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Abstract

The purpose of this study was to identify any differences between
speech intelligibility measures obtained with MineEars electronic ear-
muffs (ProEars, Westcliffe, CO, USA) and the Bilsom model 847
(Sperian Hearing Protection, San Diego, CA, USA), which is a conven-
tional passive-attenuation earmuff. These two devices are closely
related, since the MineEars device consisted of a Bilsom 847 earmuff
with the addition of electronic amplification circuits. Intelligibility
scores were obtained by conducting listening tests with 15 normal-
hearing human subject volunteers wearing the earmuffs. The primary
research objective was to determine whether speech understanding
differs between the passive earmuffs and the electronic earmuffs
(with the volume control set at three different positions) in a back-
ground of 90 dB(A) continuous noise. As expected, results showed that
speech intelligibility increased with higher speech-to-noise ratios;
however, the electronic earmuff with the volume control set at full-on
performed worse than when it was set to off or the lowest on setting.
This finding suggests that the maximum volume control setting for
these electronic earmuffs may not provide any benefits in terms of
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increased speech intelligibility in the background noise condition that
was tested. Other volume control settings would need to be evaluated
for their ability to produce higher speech intelligibility scores.
Additionally, since an extensive electro-acoustic evaluation of the elec-
tronic earmuff was not performed as a part of this study, the exact
cause of the reduced intelligibility scores at full volume remains
unknown.

Introduction

Hearing loss prevention is listed among the 21 Priority Research
Areas, as described in NIOSH’s National Occupational Research
Agenda.! Occupational hearing loss is the most common occupational
disease in the United States, and is specifically identified as a problem
in the mining industries. Efforts to prevent occupational hearing loss
appear to be hindered because the problem is insidious and occurs
without causing pain in affected individuals. One consequence of
noise-induced hearing loss is a reduced quality of life due to the inabil-
ity to communicate with family, friends, and the general public.
However, this normally occurs after the hearing loss has progressed
significantly and the damage is irreversible. This problem can have
other serious repercussions, considering that a study of older workers
with disabilities indicated hearing loss as a risk factor for occupation-
al injury.2

In January 1995, the Physical Agents Effects Branch, located in the
National Institute for Occupational Safety and Health (NIOSH),
Division of Biomedical and Behavioral Science, began collaboration on
a project with the Mine Safety and Health Administration (MSHA) that
was designed to determine the prevalence of hearing loss among min-
ers. Two reports were forwarded to MSHA: one for coal miners, and
one for metal/non-metal miners.# After removing potentially invalid
audiograms through a quality assurance process, the first report con-
tained an analysis of 17,260 audiograms for 2871 coal miners, and the
second report reviewed 22,488 audiograms on 5244 metal/non-metal
miners. For comparison purposes, hearing thresholds were calculated
for a similar-aged population of non-exposed individuals by using
Annex A from 1S0-1999.5 The noise levels that would be predicted to
cause the amount of hearing loss observed for the miners were also
calculated from ISO-1999.

The results of these investigations showed that miners developed
hearing loss much more quickly than those in the non-occupational
noise-exposed database used by IS0-1999, and that the miners experi-
enced a greater severity of hearing loss than would be expected for non-
occupational noise-exposed persons of the same age and gender. Using
hearing thresholds at 4000 Hz as an indicator, coal miners experienced
hearing loss two-and-a-half to three times greater than would be expect-
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ed for persons not exposed to occupational noise. At 50 years of age, 90%
of the coal miners and 49% of the metal/non-metal miners were found to
have a hearing impairment. In comparison, only 9% of the non-occupa-
tionally exposed group had a hearing impairment at the same age.

A new MSHA noise standard was published on September 13, 1999
and became effective on September 13, 2000.% This rule closely resem-
bles the pre-existing Occupational Safety and Health Administration
(OSHA) Occupational Noise Exposure Standard and Hearing
Conservation Amendment (29 CFR 1910.95),” and replaced the differ-
ent standards for occupational noise exposure in coal mines and in
metal/non metal mines with a single new standard applicable to all
mines. Based on information such as that described above, the previ-
ous standards (which had been promulgated in the early 1970s) were
found to be inadequate to prevent the occurrence of noise-induced
hearing loss among miners. Although the proposed noise exposure lim-
its would not totally eliminate the risk of material impairment, it is
expected to reduce by two-thirds the number of miners currently pro-
jected to suffer a material impairment of their hearing.

Both the OSHA and MSHA regulations require employers to use all
feasible engineering and administrative controls to reduce noise expo-
sures to acceptable levels. Engineering controls are the ideal solution
for most circumstances, although they may be prohibitively expensive
to implement. Administrative controls usually involve an attempt to
lower daily noise exposures by rotating employees through a less noisy
workstation; however, this practice is often not feasible due to produc-
tion constraints and/or employee training requirements. If engineering
and administrative noise controls fail to sufficiently reduce exposure
levels, personal hearing protection (along with training on proper fit-
ting, care, and use) must be provided to workers.

Over 50 manufacturers have developed and sold at least 241 differ-
ent hearing protection devices.? Traditional hearing protectors usually
take the form of either insert-type earplugs that are inserted into the
ear and seal against the ear canal walls, or muff-type devices that seal
against the head around the ear. There also are concha-seated protec-
tors that provide an acoustic seal right at the entrance to the external
ear canal. More technologically advanced non-conventional hearing
protectors include active noise reduction protectors, level-dependent
(non-linear) protectors, and sound restoration (amplification) devices.
There is no single best type for all individuals or situations. However,
some types are better than others for use in specific noise environ-
ments, for some work activities, or for some environmental conditions.

In March 2001, the MineEars electronic hearing protector received
Schedule 2G approval (for use in gassy mines) from MSHA, and was
added to their list of permissible equipment. Anecdotal reports indicate
that these devices are being used in some underground coal mines.
Similar commercially available devices have been around for many
years, although none had previously applied for 2G approval. The pri-
mary difference between the MineEars earmuff and competing prod-
ucts is that MineEars employs an amplitude compression circuit while
others are peak-clipping devices. Previous studies have discovered the
potential for peak-clipping earmuffs to produce distortion and interfere
with speech communication.® All manufacturers of electronic-amplify-
ing hearing protectors claim that a user will be protected from haz-
ardous noise levels while still being able to hear important sounds in
their environment; however, the actual benefit that current state-of-
the-art models provide under occupational noise conditions has not
been quantified. The specific research question in this study was to
determine whether speech understanding differs between the
MineEars electronic earmuffs (with the volume control set at three dif-
ferent positions) and the Bilsom model 847 passive earmulffs as a func-
tion of speech-to-noise ratio, as measured in a constant speech-shaped
background noise of 90 dB(A). This study was primarily a head-to-head
comparison of the speech intelligibility scores obtained with the differ-
ent devices. The purpose was not to identify potential electro-acousti-
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cal issues or provide specific solutions to any problems that might be
discovered. Additional testing would be required before recommenda-
tions for improvements could be made.

Materials and Methods

Subjects

Subjects (9 male, 6 female; age range 21-60 years) were recruited
from employees at NIOSH’s Pittsburgh campus. The test protocol was
reviewed and approved by the NIOSH Human Subjects Review Board
(approval code HSRB 03-PRL-02XP). Participants were provided with
the required assurances of confidentiality, and an informed consent
form was signed prior to performing any screening/testing procedures.
Subjects were excluded from this study if excessive cerumen was found
(i.e. an amount that prohibited visualization of the eardrum). To elim-
inate the potentially confounding effects a pre-existing hearing loss
might have on speech intelligibility measures, subjects were required
to have normal hearing sensitivity (less than 20 dB HTL) at all audio-
metric test frequencies from 125 to 8000 Hz in each ear. The final eli-
gibility requirement was that subjects demonstrate a normal signal-to-
noise ratio (SNR) loss as determined by using version 1.3 of the
QuickSIN™ speech-in-noise test.!*!! On average, normal-hearing indi-
viduals require speech to be 2 dB louder than the background noise
(i.e. a +2 dB signal-to-noise ratio) to identify 50% of the key words in
sentences on the QuickSIN test. Subjects were considered eligible for
participation if they had an SNR loss between 0-7 dB, as obtained from
the average of two standard equivalent 6-sentence lists. Similar to the
normal hearing sensitivity stipulation, this requirement was intended
to control for extraneous variables by enrolling only subjects with nor-
mal speech recognition ability.

Acoustical test environments

Two different test rooms were used for this study, one for initial sub-
ject screening and the other for the actual experimental testing.
Subject screening took place in a standard Industrial Acoustics
Company (Bronx, New York, USA) double-wall audiometric test booth.
Speech intelligibility testing was conducted in a specially designed
reverberant test chamber (interior dimensions: 9’ long by 11’ wide by
8’ high) located in the NIOSH-Pittsburgh Research Laboratory. This
room has a solid sheet metal floor, and the walls and ceiling are lined
with an acoustically reflective surface laminated to 3/4-inch high-den-
sity particle board. The chamber was outfitted with three (3)
ElectroVoice T251+ loudspeakers driven by separate channels of a
Sherbourn 5/1500A power amplifier. Each loudspeaker was oriented in
a different plane (i.e. up/down; left/right; and front/back) for maximum
sound dispersion throughout the space. Sound levels up to 115 dB SPL
can be generated inside the chamber. This facility meets the require-
ments for sound field uniformity and non-directionality as specified in
ANSI $12.42-1995 (R2004).12 A random incidence (Ze. diffuse) sound
field is produced, which provides no directional cues to the listener,
and all sounds (Z.e. both speech and noise) are always intermixed.

Instrumentation

Subject screening/qualification was conducted with the subject seat-
ed in the audiometric test booth. First, hearing thresholds were meas-
ured in each ear using a WelchAllyn GSI 61 Clinical Audiometer and
TDH-50P earphones. Next, QuickSIN testing was performed with a
Panasonic DVD-RA60 audio/video player connected to the external A
input of the GSI 61 Clinical Audiometer. Tracks 3 and 4 (standard lists
1 and 2) of the QuickSIN compact disc were played binaurally through

the TDH-50P earphones.
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Speech intelligibility testing was conducted using the HINT -
Hearing in Noise Test.13 Version 2.0 of the HINT audio CD was present-
ed via loudspeakers in the diffuse field chamber. Each channel of a
Panasonic DVD-RA60 audio/video player was routed to a separate
Tucker-Davis Technologies System Il PA4 Programmable Attenuator, to
enable independent level control of the speech and noise channels. The
outputs of the attenuators were connected to a Rane SM 26B
Splitter/Mixer, which combined the speech and noise signals and pro-
vided three monaural output signals. These three outputs were then
directed to three channels of the power amplifier, which were then fed
to the three loudspeakers in the test chamber. As mentioned above, due
to the room construction and loudspeaker placement, sounds cannot be
localized to any particular source/direction in this chamber, while pre-
cise control of the overall level and signal-to-noise ratio of the test
materials is possible by adjusting the attenuators.

Earmuff test conditions

Two types of earmuffs were used in this study: the MineEars elec-
tronic hearing protector and the Bilsom model 847, which is a conven-
tional passive-attenuation earmuff. The MineEars device consisted of a
Bilsom 847 earmuff with the addition of an electronic amplification cir-
cuit in each earcup. Testing was conducted with the volume control on
the electronic earmuffs set at three different positions: off, at the low-
est on setting, and full-on (designated as OFF, LOW, and HIGH in sub-
sequent sections).

Procedures

The Hearing in Noise Test (HINT) consists of 24 equivalent 10-sen-
tence lists that may be presented with speech-shaped background
noise. The test materials can also be presented as 12 equivalent 20-sen-
tence lists. Each HINT sentence contains between three and seven
words (the majority are either five or six words), and each list of 10
sentences has a total of 49-57 words. The sentences were recorded by a
male talker, and each list is phonemically balanced. The HINT speech-
shaped noise was suitable for this study because its low-frequency
emphasis produces the masking effect most likely to be encountered in
a work environment.

For this study, the HINT sentence tests were administered using a
fixed-level protocol, as described in the HINT Audio CD Operating
Instructions.!3 While wearing each pair of earmuffs, subjects were
instructed to listen and repeat back (without the benefit of visual cues
or other assistance) each sentence that they heard. For each sentence
list, the number of words correctly repeated divided by the total words
in each list (with the result multiplied by 100) indicated the percentage
of correct words.

The lists of sentences were presented at levels of 85, 90, and 95
dB(A), which produced a -5, 0, and +5 dB signal-to-noise ratio when
the background noise was set at 90 dB(A). The electronic earmuffs
were treated as three separate devices, and were tested with the vol-
ume control off, at the lowest on setting, and at the maximum (high-
est) setting. The passive earmuff was considered as one additional
device, so, in effect, four different earmuff conditions were tested. A
total of 12 repetitions of the HINT (i.e. 12 equivalent 20-sentence lists)
were administered to each subject (3 speech-to-noise ratiosx4 earmuff
conditions).

Experimental design and control

Repeated-measures ANOVA was selected to examine the effects of
earmuff test condition, signal-to-noise condition, and the interaction
between these two conditions. The sample size (i.e. number of subjects
required) was determined by a power analysis calculation using the fol-
lowing information: within-subject standard deviation was estimated to
be 5%; o was set at 0.05; and {3 was set at 0.2. This design allows a main
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effect size of (.8 to be identified with 10 subjects, assuming a within-
conditions correlation of 0.6. A large effect size was chosen because a
large main effect would be necessary for the findings to have practical
importance. Power calculations also showed that a sample size of 15
was required to detect a medium interaction effect. A medium effect
size (0.25) was posited for the interaction because if there is an inter-
action effect, the expectation is that it would be smaller than the main
effect, yet it would be important to detect it for a complete understand-
ing of the variables involved. To account for both the main effect and
interaction effect sizes, a sample size of 15 was selected for this study.

To guard against practice effects, each subject was trained on the
HINT test procedure using the three 10-sentence practice lists (tracks
25-27) on the HINT Audio CD. This training was conducted once in a
quiet environment at a 75 dB(A) presentation level, and twice at a 95
dB(A) presentation level with 90 dB(A) background noise (+5 dB sig-
nal-to-noise ratio) while wearing the two different earmuffs. To pre-
vent sequencing effects, the measurement trials were administered
according to an incomplete counterbalancing technique.

Performance-intensity (P-I) functions for sentences have steeper
slopes, which means that better performance (i.e. a higher score) is
obtained with smaller increases in the presentation (intensity) level,
as compared to the P-I function for word lists.* This is partly due to
contextual cues that make recognition of test materials, such as sen-
tences more predictable (and consequently easier) at lower presenta-
tion levels or signal-to-noise ratios.!> Although the test stimuli in the
present experiment were presented in sentences, the analysis used to
determine significant differences between two scores (from a
clinical/practical perspective) was based on a binomial model, which is
normally reserved for scoring tests of words in isolation.!® The analysis
was conducted this way because administering the HINT test according
to the fixed-level procedure (rather than using the adaptive protocol to
determine sentence speech reception thresholds) is similar to conduct-
ing a speech recognition test with single words. Specifically, the P-I
function for the HINT sentences more closely approximates the P-I
functions for lists of single words than the P-I functions typical of sen-
tence materials.]” The HINT sentences were judged to be written at a
first or second grade reading level, which might also contribute to their
similarity to single word speech tests.!8

Results and Discussion

Speech intelligibility (HINT) scores for all 15 subjects are contained
in Table 1. Each of the subjects’ scores presented in Table 1 represent
the average score obtained on two 10-sentence lists, which equates to
approximately 100 test items.

Statistical analysis

The primary analysis examined the effects of muff test condition,
signal-to-noise condition, and the interaction between muff condition
and signal-to-noise condition using repeated-measures ANOVA with
two within-subject factors (muff and signal-to-noise ratio). The analy-
sis was conducted with the Geisser-Greenhouse conservative F-test in
case the spherical assumption was violated. Despite the fact that mul-
tiple hypothesis tests were conducted, no adjustment to the level of sig-
nificance (to account for a potential inflated Type I error risk) was
made. The practical consequence of making a Type I error (i.e. finding
a difference between muff types when no real difference exists) is
much less severe than making a Type II error (ie. reporting that there
is no significant difference between muff types, and missing the oppor-
tunity to recommend a muff that produces better speech intelligibility).

As expected, there was a significant main effect (F(2,28)=1014.50,
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Table 1. HINT test scores for all 15 subjects (SD, standard deviation).

S-1 20% 64% 96% 15% 65% 87% 17% 56% 91% 10% 31% 79%
S-2 15% 91% 98% 22% 80% 91% 19% 89% 97% 16% 60% 88%
S-3 21% 1% 96% 2% 73% 95% 11% 65% 9% % 51% 96%
S-4 20% 78% 97% 33% 80% 94% 22% 2% 97% 3% 36% 86%
S-5 20% 78% 98% 11% 1% 98% 19% 81% 98% 6% 66% 95%
S5-6 13% 65% 95% 14% 51% 88% 11% 64% 98% 8% 44% 73%
S-7 23% 82% 96% 21% 79% 99% 11% 48% 99% 3% 51% 86%
S5-8 21% 1% 93% 16% 68% 97% 19% 81% 90% 4% 64% 91%
S5-9 13% 75% 97% 5% 67% 95% 6% 63% 94% 0% 42% 7%
S5-10 31% 80% 99% 11% % 99% 17% 87% 94% 18% 64% 99%
S-11 10% 60% 89% % 64% 99% % 41% 96% 1% 35% 85%
S-12 12% 65% 97% % 66% 92% 8% 4% 99% 12% 32% 84%
S5-13 8% 38% 96% % 55% 85% 17% 44% 81% 0% 22% 63%
S5-14 18% 83% 100% 11% 75% 97% 12% 70% 94% 6% 40% 94%
S5-15 21% 80% 100% 15% 81% 98% 21% 63% 95% 8% 44% 86%
Mean 18% 2% 97% 13% 70% 94% 14% 67% 95% % 46% 85%
S.D. 6% 13% 3% 8% 9% 5% 5% 15% 5% 3% 13% 10%

MSeror= 96.29, P <0.0001) for signal-to-noise condition; the highest
scores were obtained with a +5 dB signal-to-noise ratio, while the low-
est scores were obtained with a -5 dB signal-to-noise ratio. A signifi-
cant main effect also was found for the earmuff condition
(F(3,42)=57.19, MS.= 39.832, P <0.0001). Subjects obtained the
highest speech intelligibility scores while wearing the passive earmuff,
and the lowest scores when wearing the electronic earmuff at the HIGH
volume control setting. Additionally, the interaction effect was signifi-
cant (F(6,84)=6.94, MS...,= 38.304, P <0.0001), as illustrated by the
non-parallel lines in Figure 1.

A full set of pairwise comparisons was conducted to fully investigate
the interaction effect. Separate charts for each signal-to-noise ratio
were constructed, where each cell mean from Table 1 was contrasted
against each of the other cell means (Tables 2, 3 and 4). Table 2 (-5 dB
signal-to-noise ratio) indicates that all muff conditions were different
from each other, except for the electronic muff at the OFF and LOW vol-
ume control settings. For the other two signal-to-noise conditions (0 dB
and +5 dB), the electronic muff with the volume control set to HIGH
produced significantly different (worse) HINT scores than any of the
other earmuff conditions (Tables 3 and 4).

Test administration considerations

To be certain that the statistical analysis of the data revealed find-
ings that were practically and clinically significant from a test adminis-
tration viewpoint, the test results were compared against the critical
differences developed by Thornton and Raffin.!® Their table of 95% crit-
ical differences (page 515, Table 4) for a 100-item test was used to
determine whether the individual speech intelligibility scores were
within (or outside of) calculated confidence intervals.

For a test score of 18%, the lower limit of the critical differences is
9%, and the upper limit is 29%.16 This indicates a significant difference
between the average test scores of the passive earmuff (18%) and the
electronic earmuff on HIGH (7%) at the -5 dB signal-to-noise ratio. At
the -5 dB signal-to-noise ratio, mean speech intelligibility scores for
the electronic earmuff turned OFF (13%) and the electronic earmuff on
LOW (14%) fell within the 9-29% range, and are not considered differ-
ent from the passive earmuff score of 18%. Considering that the aver-
age HINT scores obtained at the -5 dB signal-to-noise ratio were 18% or
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less for all tests (i.e. all earmuff conditions yielded poor speech intelli-
gibility scores), the statistically significant findings in Table 2 do not
appear to have any practical significance.

A mean score of 46% was obtained at the 0 dB signal-to-noise ratio
with the electronic earmuff on HIGH. The corresponding range of the
95% critical differences was 33-59%, according to the Thornton and
Raffin critical differences table.!® At the 0 dB signal-to-noise ratio,
mean scores for the passive earmuff and the electronic earmuff at the
OFF and LOW volume settings were 72%, 70%, and 67%, respectively,
which were outside (above) the range of critical differences. This indi-
cates that the electronic earmuff on HIGH may be considered signifi-
cantly different (i.e. provide worse speech intelligibility scores) than
the other earmuff test conditions at the 0 dB signal-to-noise ratio.

100
90 + +5m_"\ 4
80 .

0 dB S/N ratio 1

Mean Scores (%)
B
o o

-5 dB S/N ratio

L ‘\F’"\' 4

= N W
o o o o
T T

Passive  Elec. OFF Elec. LOW Elec. HIGH
Earmuff

Figure 1. Graphic presentation of mean speech intelligibility
scores for each earmuff condition with speech-to-noise ratio as

the parameter.
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Table 2. Pairwise comparisons with a -5 dB signal-to-noise ratio.

Source Degrees of freedom Sum of squares Mean square Pr >F
Model 17 2169.663376 127.627257 475 <0.0001
Error 42 1128.181188 26.861457
Corrected total 59 3297.844564
Source Degrees of freedom Type 111 SS Mean square F value Pr >F
Muff type 3 1043.899574 347.966525 12.95 <0.0001
Difference Estimate Standard error P value 95% Confidence
Interval of
Difference
Passive vs Elec OFF 5.075% 1.8925 0.010 (1.256, 8.894)
Passive vs Elec LOW 3.854* 1.8925 0.0480 (0.035, 7.674)
Passive vs Elec HIGH 11.583* 1.8925 <(.0001 (7.764, 15.403)
Elec OFF vs Elec LOW -1.221 1.8925 0.5224 (-5.040, 2.598)
Elec OFF vs Elec HIGH 6.508* 1.8925 0.0013 (2.689, 10.327)
Elec LOW vs Elec HIGH 7.729* 1.8925 0.0002 (3.910, 11.548)
*As judged in an LSD test (DF=42, least significance difference=3.8192), the means differ significantly at the c.=0.05 level.
Table 3. Pairwise comparisons with a 0 dB signal-to-noise ratio.
Source Degrees of freedom Sum of squares Mean square F value Pr >F
Model 17 12472.84387 733.69670 11.07 <0.0001
Error 42 2784.43167 66.29599
Corrected total 59 15257.27554
Source Degrees of freedom Type III SS Mean Square F value Pr >F
Muff type 3 6265.065089 2088.35503 31.50 <0.0001
Difference Estimate Standard error P value 95% Confidence
Interval of
Difference
Passive vs Elec OFF 2.064 2.9731 0.4914 (-3.936, 8.064)
Passive vs Elec LOW 5.496 T 0.0716 (-0.504, 11.496)
Passive vs Elec HIGH 25.679* 2.9731 <0.0001 (19.679, 31.679)
Elec OFF vs Elec LOW 3432 [ @ D) 0.2549 (-2.568, 9.432)
Elec OFF vs Elec HIGH 23.615*% 2.9731 <0.0001 (17.615, 29.615)
Elec LOW vs Elec HIGH 20183* 2.9731 <0.0001 (14.183, 26.183)
*As judged in an LSD test (DF=42, least significance difference=6), the means differ significantly at the o=0.05 level.
Table 4. Pairwise comparisons with a +5 dB signal-to-noise ratio.
Source Degrees of freedom Sum of squares Mean square F value Pr >F
Model 17 2199.883417 129.404907 5.56 <0.0001
Error 42 977.880648 23.282873
Corrected Total 59 3177.764065

Source Degrees of freedom Type III SS Mean square

Pr >F

Muff type 3 1119.344792 373.114931 16.03
Difference Estimate Standard error P value

<0.0001
95% confidence

interval of

difference

Passive vs Elec OFF 2.179 1.7619 0.2231 (-1.377,5.734)
Passive vs Elec LOW 1.184 1.7619 0.3092 (-1.742, 5.369)
Passive vs Elec HIGH 11.122* 1.7619 <0.0001 (7.566, 1.678)
Elec OFF vs Elec LOW -0.365 1.7619 0.8368 (-3.921, 3.191)
Elec OFF vs Elec HIGH 8.943* 1.7619 <0.0001 (5.387, 12.499)
Elec LOW s Elec HIGH 9.308* 1.7619 <0.0001 (5.753, 12.864)

* As judged in an LSD test (DF=42, least significance difference=3.5557), the means differ significantly at the c:=0.05 level.
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The mean score for the electronic earmuff at the +5 dB signal-to-
noise ratio with the volume control HIGH was 85%, and the range of
critical differences around this score is 74-93%. Average scores for the
other three earmuff conditions were 94% (electronic OFF), 95% (elec-
tronic LOW), and 97% (passive earmuff). Similar to the 0 dB signal-to-
noise results, mean scores for the passive, electronic OFF, and electron-
ic LOW earmuff test conditions were outside the range of critical differ-
ences for the electronic earmuff on HIGH. This indicates that the aver-
age electronic earmuff score with the volume control on HIGH (at the
+5 dB signal-to-noise ratio) was significantly different (again, worse)
from the other three earmulff test conditions.

Acoustical analysis

The primary finding in this study was that the electronic earmuff (at
any of the three volume control settings used) did not provide a better
speech intelligibility score than the otherwise identical passive ear-
muff in a 90 dB(A) background noise. Testing was conducted with the
volume control knob at three positions that were easily defined and
were intended to represent the settings that a typical wearer might use.
Volume settings other than the ones used would be difficult to replicate
and test, since the volume control knob on this particular set of ear-
muffs is continuously variable, and does not have discreet detents.
Considering this, an assumption was made that a typical naive user
might set the control as high as it will go in an attempt to gain the most
benefit from the electronic circuitry. However, human subject testing
revealed that the highest volume control setting produced speech intel-
ligibility scores no better (and in many cases worse) than those
obtained with a pair of similar muffs without the amplification circuits.

Additional laboratory testing was conducted to investigate why the
speech intelligibility test scores were different for the different earmuff
conditions. An acoustical test fixture was used to measure the attenu-
ation provided by the passive earmuff, as well as the attenuation/gain
provided by the electronic earmuff at the same three volume control
settings used during human subject testing. The test fixture was built
by the French-German Research Institute of Saint-Louis (ISL), and
consists of a solid block of material molded in the shape of a human
head, with a Briiel and Kjeer Type 4157 ear simulator and %-inch micro-
phone (Briiel and Kjeer Type 4165) mounted inside (right ear only), and
HEAD Acoustics® ITU-T P57 Type 3.4 pinnas attached to the outside.
The microphone output was connected to a Bruel and Kjaer Type 2807
power supply, and delivered to a National Instruments PCI-4462 24-bit
data acquisition card for data storage/analysis.

A measurement of the 90 dB(A) noise used in this study taken with
aprecision measurement microphone system (G.R.A.S. model 40HF) at
the head-center location in the diffuse field chamber is shown in
Figure 2. A measurement with the acoustical test fixture and the result-
ing transfer function (ie. difference between these two measure-
ments) are also shown. The upper curve from Figure 2 is shown again
in Figure 3, and the remaining curves in this figure indicate the levels
present under each earmuff condition with only the 90 dB(A) speech-
shaped background noise being played into the test chamber. The dif-
ference between the upper curve and any of the others represents the
amount of attenuation provided by that particular earmuff condition.

Amplification of the background noise occurred with the electronic
earmuffs at the LOW and HIGH volume control settings. As seen in
Figure 3, the amount of amplification (gain) at each frequency is
shown by the increase in level above the OFF condition.

The measurements in Figure 3 revealed that essentially the same
background noise spectrum/levels were being heard with the passive
earmuffs and the electronic earmuffs at the OFF and LOW volume con-
trol settings. Attenuation values for the electronic muff OFF and pas-
sive muff are similar but not identical, because the physical presence
of the electronics/batteries inside the earcups causes the acoustical
conditions to be different. A small amount of amplification is observed
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from 315 to 800 Hz and from 3150 to 5000 Hz with the electronic ear-
muff on LOW.

At least 25 dB of attenuation was observed at each frequency tested,
with some attenuations approaching 45 dB for three of the four ear-
muff conditions (passive earmuffs, electronic earmuffs OFF, and elec-
tronic earmuffs LOW). With the electronic earmuff set to its full-on
(HIGH) position, 20 dB or more attenuation was measured only at the
lowest and highest frequencies. Twelve to 18 dB of attenuation was
measured in the mid-frequencies (400 through 3150 Hz). A prominent
peak occurred at 4000 Hz, where the least amount of attenuation (7 dB)
was observed.

The peak at 4000 Hz with the electronic earmuffs on HIGH corre-
sponds to subjective reports from the human listeners, who indicated
that a high-pitched noise was evident with the electronic earmuffs on
the highest volume control setting. Without further testing, it is
unclear whether the lower speech intelligibility scores (for the elec-
tronic earmuff on HIGH) were due to distortion of the speech signal, a
masking effect, or some other reason.
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Figure 2. Measurements of HINT speech-shaped noise in the dif-
fuse-field test chamber [overall level=90 dB(A)].
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Figure 3. Measurements of HINT speech-shaped noise in the dif-
fuse-field test chamber with the acoustical test fixture.
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Speech intelligibility predictions

To determine whether the experimental results could have been pre-
dicted, the Speech Intelligibility Index, or SII (ANSI $3.5-1997, R2002)19
was computed for each of the four earmuff conditions at all three signal-
to-noise ratios (Table 5). The range of possible SII values is from zero to
one. Calculated SII values will not necessarily match the score obtained
from any particular speech intelligibility test; instead, the SIl may be con-
sidered as the proportion of the total number of speech cues available to
the listener. An SII value of 0.0 indicates that none (Z.e. 0%) of the speech
cues reach the listener, while an SII value of 1.0 indicates that all (ie.
100%) of the speech cues are available to the listener. Similarly, a value
of 0.5 represents half (50%) of the speech cues reaching the listener.

Pearson’s product-moment correlation coefficients were computed to
determine whether the calculated SII values corresponded with the actu-
al speech intelligibility scores. Overall, the SII values and HINT scores
obtained in this study were found to be highly correlated (r=0.977). The
highest correlation was observed with the results from the 0 dB and +5
dB signal-to-noise ratios (r=0.981 and 0.962, respectively), while results
from the -5 dB signal-to-noise ratio had a lower correlation coefficient
(r=0.635). The measured speech intelligibility scores show good associ-
ation with the calculated SII values (Ze. the rank ordering is highly cor-
related); however, the magnitude of each pair of SII values and test
scores is obviously not the same (Table 5).

The HINT scores and the SII values can each be considered as a rater
of speech intelligibility, and the intraclass correlation (ICC) can be used
to quantify inter-rater reliability. In this case, the ICC was computed to
obtain a better estimate of the agreement between the calculated SII val-
ues and the observed HINT scores. Similar to other measures of reliabil-
ity or consistency, the ICC is a coefficient where the values range from
0.0 (consistency is totally absent) to 1.0 (complete consistency). For this
situation, the ICC type (3,1) procedure was used, which means that the
third ICC model and a one-time measurement was assumed. This proce-
dure is a 2-way ANOVA design where the same two raters evaluated each
case. This is the appropriate method to use considering that only two rat-
ings were involved in the study (zZe. HINT scores and SII calculations)
and generalization to other rating schemes was not intended. The ICC
shows a moderate degree of agreement (ICC=0.67; 95% Confidence
Interval: 0.19-0.89) between the two rating methods, which indicates a
limited amount of predictability for this particular test scenario.

Study limitations

A comprehensive electro-acoustical evaluation of the electronic ear-
muffs was not conducted as a part of this study. Therefore, the exact
cause of the poorer speech intelligibility test scores with the electron-
ic earmuff on the HIGH volume setting is unknown. An evaluation of
the amount of amplification delivered at various ranges of input
levels/frequencies would provide some insight into this question.
Another item to check is the phasing and level balance of the speaker
output inside the electronic earmuffs.

Additionally, not all possible volume control settings were evaluated,
so there is the potential for the electronic earmuff to allow wearers to
perform better than the subjects involved in this study. Follow-up test-
ing could be conducted with the volume knob at different positions
between the lowest and highest settings in the event that the setting
that would produce the highest speech intelligibility score was not eval-
uated in the current study.

Conclusions

Speech intelligibility testing was conducted in a constant speech-
shaped background noise of 90 dB(A) while subjects wore convention-
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Table 5. SII calculations using the one-third octave-band proce-
dure (HINT speech intelligibility scores for the same test condi-
tions from Table 1 are shown in parenthesis).

SdBSNratio  027(18%) 027 (13%) 025 (14%) 025 (7%)
0dBSNratio 043 (72%) 043 (70%) 042 (67%) 040 (46%)
+5dBS/Nratio  0.60 (97%)  0.60 (94%)  0.59 (95%) 0.5 (85%)

al passive-attenuation earmuffs and identical devices with electronic
amplification circuitry added. As anticipated, speech understanding
was found to differ as a function of the speech presentation level. At a
-5 dB signal-to-noise ratio, poor speech intelligibility results (average
test scores less than 18%) were obtained for all earmuff test conditions.
Average speech intelligibility scores ranged from 46% to 72% at a 0 dB
signal-to-noise ratio. Average scores for all earmuff test conditions
were 85% or higher at a +5 dB signal-to-noise ratio.

The most practically relevant finding was that for each of the three
signal-to-noise test conditions, better test scores were obtained with
the set of passive (non-electronic) earmuffs or the electronic amplify-
ing earmuffs with the user-adjustable volume control set to OFF or
LOW, as compared to the electronic earmuffs set to HIGH. This finding
was consistent with predicted values of the Speech Intelligibility Index.
Higher noise levels were found in acoustical measurements taken
underneath the electronic earmuffs at the maximum volume setting,
although exactly how this related to the lower test scores was not deter-
mined.

From a speech intelligibility perspective, this particular type of elec-
tronic earmuff (with the volume control full-on) would not be a desir-
able choice for use in a constant background noise of 90 dB(A),
although it may prove to be suitable in other ambient noise conditions.
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