maximum likelihood =~ Maximum likelihood
mixed normal-normal mixed normal-gumbel

SAS univariate Maximum likelihood

Classification normality gumbel-normal

Normal Not significant ~ Not applicable Not applicable Not applicable
Mixed-normal  Significant Significant Significant Significant

Gumbel Significant Significant Significant Not significant
Mixed-normal  Significant Not significant Significant Not applicable
Gumbel Significant Significant Not significant Not applicable
Non-normal Significant Not significant Not significant Not applicable

J. Acoust. Soc. Am., Vol. 115, No. 1, January 2004
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TABLE lll. Standard deviations for the trial effects, , for each device, fit, and frequency in decib@s).

Frequency(Hz)

Device Fit 125 250 500 1000 2000 4000 8000
Bilsom IUF 2.5 25 2.7 2.6 2.5 2.5 3.1
UF-1 earmuff SF 2.2 25 2.7 2.5 2.6 2.7 3.1
EAR EF 5.1 4.5 45 35 2.4 2.4 2.5
Classic earplug IUF 4.9 4.9 45 4.2 3.1 3.3 3.9

SF 5.7 5.5 5.4 4.7 3.1 3.7 45
Willson IUF 5.8 6.0 5.8 5.2 4.8 5.0 6.5
EP100 earplug SF 6.6 6.7 6.9 5.7 5.2 5.9 7.9
PlasMed EF 5.6 5.1 4.5 4.4 4.0 4.2 5.6
V-51R earplug IUF 6.2 5.9 6.0 55 4.5 5.1 6.8

SF 5.7 5.5 5.2 5.1 4.6 3.9 5.4

1000 and 2000 Hz. The mixed-normal model provided a betwhereY;;, is the measured attenuatioa,is the real attenu-
ter fit at 125, 250, and 500 Hz. Similar trends of low attenu-ation, and Trigl;;, is the random error term for theh trial
ation at 125, 250, and 500 Hz were evident for the V-51Rwithin the jth subject andth laboratory, Subjegt) is the
REAT distributions as are evident in the EP100 data. random error term for th@h subject within theth labora-

In Fig. 3, the combined two- and four-lab SF REAT tory, and Labis the random error term for théh laboratory.
distributions for the Bilsom UF-1 muff were mixed-normal The ANOVA calculations were performed using the S-Plus
at 1000 and 8000 Hz. The REAT distribution for theAER  software packagéS-Plus, 2002 The model results are pre-
plug was best fit with the gumbel model at 4000 Hz and atented in Tables IlI-V.

8000 Hz was non-normal. For the EP100 earplug, the REAT  Table Ill presents the standard deviations in decibels for
distributions were mixed-normal at 125, 250, 1000, 4000the trial effects,oyi,, determined from both the four- and
and 8000 Hz. At 2000 Hz the distribution was best fit with two-laboratory studies for each of the fitting methods.
the gumbel model. The EP100 REAT distribution at 500 HzSmaller standard deviations indicate less variability in the
was not significantly different from a normal distribution, but effect of the experimenter or subject on fitting the hearing
it has the features of a bimodal distribution. The V-51Rprotector consistently. Comparing the four sets of IUF and
REAT distributions were non-normal at 500 Hz, mixed- SF data, the Bilsom earmuff exhibited the smallest standard
normal at 125, 250, 1000, and 2000 Hz, and gumbel at 800@eviations, which is not surprising since earmuffs are easier
Hz. The distribution at 4000 Hz was normally distributed. to fit and offer fewer opportunities for improper fitting. The
The low attenuation modes were apparent for the EP100 anf- A-R plug tended to have the next smallest standard devia-
V-51R earplugs. tions. The EP100 and V-51R devices tended to have larger
standard deviations. In general, as experimenter involvement
decreasedy iy increased.

. . . Table IV presents the standard deviations for the subject
56t 6 s e e oo . GIEES. T AQS.compaTng he o 5t of L1 and
. . o ' F data, the Bilsom earmuff exhibited the smallest standard
ject, and trial effects. The statistical model was deviations. The EA-R plug had the next smallest deviations

B. Standard deviations

316

Yijx = m+ Trialj),+ Subjeck;,+ Lab (1)  followed by the V-51R and EP100, respectively. The small
TABLE IV. Standard deviations for the subject effeats, et fOr each device, fit, and frequency in decibels
(dB).

Frequency(Hz)

Device Fit 125 250 500 1000 2000 4000 8000
Bilsom IUF 2.9 2.0 1.9 2.9 2.4 2.8 2.9
UF-1 earmuff SF 2.8 2.2 2.0 2.8 3.2 2.9 3.8
E-A-R EF 5.6 6.2 5.6 4.7 2.6 2.0 3.8
Classic earplug IUF 5.6 5.8 5.9 5.0 3.3 35 3.9

SF 55 5.1 6.1 5.1 3.6 4.4 5.7
Willson IUF 8.5 8.2 8.6 7.4 6.9 7.9 9.9
EP100 earplug SF 9.6 9.4 10.4 9.4 8.7 9.4 115
PlasMed EF 6.7 6.8 6.8 6.3 5.2 5.0 9.9
V-51R earplug IUF 7.1 6.9 6.8 6.4 6.7 5.2 9.1

SF 8.5 8.2 8.3 8.5 8.5 6.6 10.1
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TABLE V. Standard deviations for the laboratory effeCtgaporaiory, fOr €ach device, fit, and frequency in
decibels(dB). Standard deviations less than 0.05 were rounded to 0.0 dB.

Frequency(Hz)

Device Fit 125 250 500 1000 2000 4000 8000
Bilsom IUF 0.8 0.3 0.8 1.6 1.5 1.3 11
UF-1 earmuff SF 0.0 0.0 0.5 1.8 1.5 1.4 0.7
E-A-R EF 2.1 0.9 0.0 0.0 0.4 0.0 0.0
Classic earplug IUF 4.4 5.4 5.8 5.6 2.7 2.4 3.8

SF 1.0 1.3 1.6 2.3 2.0 2.4 2.7
Willson IUF 2.9 2.6 3.2 27 3.3 3.0 45
EP100 earplug SF 1.0 0.0 0.0 0.0 21 15 2.2
PlasMed EF 0.0 0.0 0.0 0.0 1.2 0.0 0.0
V-51R earplug IUF 2.9 3.0 2.7 1.7 22 2.4 4.4

SF 0.8 1.2 1.0 1.2 1.9 1.8 0.0

variance for the Bilsom earmuff is indicative of the consis- Between-subject reproducibility was estimated with the

tency of the fit across subjects. As Withia, Tsupjectin-  €quation
creased with decreasing experimenter intervention.
Table V presents the standard deviations for the labora- o [ Psubject T Trial
. between-subject '
tory effects, oaporatory: AS Can be seen, the standard devia- Ns (ngny)
tions for the SF method, where there was minimal experis

. whereogubjectwas the subject-to-subject variance.
menter involvement, were almost always lower than the  \yhen TlaboratoryIS €10 OF negligible, then reproducibil-

valu_es for the IUF method where the experimenter provideqlty Tbemveen-subjedEPIESENtS CONsistency between laboratories.
advice. Howeveropaporaiory for the EF method, where the When oaporatoryiS large, then comparisons of hearing protec-
experimenter was fully involved, were generally lower. Foriy.s petween laboratories are inappropriate. Between-

;everal frequencies and fitting methods, the standard deVi"f’aboratory reproducibility was estimated with the equation
tions were less than 0.05 dB and were rounded to 0.0 dB.

(©)

2 2

\/ 2 + T subject Ttrial

(o - 2 (o - ,
between-laboratory laboratory Ng (nsnt)

where Ulzalboratory was the laboratory-to-laboratory variance.
Within-subject repeatability is a measure of the consis-The standard deviation estimates  Obymin-subjece

tency of attenuation across trials for the same sample of SuFyeween-subjeot @N Therween-laboratoryClculated from Tables

jects and hearing protector. Within-subject repeatability islll-V for each device and each test frequency are shown in

computed withoiy listed in Table I1ll. Between-subject re- Figs. 4—6, respectively, usings=20 andn,=2. These are

producibility is a measure of the consistency of attenuatiorsimilar to the repeatability and reproducibility concepts rec-

across subjects and trials for a hearing protector. Betweerdmmended for use in interlaboratory studies by ISO 5725-2

subject reproducibility is computed with theg, andogypec:  (1ISO, 1994. Results forn;=3 or 4 are not shown, but can

from Tables Il and IV. If there is no change of the testing easily be calculated from these formulas.

protocol over time, then between-subject reproducibility

measures consistency when two hearing protectors are testédWithin-subject repeatability

with different subject panels. Between-laboratory reproduc-  The standard deviations for within-subject repeatability,

ibility incorporates the lab-to-lab standard deviation, Twitin-subjecs fOT the Bilsom UF-1 earmuff in Fig. 4 exhibit

Olaboratory @Nd measures the consistency of attenuationfyje difference between SF and IUF methods and across test
across laboratories. If there is a negligible amount of 'ab'tOTrequencies.

lab variation, then between-subject reproducibility measures The standard deviations for all fit protocols are greater
the consistency between two laboratories. While subjectg,, the EA.R plug than for the earmuff except at 4000 and
were randomly sampled, the laboratories were not randomlgnog Hz, EF fit. The standard deviations are dependent upon
selected as would be necessary to give a true estimate gt frequency, being the lowest at 2000 Hz. As well, the

laboratory effects. N _ _ magnitudes of the standard deviations increase above 2000
Within-subject repeatability was estimated with the y; 55 the amount of experimenter intervention decreases: the

4
C. Repeatability and reproducibility

equation, lowest standard deviations can be observed for the EF
o2 method while the highest standard deviations are for the SF
O within-subject™ (nny)’ 2 method.
S

The standard deviations for the EP100 earplug are the
wherea?,,, was the trial-to-trial varianca)s was the number  highest of the four devices tested during these investigations.
of subjects, anch, was the number of trials per subject. The standard deviations for the SF method are generally 0.1
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FIG. 4. The standard deviations for within-subject repeatability for each
protector by fitting method and frequency. The REAT data was analyzedF!G. 6. The standard deviations for between-laboratory reproducibility. The
with a multi-level ANOVA where within-subject effects were nested within magnitude of the standard deviations, greater than 2 dB, for the earplugs
subjects and between-subject effects were nested within laboratory effectfidicate poor reproducibility. The data from the Bilsom earmuffs indicate
The Bilsom earmuffs had the lowest variance and exhibited little differencehighly reproducible results across labs. TheAER Plug exhibits greater
between fitting methods. The other devices exhibited more variance and $tandard deviations for the IUF method. The standard deviations for the IUF
trend to increased variability with decreased experimenter involvementmethod are greatest for almost all test frequencies for every device.
Experimenter-fit data are from the two-lab study, while subject-fit data are

from the four-lab study. - . .
rom fhe Tou-ab stdy The results for the within-subject repeatability show

consistent performance across test methods. The repeatabil
to 0.2 dB greater than the standard deviations for the IURty standard deviations depend upon the type of protector.
method. Again, the magnitudes of the SF standard deviationalthough slight differences exist between the standard devia-
are frequency dependent, being lowest at 2000 Hz. tions as a function of experimenter involvement, the differ-
The V-51R earplug exhibits higher standard deviationsences are too small to be considered meaningful.
than the EA-R plug, but lower than the EP100 earplug. As
with the other earplugs, standard deviations tended to bg Between-subject reproducibility
lowest at 2000 Hz. However, for this earplug, the SF values™
were somewhat lower than the IUF values except at 2000 Hz ~ The standard deviations for between-subject reproduc-
where they were equal. The EF method gave the lowest stafPility, opeween-subjeot fOr €ach of the tested hearing protec-
dard deviations where the EF and SF methods values wete@rs are shown in Fig. 5. In general the lowest standard de-
virtually identical. viations are for the Bilsom UF-1 earmuff and the highest are
for the EP100 premolded earplug. The SF standard devia-

tions are approximately equal to the IUF standard deviations
3.0

Bilsom . — EAR for the Bilsom UF-1 earmuff. For the EP100 premolded ear-
25t T | 222 Tamen User it 3 plug, and the V-51R premolded earplug, the IUF standard
20 T | A Subject Fit E

deviations for reproducibility are uniformly less than the SF
standard deviations. For the &:R plug, the IUF standard
deviations are also less than the SF standard deviations ex
cept at 250 Hz. For the Bilsom UF-1, differences between
IUF and SF are trivial. However, these differences are not
3 trivial for the E-A-R plug at 4000 and 8000 Hz, for the
EP100 at all frequencies, and for the V-51R at all frequencies
3 except 4000 and 8000 Hz.

] In the two-lab study, the SF standard deviations are

Between Subject Reproducibility Standard Deviations (dB)

05 ¢ I 3 greater than the EF standard deviations for the V-51R ear-
oo 1;5 z;o 5tl)o 1oloo zoloo 4oloo so‘oo 1;5 2;0 560 1oloo 2oloo 4o‘oo so‘ou pIUQ_ b_elow 8000 Hz. For the &R plug, the SF_ SFandard
Frequency (Hz) deviations are greater than the EF standard deviations except
at 250 Hz.

FIG. 5. The standard deviations for between-subject reproducibility for each

protector by fitting method and frequency. The REAT data was analyzed

with a multi-level ANOVA where within-subject effects were nested within 3 Between-laboratory reproducibility

subjects and between-subject effects were nested within laboratory effects.

The Bilsom earmuffs exhibited the smallest standard deviations with almost ~ The standard deviations for between-laboratory repro-
identical results between IUF and SF fitting methods. The earplugs exhibitegjucibility, T between-laboratonfil€ shown in Fig. 6. The smallest

comparable standard Qe\(latlons_across dev_lces with a slight t_rend for i deviations are those of the Bilsom UF-1 earmuff and the
creased standard deviations with decreasing experimenter involveme

Experimenter-fit data are from the two-lab study, while subject-fit data argargest are f(-_’r the &\-R p',“_g, IUF data. In contrast to_th'e
from the four-lab study. between-subject reproducibility, the SF standard deviations
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are less than or approximately equal to the IUF standard @
deviations for nearly every frequency and protector. § 8
STr @ 10 subjects | 1

D. Minimum detectable differences and sample size S6F .. O 20 subjects | -
estimates -",3, 5t e . :

For a method to be useful in providing numbers for rat- § : © Ot o
ing systems, the predictiveness of the data must be deter- 2 5l )
mined. In general, as sample size increases, so does the pre- 2 i L l
cision of the predictions of protector performance. In these g 0 . . ,
cases, when the desired precision for a protector is estab- é 1 2 3

lished, the number of subjects necessary to achieve a given Trials per subject
resolving ability can be estimated for a given confidence . _ _
level, 1-a, and power, 3 (e.g., confidence level of 84%, FI_G_. 7. Effects of num_ber of subjects and number of trlals per su_bject on the
.. .. minimum detectable difference. The example shown is for the Bilsom UF-1

a=0.16; power of 80%8=0.20. The predictive precision, earmuff. The same relationship applies to the other devices tested—doubling
or resolution, of a hearing protector may be expressed as thie number of subjects is more effective than doubling the number of trials
smallest difference in two attenuation measurements that caer subject. The parameters used to calculate the data pointsofigre
be reliably detected for a given confidence level and a poweT 3 9B: T3usiect 5 Ns=10, 20, anch=1, 2, 3.
level.

The confidence level was selected based upon the ap-
proach used in determining the noise reduction rating fotribution of o, to the standard error. The between-subject
subject fit data (NRED; the calculation subtracts one stan- reproducibility test is valid when the between-laboratory re-
dard deviation from the mean attenuation which yields arproducibility is small. As a rule of thumbgpeneen-iaboratory
minimum attenuation estimate for 84% of the population at eshould be no more than 10% of the minimum detectable
given frequency(Frankset al, 2000. The power level of difference. The effect of subject sample size and number of
0.80 typically selected for behavioral data such as hearintyials is illustrated in Fig. 7. Theryy and ogpjec; Were as-
thresholds assumes normality of the data. sumed to be 5 dB. Doubling the number of subjects improves
1. Minimum detectable differences the_minimum detectable difference_ more than doubling or
) _ o . tripling the number of tests per subject.

Power calculations for testing both the within-subject " gjce the within-subject repeatability test uses the same
repeatability and between-subjects reproducibility involve asubjects for the hearing protectors under test, the between-

Simplf modification of the formulﬁls fOL power ;or a tvvlo- subject source of variation that would be nested within pro-
samplet-test(Rosner, 1990 For a hypothesis without mul- o0y s eliminated. For this design, the minimum detect-

tiple sources of variation and assuming the data are draw| ble difference may be computed as
from a normal distribution, the minimum detectable differ-
ence,D, with power, -8 and confidence level,1q, is

V20

D = (Probi{1— «) + Probi{1— 8)) —, (5) D = (Probif(1— a)+ Probi(1-)) \/Eo'wilhin—subject- ()
Jn

where the Probit function provides the appropriate percentile
value from a standard normal distributiéBAS, 1998. The  The within-subject repeatability test is valid so long as the
minimum detectable difference is the value below which dif-same subjects are used for testing both hearing protectors. If
ferences in real-ear attenuations at threshold are statisticalfifferent subjects are used, as might be required if there is a
insignificant. time gap between the testing of the two hearing protectors,

Notice that the final term in the above equation,then one should use the between-subject reproducibility hy-
J20/4n, is simply the standard error of the difference be-pothesis. When using this hypothesis, a laboratory needs to
tween the means. Assuming that the between-subject reprédemonstrate that there are no significant trends over time
ducibility hypothesis to be tested is basedmrsubjects with ~ relative to the size of the difference they are trying to detect.
n, trials apiece, the minimum detectable difference becomegable VI shows the minimum detectable differences calcu-

) ) lated using +«=0.84, 1-3=0.80,ng=20 andn,=2, and
D = (Probit 1 )+ Probit 1 - 8)) V20 emeen subjeot the between-subject reproducibility found in Table IV. For
©) the Bilsom earmuff, the minimum detectable differences

where opeween-subjecffom EQ. (3) replacess/\/n in Eq. (5).  ranged between 1.6 at 250 and 500 Hz and 2.6 dB at 8000
As expected, increasing the number of subjects, de- Hz for the SF method. For the-E-R plug, the SF method
creases the contributions of,iec;and oy to the standard  yielded differences ranging from 2.5 to 4.2 dB. For the
error term. Quite often, the minimum detectable differenceEP100 and V-51R, the ranges of the minimum detectable
will be smaller than the meaningful difference and it is al- differences for the SF method were 5.5 to 7.4 dB and 4.2 to
ways more influenced by the number of test subjects than th&.3 dB, respectively. Small minimum detectable differences
number of repetitions of test conditiorigials) per subject. for the Bilsom and EAR protectors indicate that a given pro-
Increasing the number of trials,, decreases only the con- tector is more likely to be uniformly fit across subjects.
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TABLE VI. Minimum detectable differences for each device, fit, and frequency in dB. Noter=10.84,
1-8=0.8,n,=20, n;=2. The between-subject standard deviations are taken from Table IV.

Frequency(Hz)

Device Fit 125 250 500 1000 2000 4000 8000

Bilsom IUF 2.0 16 1.6 2.0 1.7 1.9 21

UF-1 earmuff SF 1.9 1.6 1.6 1.9 21 2.0 2.6

E-AR EF 3.9 4.1 37 3.1 1.8 15 2.4

Classic earplug IUF 3.8 3.9 3.9 3.4 2.3 2.4 2.8

SF 4.0 3.7 4.2 3.5 2.5 3.0 3.8

Willson IUF 5.5 5.4 5.5 4.8 4.5 5.0 6.4

EP100 earplug SF 6.2 6.1 6.7 6.0 5.5 6.0 7.4

PlasMed EF 4.5 45 4.4 4.1 3.4 3.4 6.2

V-51R earplug IUF 4.9 4.7 47 4.4 4.3 37 6.0

SF 5.5 5.3 5.3 5.4 5.3 4.2 6.3
2. Number of subjects necessary for a desired at 500 Hz, but considerably smaller than the two premolded
resolution earplugs. The EP100 earplug required 31 subjects for a reso-
The equation for calculating precision based on the varilution of 6 dB (8000 H2, while the V-51R earplug needed 22
ance for the sample size tested is subjects for a 6-dBthe distance between distributiomeso-
5 lution (also driven by 8000 Hz The number of subjects
Nero=n E (8) must be rounded up to the nearest inte@eg., 3.4 would
subjects™ ''s R/ .
round up to 4 subjects

whereNg piecisiS the estimated sample sizg, is the sample
size for the tested populatioD, is the minimum detectable
difference determined from the tested population for a giveny. pISCUSSION
power and confidence level, ailis the target resolution in .
decibels. Minimum detectable difference is equivalent to théA" REAT histograms
desired resolution except that the desired resolution is chosen The REAT data presented in Figs. 1-3 illustrate the ef-
rather than determined from the tested population. This forfect of fitting method upon the quality of fit. For an earmuff
mula has been applied to the minimum detectable differencesuch as the Bilsom UF-1, the fit can be affected by disruption
derived from the four- and two-lab studies for a resolution ofof the seal of the cushion such as by the ear pieces of safety
6 dB with ana=0.16 andB=0.20 for each protector and glasses. Discounting damage to the cushions and improper
fitting condition. The desired resolution is the figure of meritplacement of the muff over the pinna, earmuffs are easily fit
of the ability to distinguish between two distributions of at- on a subject's head. The agreement between IUF and SF
tenuations at any of the test frequencies. If, for instance, tw&REAT histograms demonstrate that additional experimenter
sets of attenuations had been measured from earmuffs fromvolvement has little effect on the attenuation results for
separate production runs, the resolution and the minimal de-
tectable difference could be used to determine how many
subjects need to be tested to identify any manufacturing dif- : UL oam——
ferences in the devices. wf T ?ﬂi}?ﬂi‘f“r Fit -

Figure 8 displays the estimated number of subjects,
Nsubjects Calculated from the minimum detectable difference
in Eq. (6) for the three fitting methods USIN@petween-subject
with ng=20 subjectsn,=2 trials, andR=6 dB. These val-
ues were selected according to the sample sizes, repetitions,
and desired resolution used in the ANSI S12.6-108NSI,
1997 standard. While results for a given protector will not
yield the same results presented here, these estimates repre-;
sent conservative estimates from a variety of protectors. The 't By
preceding calculations should be performed for a particular i
data set to determine whether the minimum number of sub- °
jects has been achieved to reach the 6-dB minimum detect-
able difference.

The Bilsom UF-1 earmuff exhibited the smallest esti- FIG. 8. Sample sizes necessary to achieve a 6-dB resolution in minimum
mated sample sizes—4 subjects for the SF method at 8Odbetectable diﬁeren(_:_e in attenuation Qe_t_ermined b_yapower calculation pased

. . L upon the repeatability and reproducibility analysis. The power calculations

Hz. Likewise, the EA-R plug exhibited a somewhat larger \yere pased om=0.16 andB=0.20 which is equivalent to an NRR calcu-
sample size than the earmyffO subjects for the SF method lated with one standard deviation.
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earmuffs. For an earplug, the data tend to suggest that tHeutions were unimodal. A second factor might be the quality
premolded devices were not well-fit while the &R ear- of the manufacturer’s instructions. The mean IUF REATs
plug was able to achieve a reasonable seal. were greater when subjects were coached rather than relying
For the Bilsom UF-1 earmuff, the mixed-normal model only on manufacturer instructions.
yielded the best fit to the SF REAT distributions at 1000 and  For foam earplugs, the attenuation characteristics of the
8000 Hz. The distributions did not exhibit the low attenua-foam and the bone-conduction limits are relatively consistent
tion mode seen in the premolded earplugs and should not kacross subjectéBerger, 1983; Bergeet al, 2003. Conse-
considered to be bimodal. The mixed-normal model has &uently, varying insertion depths across subjects and the abil-
range of potential shapes besides the bimodal distributiority to seal the ear canal with a minimum of material probably
Murphy et al. (2002 examined the SF REAT data from the contribute to the unimodal REAT distributions.
NIOSH laboratory and concluded that the mixed-normal  Several root causes of the problem of poor and improper
model in all cases yielded an accurate fit of the distributionsfits could be investigated. The subject may have small ear
The mixed-normal model can provide an accurate fit, but noganals, possess a low tolerance of discomfort, or perceive
significantly better than the normal or gumbel models. that deep insertion will damage the tympanic membrane.
The data collected for the -B-R plug demonstrate an One may be concerned for the eardrum for a very deep in-
increase in the mean REAT as the experimenter involvemergertion, but the depths typically observed for SF tests were
increases. The EF data exhibit a notch at 2000 Hz, whictiowhere near that deep. Instructions may be inadequate. The
may indicate the maximum attenuation of the earplug hagrotector’s design may not lend itself to a tight seal against
been reachedBerger, 1988 The REAT distributions for the head or ear canal walls. The verification of such specu-
IUF are more evenly spread across a range of attenuatidations would require further analysis of ear canal data and
than the SFE distributions below 1000 Hz. This differencematerials used in manufacturing the devices. The clear con-
may result from the interlaboratory differences observed unclusion is that the type and design of the HPD affect the fit
der the IUF method. One of the laboratories achieved greateong with the amount of experimenter involvement.
REATSs for the lower frequencies than other laboratories. The
broad range of REATs could reflect the effect of insertion
depth and canal size on the ability of theAER plug to ~ B- Repeatability and reproducibility

achieve a tight seal. Presumably, a deeper insertion of the The standard deviations for within-subject repeatability
E-A-R plug yielded the greater REAT for the EF method and between-subject reproducibility exhibited trends with in-
compared to the IUF or SF methods. In the EF data, none dfreasing experimenter involvement and with the spread of
the REATs at any frequency were less than 7.5 dB. data observed in the REAT histograms. For repeatability, the

For the premolded V-51R earplug, the influence of ex-Bilsom muff had the smallestyiin-subjectand was followed
perimenter intervention was clearly evident. The mean valpy the EA-R plug, the V-51R and EP100 earplugs, respec-
ues for the EF and IUF REAT histograms were greater thafively. The standard deviations for all devices at 8000 Hz
the SF mean REATs at all frequencies. As the stimulus frewere greater than the value at 4000 Hz. Some slight trend
quency increased above 1000 Hz the differences in meagan be seen for increasing standard deviations with decreas-
REATs between the fitting methods decreased. The V-51fhg experimenter involvement. The spread of these values
earplugs yielded less average attenuation than the foam eagas seldom more than 0.2 dB and not more than 0.4 dB for
plug at all frequencies. Depending upon the quality of fit,any frequency. The lack of change between fitting methods
V-51R earplugs gave more attenuation than the Bilsom muftan be understood as a metric of how subjects fit the device
for some individuals in the lower frequencies. and perform the psychoacoustic task. The smaller standard

Similarly, the premolded EP100 earplug exhibited a lowdeviations for within-subject repeatability for the Bilsom de-
attenuation mode for several frequencies in both the IUF andice reflect the consistency of fit for repeated tests. For the
SF REAT distributions. For 500 Hz, the distribution was notthree earplugs, the occluded threshold measurements may
significantly different from normal f=0.052). Otherwise, have increased overall variance within subjects. In Franks
the maximum likelihood tests would have identified the dis-et al. (2003, the variance of repeated occluded thresholds
tribution as mixed-normal. For the REAT distributions at was greater than repeated measures of unoccluded thresh-
4000 and 8000 Hz, a small bulge can be seen in the histalds. Unfortunately, the data examined in this paper were the
gram and is correlated with the larger bulges seen in th&®EAT measures for each subject’s trial, not the unoccluded
lower frequency distributions. and occluded thresholds.

For premolded earplugs, the seal of the ear canal by the The standard deviations for the between-subject repro-
plug flanges is the critical factor influencing the bimodal ducibility include the additional information about the con-
character of the REAT distribution. In Roystet al. (1996, sistency of fit across subjects. The Bilsom earmuff had the
the earmuff REAT data were reported for the case wherasmallest standard deviations which again reflects the ease of
safety glasses were worn by the subjects. The lack of sefditting the device. The EA-R plug had smaller deviations
continuity around the stems of the glasses reduced the REAhan the other plugs. Since fitting the earplugs requires some
performance. Similarly, for earplugs with an orifice, the in- training, the standard deviations for all the earplugs reflect a
sertion loss is about 0 dB for frequencies below 500 Hztrend of decreasing standard deviations with increasing ex-
(Hameryet al, 1997. As the experimenter involvement in- perimenter intervention. The differences in the range are less
creased, the mean REATSs increased and more of the distiihan 0.5 dB for most devices and frequencies.
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The standard deviations for between-laboratory repro-  The current noise reduction rating provides no estimate
ducibility yielded results contrary to the within-subject re- other than the standard deviations listed on the secondary
peatability and between-subject reproducibility. As stated belabel of the error that might be associated with the rating.
fore, the increase in the-B-R plug IUF between-laboratory The definition of the power calculation and development of a
standard deviations for frequencies below 1000 Hz has beemethod to assess the error associated with the REAT mea-
attributed to greater attenuation achieved by one laboratorgurement and subsequent NRR rating would achieve parity
These effects are evident in the increased range of the REABsMong ratings. The earmuff data have smaller standard de-
presented by Roysteat al. (1996 and are reflected in the viations across subjects and laboratories than the earplugs.
values forapeneen-subjecfor the IUF condition in Fig. 5. This difference implies that a worker can expect to achieve

One problem with the large between-laboratory standaréttenuations near to what is measured in the laboratory when
deviations is the inability to make comparisons of thewearing earmuffs. An error estimate for the NRR of the UF-1
REATs. Some of the devices and methods failed to producearmuff should be smaller than the error estimate of the ear-
any between-laboratory standard deviationgeen-iaboratory ~ PIUGS. Such estimates are not currently a part of the EPA
less than 2 dB. Using three standard deviations as a criteriomating regulation or the ANSI S12.6-199&NSI, 1997 stan-
differences in REAT for premolded earplugs measured withdard.
the SF method only begin to be meaningful when they are
greater than 6 dB. The two-lab EF data tend to have standard. Subject-fit method and the ANSI S12.6-1997  (ANSI,
deviations less than 2 dB and sometimes nearer to one. Whd®97 standard

the between-laboratory variations are as small as 2 dB, it is This research as described in the Introduction and in
appropriate to make comparisons of REATs measured in thﬁoysteret al. (1996 was designed by the S12 Working

different laboratories. :
. . Group 11 to develop a laboratory testing standard that was
. The _mfclreased Vﬁrlance zt 8020 Hz ”e‘;‘?'s to k?e a(:]dress pedictive of real-world protection received by motivated
since I|td|r:j uencles the dnftjhm ero ]Efeihsu #ectts fot';‘t € WQyorkers. Two protector fitting protocols were investigated.
premolded earpiugs and the earmull. The eliect ot th€ acoUSey o yata gerived from the subject-fit method compared to the
tic leak at low frequencies correlates \.Nlth poor attenuation a1Informed-user-ﬁt method did not yield the expected results.
8000 Hz. In Hamenet al. (1997, the insertion losses of a The standard deviations for between-subject reproducibility

variety of earplugs were measured for many conflguratlonscmd between-laboratory reproducibility were expected to in-

of the_ size and posmor_] of a nonlinear orifice. Several pIOtScrease with decreased experimenter involvement. Instead, the
exhibited a maximum insertion loss below 8000 Hz and

. ' &tandard deviations for between-laboratory reproducibility
local minimum at th? SOOO'HZ frequency. If t.he poorly_ﬁt fluctuated considerably for the IUF method. Therefore, the
protector behaves similarly to the earplug with an Orlflce’more consistent and realistic method with respect to real-
then the correlation of poor attenuation at 8000 Hz might b?/vorld data(Bergeret al, 1998 proved to be the subject-fit
explained by a resonance of the occluded volume. The P9 ethod. '
tectors tend to have more attenuation at 8000 Hz. These tWo' - 4 thors of the ANSI S3.19-197TANSI, 1974 stan-
factors work against having small variances. The protecto '
that can reduce the potential for leakagarmuffs and foam
plugs will likely have smaller variance and consequently
require fewer subjects to achieve a given minimum detect
able difference.

Bard selected a sample size of ten subjects and three test
repetitions for each subject. Each repetition consisted of a
pairing of occluded and unoccluded thresholds. As demon-
strated from the present power calculations for determining
the estimated subject sample size for a 6-dB resolution, the
working group’s selection of ten subjects and two trials was
valid for the Bilsom UF-1 earmuff where as few as four
Lastly, the power calculations need to be examined. Thaubjects with two trials would have been sufficient. As well,
power calculations demonstrate that consistent HPD perfotten subjects with two trials would be sufficient for theAdER
mance across subjects require fewer subjects to achievepdug for 6-dB resolution. However, testing premolded prod-
desired level of resolutiofsee Fig. 8 For the Bilsom muff, ucts requires more subjects and, as the V-51R and EP100 are
the number of subjects necessary to achieve a 6-dB resol@xamples of hearing protectors that are fitted ineffectively,
tion with the SF method is less than 4. TheAER plug  the working group selected 20 subjects with two trials. As
requires fewer than 10 subjects. The other two devices:q. (8) and Fig. 7 show, increasing the panel size increases
EP100 and V-51R, respectively, require 31 and 22 subjects tthe statistical power and decreases the minimum detectable
achieve the 6-dB resolution. The worst-case frequency is thdifference. As ANSI S12.6-1997ANSI, 1997 provides for
appropriate choice upon which to estimate the number o&dequate sample sizes for at least 6-dB resolution for almost
subjects. If the confidence level and power were made morany type of hearing protector, it is also possible to calculate
stringent(e.g., -a=0.9 andB=0.85), the minimum detect- the precision of REATs for any set of 10 subjects for ear-
able difference will increase. While the minimum detectablemuffs or 20 subjects for earplugs.
difference is dependent upon the number of subjects tested, it The ANSI S3.19-1974ANSI, 1974 statistical treatment
is also a function ofoy and og e for the device. With  of the three repetitions of REAT measurements from ten sub-
power calculation outcomes, it is possible to determingects as 30 statistically independent, uncorrelated data points
whether a rating for a protector has any relevance when a sét incorrect. The correct approach is to average the three
number of subjects is used. repetitions from each subject and then use the individual

C. Power calculations
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averages for calculating means and standard deviations. Thiguring Real-ear Attenuation of Hearing Protectof&merican National

statistical shortcoming has been remedied in the S12.6-1997Standards Institute, New York _

standard where the averages of repeated measures are ugsger, E. H(1983. “Laboratory attenuation of earmuffs and earplugs both

for d . d dard deviati singly and in combination,” Am. Ind. Hyg. Assoc. 44, 321-329.

or determining means ?‘n standard deviations. ) Berger, E. H., Franks, J. R., Behar, A,, Casali, J. G., Dixon-Ernst, C., Kieper,

Based upon that rationale, the power calculations for the r. w., Merry, C. J., Mozo, B. T., Nixon, C. W., Ohlin, D., Royster, J. D.,

subject-fit method using 6-dB resolution yield reasonable and Royster, L. H(1998. “Development of a new standard laboratory

subject sample sizes for the uniformly performing HPDs protocol for estimating the field attenuation of hearing protection devices.
. . Part 1ll. The validity of using subject-fit data,” J. Acoust. Soc. Arh03

(Bilsom muff and EA-R plug. The power calculations pro- . .,

vide a different perspective with which to evaluate the pergerger, E. H., Kieper, R. W., and Gauger, @003. “Hearing protection:

formance of a hearing protector. Those devices which are Surpassing the limits to attenuation imposed by the bone-conduction path-

easily fit and produce highly consistent results across fre- ways,” J. Acoust. Soc. Am114, 1955-1967.

: TR - Casali, J. G., and Park, M. ¥1991). “Laboratory versus field attenuation of
guencies will yield smaller variances and, consequently, re selected hearing protectors,” Sound VIKD, 2838,

quire fewer subjects to achieve a given resolution. Franks, J. R., Murphy, W. J., Johnson, J. L., and Harris, Bi2800. “Four
earplugs in search of a rating system,” Ear Hedr. 218—-226.
V. CONCLUSIONS Franks, J. R., Murphy, W. J., Harris, D. A., Johnson, J. L., and Shaw, P. B.

(2003. “Alternative field methods for measuring hearing protector perfor-
The analysis of the between-subject reproducibility and mance,” Am. Ind. Hyg. Assoc. B4(4), 501-509.
between-laboratory reproducibility of the devices tested inHamery, P., Dancer, A., and Evrard, G997. Etude et relisation de bou-
the four- and two-lab studies has been presented. Some ofhons d'oreilles perfore non linaires ISL R128/97 (Insitut Franco-
. . . . Allemand de Recherces de Saint-Louis, Saint—Louis
the underlying Cause$ for increased Va”.ance for various pTQ'so 5725-2(1994. Accuracy (trueness and precision) of measurement
tectors have been discussed. The variance of repeatabilitymethods and results—Part 2: Basic method for the determination of re-
increases with decreasing experimenter intervention. Thepeatability and reproducibility of a standard measurement meihaigr-

variance for reproducibility is most consistent when the ex- national Organization for Standardization, Geneva N
erimenter factor is removed. In a separate analysis thiurP: W. J., and Franks, J. R1998. "Analysis of repeatabilty and
p ) p y reproducibility of hearing protector real-ear attenuation at threshold mea-

Working Group also identified the subject-fit method as the syred with three fitting methods,” Nat. Hear. Cons. Assoc., 19—21 Febru-
best estimator of field performan¢Bergeret al. 1998, and ary, Albuquerque, NM.
for that reason the Method-B procedure was initially selected!urphy, W. J., and Franks, J. R200]). “A reevaluation of the Noise

. S Reduction Rating,” Meeting of the Commissioned Officers Association of
for inclusion in the 1997 standard. The results of the analysesthe US Public Health Service, 29 May, Washington, DC.

in this report verify that, for purposes of data reproducibility, murphy, w. J., Franks, J. R., and Krieg, E. ®002. “Hearing protector

Method B is an apt choice as well. attenuation: Models of attenuation distributions,” J. Acoust. Soc. A,
2109-2116.
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