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The mandate of ASA Working Group S12/WG11 has been to develop ‘‘laboratory and/or field
procedure~s! that yield useful estimates of field performance’’ of hearing protection devices~HPDs!.
A real-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 1997@Roysteret 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 protectors’’~American National Standards Institute, New York, 1997!#. The
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 E•A•R Classic earplug, 31 for the Willson EP100 earplug, and 22 for the
PlasMed V-51R earplug. @DOI: 10.1121/1.1633559#

PACS numbers: 43.66.Vt, 43.66.Yw@DKW# Pages: 311–323
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I. INTRODUCTION

Roysteret al. ~1996! examined the differences betwee
subject-fit~SF! and informed-user-fit~IUF! hearing protector
testing methods. Bergeret al. ~1998! addressed the relation
ship between the noise reduction measured in the labora
and the noise reduction measured in occupational setti
The relationship of the variability of real-ear attenuation
threshold ~REAT! measurements as a factor controllin
sample sizes necessary for adequate statistical power rem
an unresolved issue. In this paper, the statistical models
estimating the within-subject repeatability and betwe
subject and between-laboratory reproducibility are develo
and applied to the estimation of the minimum detectable
ference and sample-size estimates for REAT measureme

Hearing protector testing as prescribed by several
tional and international standards consists of measuring
cluded and unoccluded pairs of thresholds in a diffuse so
field with at least ten subjects. The attenuations are meas
for at least seven third-octave noise bands~125, 250, 500,
1000, 2000, 4000, and 8000 Hz! as the numerical differenc
in decibels between occluded and unoccluded threshold p
calculated for every subject’s trial. The difference betwe
the methods studied in this paper deals with the manne
which the subjects and experimenters participated in the
ting of the hearing protection device~HPD!.

Roysteret al. ~1996! reported tests on subjects with bo
SF and IUF methods according to the instructions up
which Method B of ANSI S12.6-1997~ANSI, 1997! was
based. In the SF method, the subjects were provided
only the manufacturer’s instructions for wearing the HPD;
experimenter involvement was permitted. They were
structed to fit the device as best they could and then thr
old pairs were measured. The IUF method was equivalen
the experimenter-assisted fit in ANSI S12.6-1997~ANSI,
1997! now commonly referred to as Method A. In th
method, the subjects were given the device and the manu
turer’s instructions and instructed to fit the HPD. While t
subject fitted the device in the presence of fitting noise,
experimenter was permitted to coach the subject to obta
better fit. As with the SF method, threshold pairs were c
lected from the subjects. Detailed descriptions of the d
collection and subject instructions were given in Roys
et al. ~1996!.

An additional study was conducted following the stu
reported by Roysteret al. ~1996!. Subjects were tested a
NIOSH ~1995! and Virginia Tech University using the
subject-fit and the experimenter-fit~EF! methods. The ANSI
S3.19-1974~ANSI, 1974! EF method protocol was used an
was equivalent to the test methods presently used by H
manufacturers to produce data from which noise reduc
ratings ~NRRs! can be determined. In the EF method, t
experimenter fitted the HPD and instructed the subject no
adjust the device during the occluded-threshold tests. F
hereon, the testing reported by Roysteret al. will be referred
to as the four-lab study~E•A•RCAL Laboratory, NIOSH
Hearing Protector Laboratory, US Army Aeromedical R
search Laboratory, Wright Patterson Armstrong Labora
ries!, while the additional testing performed by NIOSH an
312 J. Acoust. Soc. Am., Vol. 115, No. 1, January 2004
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Virginia Tech will be referred to as the two-lab study. Th
results of both studies are reported here.

This paper examines the REAT distributions as a fu
tion of protector, fitting procedure, and test frequency. T
REATs were analyzed with a multi-level analysis of varian
that determined the standard deviations for within-subj
repeatability, between-subject reproducibility, and betwe
laboratory reproducibility. Lastly, the minimum detectab
differences at each frequency were determined for each
vice and fitting procedure. The minimum detectable diff
ences were used to estimate sample sizes necessa
achieve a given desired resolution between measuremen

II. METHODS

A. Data sources

For both the four- and two-lab studies, pairs of occlud
and unoccluded thresholds were collected using one-th
octave band noise stimuli centered at 125, 250, 500, 10
2000, 4000, and 8000 Hz. The hearing protectors tested
test methods, and studies providing the data reported her
summarized in Table I.

1. Four-lab study

The HPDs that were selected for the four-lab study
described in Sec. II C and Fig. 1 of Roysteret al. ~1996!.
They included the E•A•R® Classic® foam earplug, the
PlasMed, Inc. V-51R premolded earplug~five sizes!, the
Willson Safety Products EP100 premolded earplug~two
sizes!, and the Bilsom UF-1 earmuff. The devices were s
lected based upon availability of published real-world da
market-place popularity at the commencement of the stud
and diversity of protector types. The Working Group h
selected more earplugs than earmuffs because it determ
that earplugs provided a greater real-world estimation pr
lem than did earmuffs~Casali and Park, 1991!.

Subjects for the four- and two-lab experiments were
lected from volunteers with pure-tone air-conducted hear
thresholds less than 25 dB HLre ANSI S3.6-1999~ANSI,
1999! at each test frequency and normal tympanometry.

TABLE I. Hearing protection devices, numbers of subjects, and method
fit used in the four- and two-lab studies.

Devices

Methods

Four-lab study Two-lab study

E•A•RCAL ~26 subjects! NIOSH ~25 subjects!
USAARL ~24 subjects! Virginia Tech

~26 subjects!
NIOSH ~24 subjects! ~Frankset al., 2000!
WPAFB ~24 subjects!
~Roysteret al., 1996!

Bilsom UF-1 earmuff SFa IUFb

Willson EP100 earplug SFa IUFb

E•A•R Classic earplug SFa IUFb SFa EFc

PlasMed V-51R earplug SFa IUFb SFa EFc

aSF: Subject fit as defined in ANSI S12.6-1997, Method B~ANSI, 1997!.
bIUF: Informed-user fit equivalent to experimenter assisted fit as define
ANSI S12.6-1997, Method A,~ANSI, 1997!.

cEF: Experimenter fit as defined in ANSI S3.19-1974~ANSI, 1974!.
Murphy et al.: Hearing protector reproducibility and repeatability
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ter an initial session for hearing screening and audiome
training, each subject made eight visits to the lab. In e
visit, two different HPDs were tested in separate sessio
each included two trials pairing sets of unoccluded and
cluded sound-field thresholds. In total, four unoccluded a
occluded paired thresholds were measured for each de
subject, and fitting method. Subjects received a brief
break between the two sessions of a visit. Visits were se
rated by a minimum of 6 h, and all eight visits were requir
to take place within 21 days. Each laboratory recruited
subjects who were naive in the use and fitting of hear
protectors. The subject population was gender-balanced
the order of device testing was randomized to minim
learning effects that might occur. REAT means and stand
deviations for the four-lab study were reported in Table II
Roysteret al. ~1996!. The instructions regarding fitting an
size selection are given in detail by Roysteret al. ~1996!. For
the sized earplugs, subjects were allowed to select the
that best fit their ear canals. The experimenter provided
assistance during the subject-fit portion of the testing
provided limited coaching during the informed-user fit te
ing.

2. Two-lab study

The two-lab study tested the V-51R and the E•A•R Plug
using SF and EF methods. The NIOSH and Virginia Te
laboratories tested REAT for 25 and 26 subjects, resp
tively, first with the SF method and then with the EF metho
The test methods and data have been reported in detail
where~Frankset al., 2000!. After an initial session for hear
ing screening and audiometric training, each subject vis
the lab on separate days for SF and EF testing. In each v
three pairs of unoccluded and occluded sound-field thre
olds were collected for two different HPDs in separate s
sions. Subjects were permitted a brief rest break as nee
between paired trials during a visit. These data were c
lected in order to obtain a direct comparison of the REA
measured from the two methods on the same subjects, ra
than relying solely on the SF data from the four-lab stu
and upon the manufacturer’s report of EF data.

B. Data analyses

The analyses of the data were conducted in three pha
First, the distributions of the REAT histograms for each
ting method, device, and test frequency were tested for
mality and modality. Second, the REAT distributions we
analyzed with a multi-level analysis of variance~ANOVA !
with trials nested within subjects and subjects within labo
tories. Third, the number of subjects necessary to achie
given resolution in the REAT data were calculated for a c
fidence level 12a50.84 and a power ofb50.80. The con-
fidence level represents one standard deviation away f
the mean. The confidence level is one minus the probab
of committing a type I error, incorrectly identifying an effec
The power is one minus the probability of committing a ty
II error, failure to identify a real effect.

The statistical design accounts for three sources of va
tion: trial-to-trial (s trial), subject-to-subject (ssubject), and
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laboratory-to-laboratory (s laboratory). From these sources, es
timates for the within-subject repeatability, between-subj
reproducibility, and interlaboratory reproducibility were ca
culated. The data from each fitting method~EF, IUF, and SF!
were analyzed separately. The EF data represent the two
study; the IUF data represent the four-lab study and the
data represent the pooled results from four- and two-lab s
ies. Learning effects due to repeated tests with the same
tector ~within-subject repeatability!, subject effects for a
given hearing protector~between-subject repeatability!, or
laboratory effects~between subject/between laboratory r
peatability! were assessed by analysis of variance. The g
graphical separation of laboratories prevented using the s
test subjects for directly assessing interlaboratory effects

III. RESULTS

A. Distribution of REATs

The data for each HPD were pooled across the labs
examined by frequency and fitting method. The REAT mea
and standard deviations from the four-lab study have b
reported for the SF and IUF methods for all four devices
Roysteret al. ~1996!. Roysteret al. did not examine the nor-
mality and modality of the REAT distributions. While th
results of the two-lab study were not substantially differe
from the four-lab study, the additional data for SF and
methods provided the impetus for this analysis. The RE
distributions for the pooled data from both studies are sho
in Figs. 1–3. The figures depict at each test frequency hi
grams of the attenuation data sorted into 3-dB-wide bins.
example, if an attenuation estimate for a subject was gre
than or equal to21.5 dB and less than 1.5 dB, it wa
counted as one occurrence in the 0-dB bin. Similarly,
other bins were centered on multiples of 3 dB. The width
each bar represents the proportional number of occurre
at each attenuation level. In the upper left panel of Figs. 1
a scale bar the width of 50 occurrences is shown. The c
represents a transition from minimum to maximum~blue to
red!, where the red bar indicates the maximum of the dis
bution for a given test frequency. Bins with a value of ze
are not given a color or width. The diamond symbol rep
sents the mean attenuation for a given test frequency.

Each distribution was tested for normality with the SA
univariate procedure~SAS, 1998! and was compared to thre
different probability distributions: normal, gumbel, an
mixed-normal. In an extension to the maximum likelihoo
analysis in Murphyet al. ~2002!, the distribution was deter
mined to be better estimated by one probability distribut
or another. For instance, a distribution might be more lik
to have been sampled from a gumbel distribution than from
normal distribution. The probability estimates of the ma
mum likelihood procedures were used according to Tabl
to classify whether a distribution was normal, gumb
mixed-normal, or non-normal. If the SAS univariate proc
dure showed that the distribution was significantly differe
from a normal distribution, then the remainder of the te
were used to determine the class. In Figs. 1–3, the clas
cations of the distributions~non-normal, gumbel, and mixed
normal! are shown for each protector at each test freque
313urphy et al.: Hearing protector reproducibility and repeatability
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FIG. 1. Histogram-frequency plot of the attenuation measurements for the experimenter-fit method. The EF method data were collected as part of-lab
study and represent 51 subjects with three occluded–unoccluded trials per subject per protector. The width of the bars represent the number ofwhere
subjects achieved an attenuation within a given 3-dB bin. A scale of 50 trials is shown in the upper left panel. The colored bars indicate the maxim~red!
and minimum~blue! number of occurrences of a particular attenuation within a given frequency band. The colors were independently scaled
frequency band distribution. The diamond symbols denote the mean of the distribution. The shape of each distribution has been tested and the cation
according to Table II are listed above each histogram: ‘‘Gumbel,’’ ‘‘Mixed-normal,’’ and ‘‘Non-normal.’’ Histograms without a label are not significantly
different from normal.

FIG. 2. Histogram-frequency plot of the attenuation measurements for the informed-user fit method. The IUF method data were collected as p
four-lab study and represent 96 subjects with four occluded-unoccluded trials per subject per protector.
314 J. Acoust. Soc. Am., Vol. 115, No. 1, January 2004 Murphy et al.: Hearing protector reproducibility and repeatability
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FIG. 3. Histogram-frequency plot of the attenuation measurements for the subject-fit method. The SF method data were collected as part of th
two-lab studies and represent 147 subjects with four occluded-unoccluded trials per subject per protector in the four-lab study and three occluded-unoccluded
trials per protector in the two-lab study.
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above each distribution. If a distribution was not significan
different from normal, there is no classification label. A
though the figures do not display individual laboratory da
normal, gumbel, mixed-normal, and non-normal distrib
tions are evident in the individual laboratory data as well
the pooled results of all labs.

The two-lab EF data for the E•A•R plug and V-51R
earplug are shown in Fig. 1. The REAT distribution for 2
Hz was judged to be mixed-normal for the E•A•R plug. The
REAT distributions for 500, 1000, and 8000 Hz were judg
to be best fit by the gumbel distribution for the E•A•R plug.
The EF data for the V-51R earplug were normal at 500 a
4000 Hz. The mixed-normal model yielded a better fit
J. Acoust. Soc. Am., Vol. 115, No. 1, January 2004 M
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2000 and 8000 Hz. The distributions for 125, 250, and 10
Hz were best fit by the gumbel distribution.

In Fig. 2, four-lab IUF data for the Bilsom UF-1 earmu
exhibited normal distributions for all frequencies. The IU
REAT distributions for the E•A•R plug were non-normal for
2000 Hz and best fit by the gumbel distribution for 4000 H
The REAT distributions for the EP100 earplug were mixe
normal for 125, 250, 500, and 1000 Hz. The distributions
2000, 4000, and 8000 Hz were best fit with the gum
model. The distributions at lower frequencies exhibited
clear tendency of one mode centered around 0 dB while
higher frequencies the distributions are skewed. The V-5
REAT distributions were best fit with the gumbel model
TABLE II. Rules for classification of REAT distributions in Figs. 1–3 for a significancep,0.05. For instance,
the probabilites for the EP100 earplug SF REAT distribution at 2000 Hz werepSAS50.0042,
pMLEGumbel-Normal50.015, pMLEMixedNormal-Normal50.0044, andpMixedNormal-Gumbel50.19680. According to the
rules, this distribution was classified as Gumbel.

Classification
SAS univariate

normality
Maximum likelihood

gumbel-normal
Maximum likelihood
mixed normal-normal

Maximum likelihood
mixed normal-gumbel

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
315urphy et al.: Hearing protector reproducibility and repeatability
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TABLE III. Standard deviations for the trial effects,s trial , for each device, fit, and frequency in decibels~dB!.

Device Fit

Frequency~Hz!

125 250 500 1000 2000 4000 8000

Bilsom IUF 2.5 2.5 2.7 2.6 2.5 2.5 3.1
UF-1 earmuff SF 2.2 2.5 2.7 2.5 2.6 2.7 3.1

EAR EF 5.1 4.5 4.5 3.5 2.4 2.4 2.5
Classic earplug IUF 4.9 4.9 4.5 4.2 3.1 3.3 3.9

SF 5.7 5.5 5.4 4.7 3.1 3.7 4.5

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 5.5 4.5 5.1 6.8

SF 5.7 5.5 5.2 5.1 4.6 3.9 5.4
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1000 and 2000 Hz. The mixed-normal model provided a b
ter fit at 125, 250, and 500 Hz. Similar trends of low atten
ation at 125, 250, and 500 Hz were evident for the V-5
REAT distributions as are evident in the EP100 data.

In Fig. 3, the combined two- and four-lab SF REA
distributions for the Bilsom UF-1 muff were mixed-norm
at 1000 and 8000 Hz. The REAT distribution for the E•A•R
plug was best fit with the gumbel model at 4000 Hz and
8000 Hz was non-normal. For the EP100 earplug, the RE
distributions were mixed-normal at 125, 250, 1000, 40
and 8000 Hz. At 2000 Hz the distribution was best fit w
the gumbel model. The EP100 REAT distribution at 500
was not significantly different from a normal distribution, b
it has the features of a bimodal distribution. The V-51
REAT distributions were non-normal at 500 Hz, mixe
normal at 125, 250, 1000, and 2000 Hz, and gumbel at 8
Hz. The distribution at 4000 Hz was normally distribute
The low attenuation modes were apparent for the EP100
V-51R earplugs.

B. Standard deviations

A multi-level analysis of variance~Netter, 1990! was
used to estimate the standard deviations for laboratory,
ject, and trial effects. The statistical model was

Yi jk5m1Trialk~ i j !1Subjectj ~ i !1Labi , ~1!
oc. Am., Vol. 115, No. 1, January 2004
t-
-

t
T
,

z

0
.
nd

b-

whereYi jk is the measured attenuation,m is the real attenu-
ation, and Trialk( i j ) is the random error term for thekth trial
within the jth subject andith laboratory, Subjectj ( i ) is the
random error term for thejth subject within theith labora-
tory, and Labi is the random error term for theith laboratory.
The ANOVA calculations were performed using the S-P
software package~S-Plus, 2002!. The model results are pre
sented in Tables III–V.

Table III presents the standard deviations in decibels
the trial effects,s trial , determined from both the four- an
two-laboratory studies for each of the fitting method
Smaller standard deviations indicate less variability in
effect of the experimenter or subject on fitting the hear
protector consistently. Comparing the four sets of IUF a
SF data, the Bilsom earmuff exhibited the smallest stand
deviations, which is not surprising since earmuffs are ea
to fit and offer fewer opportunities for improper fitting. Th
E•A•R plug tended to have the next smallest standard de
tions. The EP100 and V-51R devices tended to have la
standard deviations. In general, as experimenter involvem
decreased,s trial increased.

Table IV presents the standard deviations for the sub
effects,ssubject. Again, comparing the four sets of IUF an
SF data, the Bilsom earmuff exhibited the smallest stand
deviations. The E•A•R plug had the next smallest deviation
followed by the V-51R and EP100, respectively. The sm
ls
TABLE IV. Standard deviations for the subject effects,ssubjects, for each device, fit, and frequency in decibe
~dB!.

Device Fit

Frequency~Hz!

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 3.5 3.9

SF 5.5 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 11.5

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
Murphy et al.: Hearing protector reproducibility and repeatability
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TABLE V. Standard deviations for the laboratory effects,s laboratory, for each device, fit, and frequency i
decibels~dB!. Standard deviations less than 0.05 were rounded to 0.0 dB.

Device Fit

Frequency~Hz!

125 250 500 1000 2000 4000 8000

Bilsom IUF 0.8 0.3 0.8 1.6 1.5 1.3 1.1
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 2.7 3.3 3.0 4.5
EP100 earplug SF 1.0 0.0 0.0 0.0 2.1 1.5 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 2.2 2.4 4.4

SF 0.8 1.2 1.0 1.2 1.9 1.8 0.0
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variance for the Bilsom earmuff is indicative of the cons
tency of the fit across subjects. As withs trial , ssubject in-
creased with decreasing experimenter intervention.

Table V presents the standard deviations for the labo
tory effects,s laboratory. As can be seen, the standard dev
tions for the SF method, where there was minimal exp
menter involvement, were almost always lower than
values for the IUF method where the experimenter provid
advice. However,s laboratory for the EF method, where th
experimenter was fully involved, were generally lower. F
several frequencies and fitting methods, the standard de
tions were less than 0.05 dB and were rounded to 0.0 d

C. Repeatability and reproducibility

Within-subject repeatability is a measure of the cons
tency of attenuation across trials for the same sample of
jects and hearing protector. Within-subject repeatability
computed withs trial listed in Table III. Between-subject re
producibility is a measure of the consistency of attenuat
across subjects and trials for a hearing protector. Betwe
subject reproducibility is computed with thes trial andssubject

from Tables III and IV. If there is no change of the testin
protocol over time, then between-subject reproducibi
measures consistency when two hearing protectors are te
with different subject panels. Between-laboratory reprod
ibility incorporates the lab-to-lab standard deviatio
s laboratory, and measures the consistency of attenuati
across laboratories. If there is a negligible amount of lab
lab variation, then between-subject reproducibility measu
the consistency between two laboratories. While subje
were randomly sampled, the laboratories were not rando
selected as would be necessary to give a true estimat
laboratory effects.

Within-subject repeatability was estimated with t
equation,

swithin-subject5A s trial
2

~nsnt!
, ~2!

wheres trial
2 was the trial-to-trial variance,ns was the number

of subjects, andnt was the number of trials per subject.
, Vol. 115, No. 1, January 2004 M
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Between-subject reproducibility was estimated with t
equation

sbetween-subject5Assubject
2

ns
1

s trial
2

~nsnt!
, ~3!

wheressubject
2 was the subject-to-subject variance.

Whens laboratory is zero or negligible, then reproducibil
ity sbetween-subjectrepresents consistency between laborator
Whens laboratoryis large, then comparisons of hearing prote
tors between laboratories are inappropriate. Betwe
laboratory reproducibility was estimated with the equatio

sbetween-laboratory5As laboratory
2 1

ssubject
2

ns
1

s trial
2

~nsnt!
, ~4!

where s laboratory
2 was the laboratory-to-laboratory varianc

The standard deviation estimates ofswithin-subject,
sbetween-subject, and sbetween-laboratorycalculated from Tables
III–V for each device and each test frequency are shown
Figs. 4–6, respectively, usingns520 andnt52. These are
similar to the repeatability and reproducibility concepts re
ommended for use in interlaboratory studies by ISO 572
~ISO, 1994!. Results fornt53 or 4 are not shown, but ca
easily be calculated from these formulas.

1. Within-subject repeatability

The standard deviations for within-subject repeatabil
swithin-subject, for the Bilsom UF-1 earmuff in Fig. 4 exhibi
little difference between SF and IUF methods and across
frequencies.

The standard deviations for all fit protocols are grea
for the E•A•R plug than for the earmuff except at 4000 a
8000 Hz, EF fit. The standard deviations are dependent u
test frequency, being the lowest at 2000 Hz. As well, t
magnitudes of the standard deviations increase above 2
Hz as the amount of experimenter intervention decreases
lowest standard deviations can be observed for the
method while the highest standard deviations are for the
method.

The standard deviations for the EP100 earplug are
highest of the four devices tested during these investigatio
The standard deviations for the SF method are generally
317urphy et al.: Hearing protector reproducibility and repeatability
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IUF
to 0.2 dB greater than the standard deviations for the I
method. Again, the magnitudes of the SF standard deviat
are frequency dependent, being lowest at 2000 Hz.

The V-51R earplug exhibits higher standard deviatio
than the E•A•R plug, but lower than the EP100 earplug. A
with the other earplugs, standard deviations tended to
lowest at 2000 Hz. However, for this earplug, the SF valu
were somewhat lower than the IUF values except at 2000
where they were equal. The EF method gave the lowest s
dard deviations where the EF and SF methods values w
virtually identical.

FIG. 4. The standard deviations for within-subject repeatability for e
protector by fitting method and frequency. The REAT data was analy
with a multi-level ANOVA where within-subject effects were nested with
subjects and between-subject effects were nested within laboratory ef
The Bilsom earmuffs had the lowest variance and exhibited little differe
between fitting methods. The other devices exhibited more variance a
trend to increased variability with decreased experimenter involvem
Experimenter-fit data are from the two-lab study, while subject-fit data
from the four-lab study.

FIG. 5. The standard deviations for between-subject reproducibility for e
protector by fitting method and frequency. The REAT data was analy
with a multi-level ANOVA where within-subject effects were nested with
subjects and between-subject effects were nested within laboratory ef
The Bilsom earmuffs exhibited the smallest standard deviations with alm
identical results between IUF and SF fitting methods. The earplugs exhib
comparable standard deviations across devices with a slight trend fo
creased standard deviations with decreasing experimenter involvem
Experimenter-fit data are from the two-lab study, while subject-fit data
from the four-lab study.
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The results for the within-subject repeatability sho
consistent performance across test methods. The repea
ity standard deviations depend upon the type of protec
Although slight differences exist between the standard de
tions as a function of experimenter involvement, the diff
ences are too small to be considered meaningful.

2. Between-subject reproducibility

The standard deviations for between-subject reprod
ibility, sbetween-subject, for each of the tested hearing prote
tors are shown in Fig. 5. In general the lowest standard
viations are for the Bilsom UF-1 earmuff and the highest
for the EP100 premolded earplug. The SF standard de
tions are approximately equal to the IUF standard deviati
for the Bilsom UF-1 earmuff. For the EP100 premolded e
plug, and the V-51R premolded earplug, the IUF stand
deviations for reproducibility are uniformly less than the S
standard deviations. For the E•A•R plug, the IUF standard
deviations are also less than the SF standard deviations
cept at 250 Hz. For the Bilsom UF-1, differences betwe
IUF and SF are trivial. However, these differences are
trivial for the E•A•R plug at 4000 and 8000 Hz, for th
EP100 at all frequencies, and for the V-51R at all frequenc
except 4000 and 8000 Hz.

In the two-lab study, the SF standard deviations
greater than the EF standard deviations for the V-51R e
plug below 8000 Hz. For the E•A•R plug, the SF standard
deviations are greater than the EF standard deviations ex
at 250 Hz.

3. Between-laboratory reproducibility

The standard deviations for between-laboratory rep
ducibility, sbetween-laboratoryare shown in Fig. 6. The smalles
deviations are those of the Bilsom UF-1 earmuff and
largest are for the E•A•R plug IUF data. In contrast to the
between-subject reproducibility, the SF standard deviati
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FIG. 6. The standard deviations for between-laboratory reproducibility.
magnitude of the standard deviations, greater than 2 dB, for the earp
indicate poor reproducibility. The data from the Bilsom earmuffs indic
highly reproducible results across labs. The E•A•R Plug exhibits greater
standard deviations for the IUF method. The standard deviations for the
method are greatest for almost all test frequencies for every device.
Murphy et al.: Hearing protector reproducibility and repeatability
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are less than or approximately equal to the IUF stand
deviations for nearly every frequency and protector.

D. Minimum detectable differences and sample size
estimates

For a method to be useful in providing numbers for r
ing systems, the predictiveness of the data must be d
mined. In general, as sample size increases, so does the
cision of the predictions of protector performance. In the
cases, when the desired precision for a protector is es
lished, the number of subjects necessary to achieve a g
resolving ability can be estimated for a given confiden
level, 12a, and power, 12b ~e.g., confidence level of 84%
a50.16; power of 80%,b50.20!. The predictive precision
or resolution, of a hearing protector may be expressed as
smallest difference in two attenuation measurements that
be reliably detected for a given confidence level and a po
level.

The confidence level was selected based upon the
proach used in determining the noise reduction rating
subject fit data (NRRSF); the calculation subtracts one sta
dard deviation from the mean attenuation which yields
minimum attenuation estimate for 84% of the population a
given frequency~Frankset al., 2000!. The power level of
0.80 typically selected for behavioral data such as hea
thresholds assumes normality of the data.

1. Minimum detectable differences

Power calculations for testing both the within-subje
repeatability and between-subjects reproducibility involve
simple modification of the formulas for power for a two
samplet-test ~Rosner, 1990!. For a hypothesis without mul
tiple sources of variation and assuming the data are dr
from a normal distribution, the minimum detectable diffe
ence,D, with power, 12b and confidence level, 12a, is

D5~Probit~12a!1Probit~12b!!
A2s

An
, ~5!

where the Probit function provides the appropriate percen
value from a standard normal distribution~SAS, 1998!. The
minimum detectable difference is the value below which d
ferences in real-ear attenuations at threshold are statisti
insignificant.

Notice that the final term in the above equatio
A2s/An, is simply the standard error of the difference b
tween the means. Assuming that the between-subject re
ducibility hypothesis to be tested is based onns subjects with
nt trials apiece, the minimum detectable difference becom

D5~Probit~12a!1Probit~12b!!A2sbetween-subject,
~6!

wheresbetween-subjectfrom Eq. ~3! replacess/An in Eq. ~5!.
As expected, increasing the number of subjects,ns , de-
creases the contributions ofssubjectands trial to the standard
error term. Quite often, the minimum detectable differen
will be smaller than the meaningful difference and it is
ways more influenced by the number of test subjects than
number of repetitions of test conditions~trials! per subject.
Increasing the number of trials,nt , decreases only the con
J. Acoust. Soc. Am., Vol. 115, No. 1, January 2004 M
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tribution of s trial to the standard error. The between-subje
reproducibility test is valid when the between-laboratory
producibility is small. As a rule of thumb,sbetween-laboratory

should be no more than 10% of the minimum detecta
difference. The effect of subject sample size and numbe
trials is illustrated in Fig. 7. Thes trial and ssubject were as-
sumed to be 5 dB. Doubling the number of subjects impro
the minimum detectable difference more than doubling
tripling the number of tests per subject.

Since the within-subject repeatability test uses the sa
subjects for the hearing protectors under test, the betwe
subject source of variation that would be nested within p
tectors is eliminated. For this design, the minimum dete
able difference may be computed as

D5~Probit~12a!1Probit~12b!!A2swithin-subject. ~7!

The within-subject repeatability test is valid so long as t
same subjects are used for testing both hearing protecto
different subjects are used, as might be required if there
time gap between the testing of the two hearing protect
then one should use the between-subject reproducibility
pothesis. When using this hypothesis, a laboratory need
demonstrate that there are no significant trends over t
relative to the size of the difference they are trying to dete
Table VI shows the minimum detectable differences cal
lated using 12a50.84, 12b50.80, ns520 andnt52, and
the between-subject reproducibility found in Table IV. F
the Bilsom earmuff, the minimum detectable differenc
ranged between 1.6 at 250 and 500 Hz and 2.6 dB at 8
Hz for the SF method. For the E•A•R plug, the SF method
yielded differences ranging from 2.5 to 4.2 dB. For t
EP100 and V-51R, the ranges of the minimum detecta
differences for the SF method were 5.5 to 7.4 dB and 4.2
6.3 dB, respectively. Small minimum detectable differenc
for the Bilsom and EAR protectors indicate that a given p
tector is more likely to be uniformly fit across subjects.

FIG. 7. Effects of number of subjects and number of trials per subject on
minimum detectable difference. The example shown is for the Bilsom U
earmuff. The same relationship applies to the other devices tested—dou
the number of subjects is more effective than doubling the number of tr
per subject. The parameters used to calculate the data points weres trial

2

55 dB, ssubject
2 55, ns510, 20, andnt51, 2, 3.
319urphy et al.: Hearing protector reproducibility and repeatability
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TABLE VI. Minimum detectable differences for each device, fit, and frequency in dB. Note: 12a50.84,
12b50.8, ns520, nt52. The between-subject standard deviations are taken from Table IV.

Device Fit

Frequency~Hz!

125 250 500 1000 2000 4000 8000

Bilsom IUF 2.0 1.6 1.6 2.0 1.7 1.9 2.1
UF-1 earmuff SF 1.9 1.6 1.6 1.9 2.1 2.0 2.6

E•A•R EF 3.9 4.1 3.7 3.1 1.8 1.5 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 4.5 4.4 4.1 3.4 3.4 6.2
V-51R earplug IUF 4.9 4.7 4.7 4.4 4.3 3.7 6.0

SF 5.5 5.3 5.3 5.4 5.3 4.2 6.3
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2. Number of subjects necessary for a desired
resolution

The equation for calculating precision based on the v
ance for the sample size tested is

Nsubjects5nsS D

RD 2

, ~8!

whereNsubjectsis the estimated sample size,ns is the sample
size for the tested population,D is the minimum detectable
difference determined from the tested population for a giv
power and confidence level, andR is the target resolution in
decibels. Minimum detectable difference is equivalent to
desired resolution except that the desired resolution is cho
rather than determined from the tested population. This
mula has been applied to the minimum detectable differen
derived from the four- and two-lab studies for a resolution
6 dB with an a50.16 andb50.20 for each protector an
fitting condition. The desired resolution is the figure of me
of the ability to distinguish between two distributions of a
tenuations at any of the test frequencies. If, for instance,
sets of attenuations had been measured from earmuffs
separate production runs, the resolution and the minimal
tectable difference could be used to determine how m
subjects need to be tested to identify any manufacturing
ferences in the devices.

Figure 8 displays the estimated number of subje
Nsubjects, calculated from the minimum detectable differen
in Eq. ~6! for the three fitting methods usingsbetween-subject

with ns520 subjects,nt52 trials, andR56 dB. These val-
ues were selected according to the sample sizes, repetit
and desired resolution used in the ANSI S12.6-1997~ANSI,
1997! standard. While results for a given protector will n
yield the same results presented here, these estimates r
sent conservative estimates from a variety of protectors.
preceding calculations should be performed for a particu
data set to determine whether the minimum number of s
jects has been achieved to reach the 6-dB minimum de
able difference.

The Bilsom UF-1 earmuff exhibited the smallest es
mated sample sizes—4 subjects for the SF method at 8
Hz. Likewise, the E•A•R plug exhibited a somewhat large
sample size than the earmuff~10 subjects for the SF metho
oc. Am., Vol. 115, No. 1, January 2004
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at 500 Hz!, but considerably smaller than the two premold
earplugs. The EP100 earplug required 31 subjects for a r
lution of 6 dB~8000 Hz!, while the V-51R earplug needed 2
subjects for a 6-dB~the distance between distributions! reso-
lution ~also driven by 8000 Hz!. The number of subjects
must be rounded up to the nearest integer~e.g., 3.4 would
round up to 4 subjects!.

IV. DISCUSSION

A. REAT histograms

The REAT data presented in Figs. 1–3 illustrate the
fect of fitting method upon the quality of fit. For an earmu
such as the Bilsom UF-1, the fit can be affected by disrupt
of the seal of the cushion such as by the ear pieces of sa
glasses. Discounting damage to the cushions and impr
placement of the muff over the pinna, earmuffs are easily
on a subject’s head. The agreement between IUF and
REAT histograms demonstrate that additional experimen
involvement has little effect on the attenuation results

FIG. 8. Sample sizes necessary to achieve a 6-dB resolution in minim
detectable difference in attenuation determined by a power calculation b
upon the repeatability and reproducibility analysis. The power calculati
were based ona50.16 andb50.20 which is equivalent to an NRR calcu
lated with one standard deviation.
Murphy et al.: Hearing protector reproducibility and repeatability
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earmuffs. For an earplug, the data tend to suggest that
premolded devices were not well-fit while the E•A•R ear-
plug was able to achieve a reasonable seal.

For the Bilsom UF-1 earmuff, the mixed-normal mod
yielded the best fit to the SF REAT distributions at 1000 a
8000 Hz. The distributions did not exhibit the low attenu
tion mode seen in the premolded earplugs and should no
considered to be bimodal. The mixed-normal model ha
range of potential shapes besides the bimodal distribut
Murphy et al. ~2002! examined the SF REAT data from th
NIOSH laboratory and concluded that the mixed-norm
model in all cases yielded an accurate fit of the distributio
The mixed-normal model can provide an accurate fit, but
significantly better than the normal or gumbel models.

The data collected for the E•A•R plug demonstrate an
increase in the mean REAT as the experimenter involvem
increases. The EF data exhibit a notch at 2000 Hz, wh
may indicate the maximum attenuation of the earplug
been reached~Berger, 1983!. The REAT distributions for
IUF are more evenly spread across a range of attenua
than the SF distributions below 1000 Hz. This differen
may result from the interlaboratory differences observed
der the IUF method. One of the laboratories achieved gre
REATs for the lower frequencies than other laboratories. T
broad range of REATs could reflect the effect of inserti
depth and canal size on the ability of the E•A•R plug to
achieve a tight seal. Presumably, a deeper insertion of
E•A•R plug yielded the greater REAT for the EF meth
compared to the IUF or SF methods. In the EF data, non
the REATs at any frequency were less than 7.5 dB.

For the premolded V-51R earplug, the influence of e
perimenter intervention was clearly evident. The mean v
ues for the EF and IUF REAT histograms were greater t
the SF mean REATs at all frequencies. As the stimulus
quency increased above 1000 Hz the differences in m
REATs between the fitting methods decreased. The V-5
earplugs yielded less average attenuation than the foam
plug at all frequencies. Depending upon the quality of
V-51R earplugs gave more attenuation than the Bilsom m
for some individuals in the lower frequencies.

Similarly, the premolded EP100 earplug exhibited a lo
attenuation mode for several frequencies in both the IUF
SF REAT distributions. For 500 Hz, the distribution was n
significantly different from normal (p50.052). Otherwise,
the maximum likelihood tests would have identified the d
tribution as mixed-normal. For the REAT distributions
4000 and 8000 Hz, a small bulge can be seen in the hi
gram and is correlated with the larger bulges seen in
lower frequency distributions.

For premolded earplugs, the seal of the ear canal by
plug flanges is the critical factor influencing the bimod
character of the REAT distribution. In Roysteret al. ~1996!,
the earmuff REAT data were reported for the case wh
safety glasses were worn by the subjects. The lack of
continuity around the stems of the glasses reduced the R
performance. Similarly, for earplugs with an orifice, the i
sertion loss is about 0 dB for frequencies below 500
~Hameryet al., 1997!. As the experimenter involvement in
creased, the mean REATs increased and more of the d
J. Acoust. Soc. Am., Vol. 115, No. 1, January 2004 M
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butions were unimodal. A second factor might be the qua
of the manufacturer’s instructions. The mean IUF REA
were greater when subjects were coached rather than re
only on manufacturer instructions.

For foam earplugs, the attenuation characteristics of
foam and the bone-conduction limits are relatively consist
across subjects~Berger, 1983; Bergeret al., 2003!. Conse-
quently, varying insertion depths across subjects and the a
ity to seal the ear canal with a minimum of material probab
contribute to the unimodal REAT distributions.

Several root causes of the problem of poor and impro
fits could be investigated. The subject may have small
canals, possess a low tolerance of discomfort, or perc
that deep insertion will damage the tympanic membra
One may be concerned for the eardrum for a very deep
sertion, but the depths typically observed for SF tests w
nowhere near that deep. Instructions may be inadequate.
protector’s design may not lend itself to a tight seal agai
the head or ear canal walls. The verification of such spe
lations would require further analysis of ear canal data a
materials used in manufacturing the devices. The clear c
clusion is that the type and design of the HPD affect the
along with the amount of experimenter involvement.

B. Repeatability and reproducibility

The standard deviations for within-subject repeatabi
and between-subject reproducibility exhibited trends with
creasing experimenter involvement and with the spread
data observed in the REAT histograms. For repeatability,
Bilsom muff had the smallestswithin-subjectand was followed
by the E•A•R plug, the V-51R and EP100 earplugs, resp
tively. The standard deviations for all devices at 8000
were greater than the value at 4000 Hz. Some slight tr
can be seen for increasing standard deviations with decr
ing experimenter involvement. The spread of these val
was seldom more than 0.2 dB and not more than 0.4 dB
any frequency. The lack of change between fitting meth
can be understood as a metric of how subjects fit the de
and perform the psychoacoustic task. The smaller stand
deviations for within-subject repeatability for the Bilsom d
vice reflect the consistency of fit for repeated tests. For
three earplugs, the occluded threshold measurements
have increased overall variance within subjects. In Fra
et al. ~2003!, the variance of repeated occluded thresho
was greater than repeated measures of unoccluded th
olds. Unfortunately, the data examined in this paper were
REAT measures for each subject’s trial, not the unocclud
and occluded thresholds.

The standard deviations for the between-subject rep
ducibility include the additional information about the co
sistency of fit across subjects. The Bilsom earmuff had
smallest standard deviations which again reflects the eas
fitting the device. The E•A•R plug had smaller deviation
than the other plugs. Since fitting the earplugs requires so
training, the standard deviations for all the earplugs refle
trend of decreasing standard deviations with increasing
perimenter intervention. The differences in the range are
than 0.5 dB for most devices and frequencies.
321urphy et al.: Hearing protector reproducibility and repeatability
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The standard deviations for between-laboratory rep
ducibility yielded results contrary to the within-subject r
peatability and between-subject reproducibility. As stated
fore, the increase in the E•A•R plug IUF between-laboratory
standard deviations for frequencies below 1000 Hz has b
attributed to greater attenuation achieved by one labora
These effects are evident in the increased range of the RE
presented by Roysteret al. ~1996! and are reflected in the
values forsbetween-subjectfor the IUF condition in Fig. 5.

One problem with the large between-laboratory stand
deviations is the inability to make comparisons of t
REATs. Some of the devices and methods failed to prod
any between-laboratory standard deviations,sbetween-laboratory,
less than 2 dB. Using three standard deviations as a crite
differences in REAT for premolded earplugs measured w
the SF method only begin to be meaningful when they
greater than 6 dB. The two-lab EF data tend to have stan
deviations less than 2 dB and sometimes nearer to one. W
the between-laboratory variations are as small as 2 dB,
appropriate to make comparisons of REATs measured in
different laboratories.

The increased variance at 8000 Hz needs to be addre
since it influences the number of test subjects for the
premolded earplugs and the earmuff. The effect of the aco
tic leak at low frequencies correlates with poor attenuation
8000 Hz. In Hameryet al. ~1997!, the insertion losses of a
variety of earplugs were measured for many configurati
of the size and position of a nonlinear orifice. Several pl
exhibited a maximum insertion loss below 8000 Hz and
local minimum at the 8000-Hz frequency. If the poorly
protector behaves similarly to the earplug with an orific
then the correlation of poor attenuation at 8000 Hz might
explained by a resonance of the occluded volume. The
tectors tend to have more attenuation at 8000 Hz. These
factors work against having small variances. The protec
that can reduce the potential for leakage~earmuffs and foam
plugs! will likely have smaller variance and consequen
require fewer subjects to achieve a given minimum dete
able difference.

C. Power calculations

Lastly, the power calculations need to be examined. T
power calculations demonstrate that consistent HPD per
mance across subjects require fewer subjects to achie
desired level of resolution~see Fig. 8!. For the Bilsom muff,
the number of subjects necessary to achieve a 6-dB res
tion with the SF method is less than 4. The E•A•R plug
requires fewer than 10 subjects. The other two devic
EP100 and V-51R, respectively, require 31 and 22 subjec
achieve the 6-dB resolution. The worst-case frequency is
appropriate choice upon which to estimate the number
subjects. If the confidence level and power were made m
stringent~e.g., 12a50.9 andb50.85!, the minimum detect-
able difference will increase. While the minimum detecta
difference is dependent upon the number of subjects teste
is also a function ofs trial and ssubject for the device. With
power calculation outcomes, it is possible to determ
whether a rating for a protector has any relevance when a
number of subjects is used.
322 J. Acoust. Soc. Am., Vol. 115, No. 1, January 2004
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The current noise reduction rating provides no estim
other than the standard deviations listed on the secon
label of the error that might be associated with the rati
The definition of the power calculation and development o
method to assess the error associated with the REAT m
surement and subsequent NRR rating would achieve pa
among ratings. The earmuff data have smaller standard
viations across subjects and laboratories than the earp
This difference implies that a worker can expect to achie
attenuations near to what is measured in the laboratory w
wearing earmuffs. An error estimate for the NRR of the UF
earmuff should be smaller than the error estimate of the
plugs. Such estimates are not currently a part of the E
rating regulation or the ANSI S12.6-1997~ANSI, 1997! stan-
dard.

D. Subject-fit method and the ANSI S12.6-1997 „ANSI,
1997 standard

This research as described in the Introduction and
Royster et al. ~1996! was designed by the S12 Workin
Group 11 to develop a laboratory testing standard that
predictive of real-world protection received by motivate
workers. Two protector fitting protocols were investigate
The data derived from the subject-fit method compared to
informed-user-fit method did not yield the expected resu
The standard deviations for between-subject reproducib
and between-laboratory reproducibility were expected to
crease with decreased experimenter involvement. Instead
standard deviations for between-laboratory reproducibi
fluctuated considerably for the IUF method. Therefore,
more consistent and realistic method with respect to re
world data~Bergeret al., 1998! proved to be the subject-fi
method.

The authors of the ANSI S3.19-1974~ANSI, 1974! stan-
dard selected a sample size of ten subjects and three
repetitions for each subject. Each repetition consisted o
pairing of occluded and unoccluded thresholds. As dem
strated from the present power calculations for determin
the estimated subject sample size for a 6-dB resolution,
working group’s selection of ten subjects and two trials w
valid for the Bilsom UF-1 earmuff where as few as fo
subjects with two trials would have been sufficient. As we
ten subjects with two trials would be sufficient for the E•A•R
plug for 6-dB resolution. However, testing premolded pro
ucts requires more subjects and, as the V-51R and EP100
examples of hearing protectors that are fitted ineffective
the working group selected 20 subjects with two trials.
Eq. ~8! and Fig. 7 show, increasing the panel size increa
the statistical power and decreases the minimum detect
difference. As ANSI S12.6-1997~ANSI, 1997! provides for
adequate sample sizes for at least 6-dB resolution for alm
any type of hearing protector, it is also possible to calcul
the precision of REATs for any set of 10 subjects for e
muffs or 20 subjects for earplugs.

The ANSI S3.19-1974~ANSI, 1974! statistical treatment
of the three repetitions of REAT measurements from ten s
jects as 30 statistically independent, uncorrelated data po
is incorrect. The correct approach is to average the th
repetitions from each subject and then use the individ
Murphy et al.: Hearing protector reproducibility and repeatability



T
9
u

th
bl
Ds
-
er
a
fre
re

n
i

e
pr
bi
Th
ex
th

th

te
s
ty

n’s
ht
D
rc
is

ee

-

e
ica
w

-

th

per,
.,
y
es.

ath-

f

. B.
r-

ent
re-

ea-
ru-

of

e-

s
ice,
cu-

R.,
T.,

ec-
ards

,

averages for calculating means and standard deviations.
statistical shortcoming has been remedied in the S12.6-1
standard where the averages of repeated measures are
for determining means and standard deviations.

Based upon that rationale, the power calculations for
subject-fit method using 6-dB resolution yield reasona
subject sample sizes for the uniformly performing HP
~Bilsom muff and E•A•R plug!. The power calculations pro
vide a different perspective with which to evaluate the p
formance of a hearing protector. Those devices which
easily fit and produce highly consistent results across
quencies will yield smaller variances and, consequently,
quire fewer subjects to achieve a given resolution.

V. CONCLUSIONS

The analysis of the between-subject reproducibility a
between-laboratory reproducibility of the devices tested
the four- and two-lab studies has been presented. Som
the underlying causes for increased variance for various
tectors have been discussed. The variance of repeata
increases with decreasing experimenter intervention.
variance for reproducibility is most consistent when the
perimenter factor is removed. In a separate analysis
Working Group also identified the subject-fit method as
best estimator of field performance~Bergeret al. 1998!, and
for that reason the Method-B procedure was initially selec
for inclusion in the 1997 standard. The results of the analy
in this report verify that, for purposes of data reproducibili
Method B is an apt choice as well.
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