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The most commonly used methods to measure hearing
protectors attenuation can be divided into two categories:
psychoacoustical (subjective) and physical (objective) methods. In order to better understand the relationship between
these methods, this article presents various factors relating
attenuation values obtained with these methods through a
series of tests. Experiments on human subjects were carried
out where the subjects were instrumented on both ears with
miniature microphones outside and underneath the protector. The subjects were then asked to go through a series of
hearing threshold measurements (psychoacoustical method)
followed by microphone sound recordings using high-level
diffuse field broadband noises (physical method). The proposed
test protocol allowed obtaining various factors relating the
test methods as well as attenuation values and ratings for
different protection conditions (open ear, earmuffs, earplugs,
and dual protection). Results are presented for three models
of passive earmuffs, three models of earplugs and all their
combinations as dual hearing protectors. The validity and the
relative importance of various terms used to correct the physical attenuation values when comparing with psychoacoustical
attenuation values are examined.
Keywords

attenuation, dual protection, earmuffs, earplugs, hearing protection device, MIRE, REAT

Address correspondence to Hugues Nélisse, Institut de Recherche
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INTRODUCTION

I

n most occupational health and safety regulations, employers are required to prevent or reduce risks from exposure
to excessive noise by ensuring that certain noise exposure
limits are not exceeded. Preventive measures may be provided

either through engineering (e.g., noise control at the source) or
through administrative controls (e.g., exposure controls). Unfortunately, these measures often fail, for practical or economic
reasons, to reduce the “effective” noise experienced by workers below the acceptable limits. Hearing protection devices
(HPD), such as earmuffs or earplugs, have subsequently to be
offered by employers and used by the workers. One primary
characteristic of hearing protectors is the noise attenuation
they provide as it is one indication of the effectiveness of these
devices to block sound. Several measurement methods have
been developed in the past to evaluate the attenuation and the
most commonly used can be divided into two categories: psychoacoustical (subjective) and physical (objective) methods.
Thorough descriptions and reviews of these methods can be
found in the literature.(1–4) These methods lead to attenuation
values, presented as a function of frequencies, which can be
used to produce various “performance” ratings for hearing
protectors(5,6) or to estimate worker’s noise exposure under the
protector. The “performance” ratings can not only be used to
classify, select, and discriminate HPDs but also to estimate
noise exposure under the protector by subtracting their values
from the A- or C-weighted overall noise level.
The “gold standard” in attenuation measurement is the realear attenuation at threshold, noted REAT.(7) In this psychoacoustical method, human subjects are asked to go through
hearing threshold tests at different frequencies, with and without the protector in place. Attenuation values are then obtained
by taking the differences between the open and occluded ear
auditory thresholds. REAT testing offers the advantage that all
significant sound paths to the inner ear are taken into account.
On the other hand, it is generally time-consuming and very
sensitive to the ambient background noise as it requires a very
quiet standardized acoustic environment to perform the tests.
REAT is also known to be limited by masking effects due to
physiological noise at low frequency and it demonstrates a
high variability due to the inherent subjective nature of the
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testing. As such, these shortcomings prevent REAT testing to
be suited and practical for field utilization.
To palliate these limitations and with the increase popularity
of individual “fit testing” and the advent of miniaturization of
electronic components, the microphone-in-real-ear approach
(MIRE) and its field counterpart Field-MIRE (F-MIRE) are
becoming more appealing and well suited for estimating HPDs
attenuation both in laboratory and in “real world” occupational
conditions. In the MIRE approach,(2) a miniature microphone
is used to measure the sound pressure level (SPL) in the
ear canal. Measurements of SPLs are then made with suprathreshold noise levels, with and without the HPD in place.
Similar to REAT, the difference between the SPLs allow obtaining attenuation values in the form of an insertion loss
(IL). If one uses an additional microphone to measure the
sound field just outside the protector, it becomes possible to
measure simultaneously the SPLs outside and inside the ear
canal. The difference between these two quantities can be
seen as attenuation in the form of a noise reduction (NR).
This latter procedure is well adapted to field measurements as
the attenuation can be obtained with just one measurement as
opposed to IL-based procedures which require the tests to be
performed with and without the HPD in place, in two separate
measurements. It is in this field measurement context that the
MIRE procedure is often referred as F-MIRE (Field-MIRE).
REAT, MIRE, and F-MIRE procedures all present advantages as well as weaknesses and lead to different attenuation measurements. It is therefore important to understand
the relationships that exist between these various attenuation
estimates to better judge the applicability of the respective
measurement methods. In that vein, comparative studies have
been published in the past by several authors. Casali et al.(3)
presented some comparisons and results on earmuffs showing
that NR an IL yield comparable results as long as the NR values
are corrected by an average transfer-function-of-the-open-ear
(TFOE), as previously discussed by Berger.(1) Similar work on
earmuffs with active noise reduction systems was presented by
Perala and Casali.(8) One interesting point of this study is that
the authors compared frequency-dependent attenuation data,
obtained with the MIRE method, measured at three different
microphone locations in the ear canal and concluded that
small, but statistically significant differences were observed
between the different microphone locations, depending on
the frequency. De Almeida-Agurto et al.(9) compared REAT
and MIRE approaches on earmuffs. Correction factors, taken
across test-subjects, were derived to correct the IL results.
These factors are intended to correct for bone conduction and
physiological noise effects as well as for the fact that the microphone used in the IL measurement is not positioned at the tympanic membrane. As with other studies, it is concluded that the
MIRE approach leads to lower standard deviation than with the
REAT method. Other comparisons between MIRE-based and
REAT attenuation values obtained in laboratory or field environments have been published recently.(10–14)They all showed
good correlations between the two measurements methods but
also how can F-MIRE be used and implemented with success
830

to measure the attenuation and assess the efficiency of HPDs
in the field. However, correction factors used to relate the
MIRE/F-MIRE to REAT are generally approximations derived
from ensemble averages or taken from literature data and there
are generally little details on how these corrections are affected
by various factors such as the positioning of the microphones,
the physical characteristics of the individuals, the sound field,
etc. In that sense, Voix and Laville(15) recently showed in more
details how the IL, NR and the REAT are related to each
other. They have proposed, for molded earplugs, laboratory
and field calibration procedures required to determine group
average correction factors to be applied to the measured NR.
Their method was validated experimentally by comparing the
predicted F-MIRE attenuation values to the REAT values
measured on a group of test-subjects. Their approach offers
the advantage of being fast and relatively accurate as well as
providing attenuation results on an individual basis. Extension
of this latter work was also presented, with success, for different types of earplugs.(16) Frequency-dependent attenuation
and Personal Attenuation Rating (PAR) values obtained with
REAT and F-MIRE approaches are compared using, as in
Voix and Laville’s work, group average factors for correcting
NR results. Fit, accuracy, and uncertainties are discussed and
some advantages and benefits of using the F-MIRE method
are presented.
The literature review has shown that the NR-based method
offers the clear advantage of being well suited for field measurements, is relatively quick and reliable and thus, is gaining
in popularity. For comparisons with REAT data, NR-based
values are commonly compensated using correction factors
derived from ensemble averages. Consequently, data obtained
with both techniques have been almost exclusively obtained
through separate measurement sessions, with generally different subjects. Therefore, to conduct the research presented
in this article on a detailed evaluation of the various factors
relating the REAT, IL, and NR attenuation values for various
HPDs, it was necessary to perform simultaneous measurements of the various quantities on the same subjects. Three
HPD categories were tested: earmuffs, earplugs, and dual
protection. More specifically, the objectives of this article are
multifold: (i) to present precisely the relationships between the
psychoacoustical REAT and the physical MIRE methods; (ii)
to quantify one-by-one various factors (also called “correction
factors”) appearing in the relationships linking MIRE and
REAT attenuations; (iii) to examine, for practical purposes, if
individual corrections factors are needed instead of “average”
taken from the population of subjects; and (iv) given the
growing interest in using the MIRE NR-based method for fieldmeasurements, to compare REAT and NR-based attenuation
and single-number ratings to examine the validity of NR-based
method for HPD attenuation measurement.
Equations relating the psychoacoustical REAT values to the
physical attenuation data are first presented. Secondly, the test
procedures are explained and detailed. Finally, various comparison results obtained with the different attenuation values
are presented and discussed.
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FIGURE 1.
earplug.

Illustration of the microphone locations for (a) open ear condition, (b) occluded ear with an earmuff, and (c) occluded ear with an

METHODS
Relationship between Physical and
Psychoacoustical Attenuation Measurements
Figure 1 illustrates the external ear in the unoccluded (open)
and occluded conditions (with an earmuff (b) or an earplug (c)).
The subscripts to the sound pressure p refer, respectively, to
microphone locations just outside of the ear near the canal
entrance (“ext”), in the ear canal at some distance of the
tympanic membrane (“c”) and close to the tympanic membrane
(“t”). Sound pressure in the occluded conditions is noted with
the symbol “prime” in superscript. Assuming the ear to be
excited by a stationary sound field, the insertion loss (IL)
is obtained by subtracting the open and occluded-ear sound
pressure levels. The insertion Loss, expressed in dB, is then
defined as:
 
pt
.
(1)
IL = 20 log10
pt
Using the sound pressure at the center of the head without
the presence of the subject p0 , one easily shows that the
insertion loss is related to the Noise Reduction (NR) through:




pt
p0
p0
pt
=
20
log
IL = 20 log10
×
×
10
pt
p0
pt
p0
= NR + TFOE ,
(2)
where we define the noise reduction as:
 
p0
NR = 20 log10
pt
and the Transfer Function of the Open Ear (TFOE) as:
 
pt
TFOE = 20 log10
.
p0

(3)

(4)

Contrarily to the insertion loss, the noise reduction is obtained exclusively using the occluded conditions by subtracting the sound pressure level at the tympanic membrane from
the sound pressure level without the subject. In practice, it is
much more convenient and safer for the subjects to measure
the sound pressure in the ear canal at some distance of the

tympanic membrane. Equation (1) can thus be rewritten in
terms of the sound pressure in the ear canal pc and p c as:


pt
pc
pc
IL = 20 log10
×
×
pt
pc
pc



pc
pc
pt
,
×
×
= 20 log10
pc
pt
pc
= IL∗ + TF  canal − TF canal
(5)
where we define the following quantities:
 
pc
IL∗ = 20 log10
pc
 
pc
TF  canal = 20 log10
and
pt
 
pc
.
TF canal = 20 log10
pt

(6)

(7)

Similarly, it also more convenient and more suited for field
testing to express the NR using the sound pressure measured
just outside the HPD p ext instead of p0 . Combined with the
use of the sound pressure in the ear canal p c , Equation (3)
becomes

 
p0
pc
pext
NR = 20 log10
×  × 
pt
pc
pext
 


pext
pc
p0
×  × 
= 20 log10
pc
pt
pext
∗

(8)
= NR + TF canal − TF  ext ,
where the quantity TF ext describes how the sound pressure
measured just outside the protector is related to the sound
pressure measured at the center of the head in the absence of
the subject, p0 , and is defined as:
  
pext

(9)
TF ext = 20 log10
p0
and where we define the noise reduction NR∗ as:
  
pext
∗
.
NR = 20 log10
pc
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Combining Equations (2), (5), and (8), the relationship
between the “measured” I L∗ and NR ∗ can be written as:
IL∗ = NR ∗ + TFOE + TF canal − TF  ext . (11)
Attenuation values using Real-Ear Attenuation at Threshold (REAT) test procedures, expressed in decibels (dB), are
obtained by subtracting the open ear detection threshold levels
(DTL) from the occluded-ear detection threshold levels (DTL’)
as reported by human subjects:
REAT = DTL − DTL.

(12)

If one makes the assumption that the bone conduction path
is negligible for the HPD under test and that this HPD is linear,
it is accepted(1) that the REAT is related to the IL through:
REAT = IL + PN ,

(13)

where P N is the masking effect due to the physiological noise,
an effect that was shown to be related to the device under test
and to the occluded-ear canal volume.(17,18) Again, expressing
the insertion loss in terms of the sound pressure measured in
the ear canal p c and pc instead of the sound pressure measured
at the tympanic membrane p t and pt using Equation (5), one
obtains:
REAT = IL∗ + TF  canal − TF canal + PN . (14)
On the other hand, the REAT can also be expressed in terms
of the noise reduction using Equation (11):
REAT = NR ∗ + TFOE + PN
+ TF  canal − TF  ext .

(15)

Equations (11) and (15) can be made more convenient if
one defines the quantity TFc-ext that describes how the sound
pressure in the ear canal is related to the sound pressure just
outside the ear in the unoccluded condition as:


pc
TF c−ext = 20 log10
pext


pc
p0
pt
= 20 log10
×
×
pext
p0
pt


pt
pc
p0
= 20 log10
×
×
p0
pt
pext
= TFOE + TF canal − TF ext , (16)
where TFext is similar to TF ext defined in Equation (9) but for
the unoccluded condition.
Using (16) in Equations (11) and (15) one finally obtains


IL∗ = NR ∗ + TF c−ext + TF ext − TF  ext (17)
and



REAT = NR ∗ + TF c−ext + TF  canal − TF canal


+ TF ext − TF  ext + PN .
(18)

One should recall that Equation (18) is valid only if the
bone conduction path is negligible.
The set of Equations (16), (17), and (18) form the basis
for attenuation value comparisons between the physical IL
832

and NR-based measurements and the psychoacoustical REAT.
It is therefore important to examine individually each factor
entering in the equations to evaluate their relative importance.
The quantity NR∗ by itself is of particular interest since it is
the one that can be directly measured easily on the field with
workers in one step using miniature microphones installed
on both sides of the protector and on both ears. With the
proper recording equipment and microphone installation, one
can instrument a worker and log or monitor the attenuation
in real-time during his workshift. In our opinion, this is one
advantage of the NR-based MIRE method. Another term of
particular interested is the function TFc-ext as it is directly
proportional to the TFOE (Equation (16)), a quantity known
to be important for frequencies above 1 kHz. Similarly to NR∗ ,
TFc-ext could be measured with the same miniature microphone
setup, before placing the hearing protector. It that context, the
test setup described later was designed to obtain and examine
the various attenuations (REAT, IL∗ and NR∗ ) as well as the
factors TFext , TF ext , and TFc-ext . Since one did not measure
directly at the tympanic membrane, the factors TFcanal and
TF canal were estimated using a procedure based on finite
element modeling described later. As for the physiological
noise PN, there was no intention to measure it in this study but
approximations can be found in the literature. None of these
approximations were used here but the effect of PN is briefly
discussed later. Finally, the effect of the bone conduction
path on the MIRE-based attenuation was introduced using the
procedure proposed in ANSI S12.42(19) and is described later.
Human Subjects Selection
A total of 29 subjects with normal hearing were selected.
Their hearing threshold levels were measured independently
for each ear (HTLL and HTLR ) using TDH 39 earphones.
Only subjects with hearing thresholds below 25 dB HL for
both ears for octave bands between 125 and 8,000 Hz were
retained. These test subjects took part in the test sessions,
each of them with one pair of earmuffs, one pair of earplugs
and their corresponding dual protection. Some subjects were
tested more than once with a different combination of earmuffs/earplugs. The tests were then arranged so that no subject
would be tested with the same HPD twice. Thereafter, some
data were rejected due to technical problems. The experimental
protocol and the selection process were approved by the Ethics
Committee of research of the École de technologie supérieure.
Informed consent was obtained from the subjects prior to their
participation to this study.
HPD Selection
Three different models of earmuffs and three different models of earplugs were selected. The selected earmuffs were
the Ear 1000, Optime 98, and Optime 105 from 3M (St.
Paul, MN). They are different in construction (dual-cup vs
single shell) and sizes and their labeled noise reduction ratings
(NRR) are 20, 25, and 30 dB, respectively. As for earplugs,
custom-molded earplugs (Self-Fit Hearing Protection HPDV5) from Sonomax (Sonomax Technologies Inc., Montreal,
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TABLE I. Number of Times Each Combination Earmuffs/Earplugs Were Tested
Earplugs

Earmuffs
Optime 105
Optime 98
Ear 1000
Number of test session
per earplugs

NRR
30
25
20

Classic

Push-ins

Custom

Number of test sessions per earmuffs

29
6
7
6
19

28
6
6
6
18

23
6
6
6
18

18
19
18
55

Note: NRR: Noise Reduction Rating

Quebec, Canada) and push-ins no-roll foam and classic rolldown foam earplugs, also from 3M, were selected. The labeled
noise reduction ratings (NRR) of the two 3M earplugs are 28
and 29 dB, respectively, while the labeled NRR of the full block
HPD-V5 from Sonomax is 23 dB. The number of times each
HPD was used in a test session, which is also the number of
subjects tested with each specific HPD, is presented in Table I.
The selection was made such that each HPD was tested 18 or
19 times. A total of 55 test sessions were performed resulting
in more than 20 hr of audio recordings.
Test Procedures with Human Subjects
In order to be able to test human subjects under similar
noise environments and HPD fitting conditions for REAT and
MIRE evaluations, a three-step procedure was developed. The
subjects were first instrumented by the experimenter with three
Knowles miniature microphones per ear (FG Series; Knowles
Electronics, Ithaca, IL), as shown in Figure 2. One microphone
was positioned in the ear canal, at the same position for
the open and occluded ear conditions, approximately halfway
between the entrance and the eardrum and a few millimeters
from the plug. This canal microphone was used to measure
the sound pressure pc and p c . Another microphone was used
to measure the external sound field (pext and p ext ). It was
placed near the ear lobe (open ear and occluded ear with
earplugs) or on the upper part of the cup (occluded ear with
earmuffs).(20,21) Additionally, a 1-in. B&K microphone (Brüel

FIGURE 2. Illustration of miniature microphones positioning in
the open ear and occluded ear conditions.

& Kjaer, Naerum, Denmark) was placed approximately 30 cm
above the head of the subject and was used as a control microphone. The tests were conducted in a hemi-anechoic room with
absorbing wedges on 5 walls and a rigid floor. The room was
equipped with four uncorrelated speakers/sources generating
a local diffuse field in a space where the head of the subjects
is located for testing, such a field meeting the requirements of
uniformity and directionality from the ISO 8253-2 and ANSI
S12.6 standards for REAT audiometric testing.(6,22) The room
also met the requirements for reverberation time and ambient
noise defined in the same standards. Each subject was asked to
sit still in the test room and was tested under four conditions of
ear protection: (i) open ear; (ii) earmuffs; (iii) earplugs; and (iv)
dual protection. In order to cover a wide range of attenuation
and fitting conditions, there was no intent to have a precise
control on the fitting of the HPDs. The HPDs were therefore
either positioned by the experimenter or by the subject himself.
For each subject, the following protocol was followed. Steps
2 and 3 were carried out in open ear and for each protected
condition.
Step 1. Measurement of P0 : Without the subject, all microphones were placed at the center of the head location.
a. Seven band-limited noises were generated successively
(7 octave bands ranging from 125–8,000 Hz, 85 dB(A)
SPL/band) and for each frequency band, 10 sec time
recordings were made simultaneously for each microphone.
b. A pink noise (90 dB(A) SPL) was generated and 10 sec
time recordings were made simultaneously for each
microphone.
Step 2. REAT measurements: Bekesy auditory detection
threshold (DTL) measurements were made using REATMaster (now distributed by ViAcoustics, Austn, TX) which
runs on National Instruments hardware in the LABVIEW
environment (National Instruments Corporation, Austin,
TX). Threshold levels as a function of frequency were
recorded.
Step 3. Measurement of Pext and Pc :
a. The same seven band-limited noises as in Step 1a were
generated successively and for each frequency band,
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10 sec time recordings were made simultaneously for
each microphone.
b. The same pink noise as in Step 1b was generated and
10 sec time recordings were made simultaneously for
each microphone.
After each HPD installation and positioning, i.e., before
Step 2, a 1–5 min resting pause was observed where the subject
was asked to sit still without moving. The purpose of this pause
was to allow the subject to rest and relax as well as to let the
protector sit and expand correctly.
Results obtained with Step 2 allowed obtaining the REAT
attenuation values (Equation (12)). Steps 1 and 3 allowed
obtaining the values of transfer functions TFext TF ext , and
TFc-ext that are used in Equations (17) and (18), as well as the
physical attenuation values of insertion loss (IL∗ see Equation
(6) and noise reduction (NR∗ see Equation (10)) depending
on which microphones and ear protection conditions were
used. Step 3b was used for its simplicity while Step 3a was
used such that there was enough acoustic energy in each
band in order to make sure levels above the noise floor were
attained in occluded conditions (in particular for dual protection). Both approaches were tested and compared and no
significant differences were observed in the attenuation values
for single protection (earmuffs and earplugs). However, significant differences were found for dual protection, in particular
for frequencies above 1 kHz. Additionally, REAT data were
only obtained for the seven octave bands (125–8,000 Hz).
Consequently, for the rest of the article, Steps 1b and 3b (pink
noise) were used for all results involving single protection
(earmuffs and earplugs) while Steps 1a and 3a were used
for all dual-protection results as well as all REAT vs. MIRE
attenuation and ratings comparisons. All time recordings were
analyzed and post-processed using in-house Matlab scripts
(The Mathworks, Inc., Natick, MA). Various auto- and crosspower spectra were obtained in narrow, third-octave or octave
bands for all microphones, ear protection conditions, and tests
combinations. It enabled the calculation of all the REAT, IL∗ ,
and NR∗ attenuation values needed for comparison purposes.
Ear Canal Function TFcanal and TF canal Estimation
using FE Modeling
The factors TFcanal and TF canal (Equation (7)) describes
how the sound pressure in the ear canal compares to the one at
the tympanic membrane. These factors not only appear in the
equations linking REAT to IL and NR-based values (Equations
(14) and (18)) but also in those relating IL and NR to IL∗
and NR∗ (Equations (5) and (8)). As mentioned earlier, no
measurements were made at the tympanic membrane in this
study so no test data are available for examining TFcanal and
TF canal . However, detailed finite element (FE) models of the
ear canal-earplugs/earmuffs systems developed recently(23,24)
were available. These FE models for the earplugs and for
the earmuffs were used to calculate the sound pressure levels
at different position in the ear canal and at the tympanic
membrane in the occluded and unoccluded cases, thus allowing
834

us to calculate TFcanal and TF canal . A schematic view of
the system used for earplug modeling is shown in Figure 3.
Broadly speaking, an average 2D axisymmetric finite element
model of an ear canal based on detailed geometries of 14
different ear canals was developed. The reader is invited to
consult the aforementioned paper for details regarding the
modeling.
Starting at a distance of 1 mm from the earplug, five points
were equally spaced (1 mm separation) along the ear canal to
simulate various microphone locations due to potential variations in positioning (Figure 3). By using a pressure excitation
on the outside to simulate an incoming plane-wave, sound
pressure values at the five point locations and at the tympanic
membrane were calculated for occluded and open conditions,
generating a set of narrow-band spectra for the factors TFcanal
and TF canal . The spectra were then converted to third-octave
band results and the mean and standard deviations values
across the five points were calculated.
Equivalent Binaural Estimates
When comparing REAT and MIRE data (e.g., Equation
(18)), it is important to note that MIRE-based attenuation
values are monaural estimations while REAT-based are binaural ones. In order to compare results obtained with both
approaches, it is possible to transform the left and right MIREbased monaural values to an equivalent binaural estimate.
To do so, the approach proposed by Voix and Laville was
used.(15) It is based on the assumption that during hearing
threshold determination, the subject is able to perceive the
audio stimulus through the ear that is presenting a combination
of the lowest HPD attenuation and the best hearing sensitivity.
An equivalent binaural estimate can then be obtained if one
uses the subjects’ hearing thresholds of each ear. The simple
calculation algorithm used to determine the equivalent binaural
values is presented in Appendix A. In the remainder of the article, specific mentions are made when the equivalent binaural
estimate algorithm was used on the MIRE-based results.
Bone Conduction Limit
As mentioned previously, Equation (18) is valid only if the
bone conduction (BC) path is negligible. However, this path
is expected to be important for some conditions such as dual
protection or cases with deeply inserted earplugs. One way to
include this path in the analysis of the MIRE data is to use
a correction term to the measured attenuation values. To do
so, the equation proposed in the ANSI S12.42 standard(19) was
used on all MIRE attenuation data. The proposed corrected
MIRE attenuations are given by:

MIRE BC corrected = −10 log10 10−MIRE /10

(19)
+ 10−BCL/10 ,
where BCL is the bone conduction limit, given as a frequency
dependent values in Table II. and where MIRE refers here to
the IL or NR-based attenuation values obtained using the test
procedure proposed in this study.
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RESULTS
The first three set of results consist in presenting, respectively, the correction factors TFext and TF ext , TFcanal and
TF canal and TFc-ext in order to examine, one-by-one, their
magnitude and importance. Secondly, REAT attenuation values are compared to NR∗ and NR∗ +TFc-ext attenuation values.
The choice of specifically using NR∗ and NR∗ +TFc-ext for
comparison with REAT is motivated by the fact that NR∗
and NR∗ +TFc-ext are, as mentioned previously, two quantities

readily accessible in practice in the context of F-MIRE measurements in the workplace. Frequency-dependent attenuation
values as well as single-number personal attenuation ratings
are presented.
External microphone: TFext and TF ext
The quantities TF ext and TFext appear in the relations between REAT, IL∗ , and NR∗ -based values (Equations (17) and
(18)) but also between other variables (Equations (8) and (16)).

FIGURE 3. Schematic view of the unoccluded ear (upper) and the occluded ear by an earplug (lower) for FE modeling (adapted from Viallet
et al.(24)). Calculation points along the ear canal in the FE model are indicated in red dots. CMEP stands for Custom Molded EarPlug. Reprinted
from Applied Acoustics, 89, Guilhem Viallet,Franck Sgard,Frédéric Laville,Hugues Nélisse, Investigation of the variability in earplugs sound
attenuation measurements using a finite element model, Pages 333-344, Copyright (2015), with permission from Elsevier.
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TABLE II. Bone-conduction Limit (BCL) Estimates Used for Correcting the MIRE Attenuation Values
Frequency (Hz)

125

250

500

1000

2000

4000

8000

BCL (dB)

50

57

61

49

41

50

50

Note: Data from ANSI S12.42(19)

FIGURE 4. Mean and standard deviation values of the exterior microphone to free-field transfer function TF ext ((a) earmuffs and (b) earplugs)
and TFext ((c) unoccluded ear).

Results for TF ext and TFext are presented in Figure 4. Mean and
standard deviations calculated across subjects are shown as a
function of frequency. Results from both ears were combined
since no significant differences were observed between left
and right ears for a given subject. It is noteworthy to remember
that the external microphone was located at the same place for
all earplugs and for the uncoccluded ear, which is at the ear
lobe while it was located on the upper part of the cup for the
earmuffs (Figure 2).

Ear Canal Function: TFcanal and TF canal
The mean values of TFcanal and TF canal (average over the
five point locations using the FE modeling procedure described
previously) are shown in Figure 5. The range over the 5 points
836

is expressed using the error bars (±1 standard deviation).
Only simulations for the EAR1000 earmuffs and the custom
earplugs (noted CMEP) were performed but no significant
differences were expected for the other HPDs considered in
the study.
Canal to External Microphone: TFc-ext
The factor TFc-ext defined in Equation (16) describes how
the sound pressure in the ear canal is related to the exterior
sound pressure. It is directly related to the TFOE and, as such,
it is interesting to investigate if it can be used as a reliable
substitute for it, at least for diffuse field conditions. It is also
to be noted that this factor is obtained by measuring in the
unoccluded ear condition only. By combining the left and right
ear data, the mean and standard deviation values obtained for
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TABLE III. Differences (in dB) Between the REAT and NR-based MIRE Attenuation Results Presented in
Figure 8
frequency
MIRE attenuation

125

250

500

1000

2000

4000

5000

NR
NR∗ +TFc-ext
NR∗
NR∗ +TFc-ext
NR∗
NR∗ +TFc-ext
NR∗
NR∗ +TFc-ext
NR∗
NR∗ +TFc-ext
NR∗
NR∗ +TFc-ext
NR∗
NR∗ +TFc-ext
NR∗

2.3
2.4
1.0
1.0
0.8
0.9
3.2
3.3
4.5
4.6
5.0
5.0
−1.8
−1.7
3.4

1.0
1.3
−1.7
−1.5
−1.7
−1.4
0.5
0.8
3.8
4.1
3.3
3.5
−1.9
−1.6
2.2

−1.8
−1.9
−1.4
−1.6
−1.2
−1.5
0.8
0.5
2.4
2.1
2.1
1.7
0.2
0.1
0.5

1.6
0.6
1.4
0.5
3.5
2.6
1.2
0.7
1.3
0.3
1.9
1.0
3.0
2.3
5.0

7.1
−1.8
5.2
−1.7
8.1
0.1
6.1
−1.6
5.8
−1.7
7.2
−0.6
0.3
−3.6
2.7

7.8
−1.9
8.5
0.6
7.6
−2.0
7.4
−2.3
7.8
−1.6
7.4
−1.5
2.0
1.2
−1.5

1.3
2.6
−4.4
0.7
−0.8
2.1
−2.5
−0.3
−2.8
−1.9
−4.4
0.3
−4.7
0.5
−4.3

NR∗ +TFc-ext
NR∗

3.4
3.9

2.4
0.3

0.2
1.7

4.1
5.3

−0.1
2.9

−3.0
1.3

−1.8
−2.4

NR∗ +TFc-ext

3.9

0.5

1.5

4.5

−2.7

−2.7

−2.0

∗

Ear 1000
Optime 98
Optime 105
Classic foam
Push-in
Custom
Ear 1000 + classic foam
Optime 98 + classic
foam
Optime 105 + classic
foam

TFc-ext (calculated across subjects and ears) are presented in
Figure 6 as a function of frequency. As reported in the literature
for the TFOE,(25) the results show the typical amplification
observed around the canal resonance (∼3 kHz) as well as the
large variability found above 1 kHz. This large inter-subject
variability above 1 kHz is mainly due to variability in head,
torso and canal geometries, at least for the frequency range
covered in our study (up to 8–9 kHz).
Despite the large variability above 1 kHz, it is worthwhile
to examine if individual transfer functions can be replaced
by the mean values shown in Figure 6 without compromising
the accuracy or without increasing significantly the variability
when doing IL and NR-based attenuation values comparisons. To do so, one starts with equation (18) and perform
the following procedures: (i) neglecting the (TFext – TF ext ),
TABLE IV.

(TFcanal – TF canal ), and PN terms, calculate for each subject, the left and right ear NR-based attenuation values by
correcting the NR∗ term with the individual TFc-ext values;
(ii) calculate equivalent binaural estimates and perform the
BC path correction using the procedures described earlier to
obtain the attenuation noted AV ind; (iii) repeat the calculation
by correcting, this time, the NR∗ term with the average TFc-ext
values presented in Figure 6 to obtain the attenuation noted
AV mean; (iv) calculate an estimate of the error made using
average TFc-ext values by taking the difference between AV mean
and AV ind for all protection condition; and (v) calculate the
standard deviation values associated to this difference. Standard deviation results, presented as a function of frequency,
are shown in Figure 7 for the earmuffs, earplugs, and double
protection.

Parameters of the Linear Fit of PAR Values (Linear Fit of the Form y = m x + b)

Earmuffs
Earplugs
Dual protection

Monoaural (M) or
binaural equivalent (B)

m

b (dB)

Norm of
residuals

Std. dev.
of residuals

Correlation
coefficient

M
B
M
B
M
B

0.69
0.97
0.90
1.02
0.93
1.06

5.9
−0.3
2.1
−3
1.4
−5.0

29.0
17.2
55.7
19.5
51.6
26.3

2.8
2.4
5.5
2.8
5.2
3.8

0.73
0.87
0.80
0.95
0.75
0.87
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FIGURE 5.

FE simulation results for TFcanal and TF canal ((a) and (c)) and their difference ((b) and (d)).

Attenuation vs. Frequency: REAT and NR∗
Results for attenuation values obtained with REAT and NR∗
are shown in Figure 8. In all sub-figures, REAT values are
represented by symbols while NR-based values (BC corrected
and equivalent binaural estimates) are represented by solid or
dashed lines. Mean and standard deviations calculated across
subjects are presented for the three groups of hearing protection (earmuffs: (a) and (b), earplugs: (c) and (d) and dualprotection with the roll-down foam earplugs, (e) and (f)). For
each protection condition, NR-based results using NR∗ and
NR∗ +TFc-ext are presented in comparison to REAT values.
Individual values of TFc-ext were used when correcting NR∗ .
The differences between the REAT and NR-based values from
in Figure 8 are presented in Table II.
Personal Attenuation Rating (PAR)
Frequency-dependent attenuation values such as those presented in the previous section are often used to calculate
various ratings such as the NRR,(26) SNR,(5) or, more recently,
the NRSA.(27) These ratings are generally used to label HPDs
as well as to classify and compare them between each other.
They are also utilized to estimate a worker’s noise exposure
838

under the protector by subtracting their values from the A- or
C-weighted overall noise level. In this context, for the sake of

FIGURE 6. Mean and standard deviation values of the factor
TFc-ext as a function of frequency (left and right ear combined).
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show how equivalent binaural estimates helps improving the
results, although different trends are seen with the intercept
b from one protection condition to another. Finally, in the
same vein as with the frequency-dependent attenuation results
presented in Figure 7, comparisons between PAR values computed with individual ear canal functions TFc-ext and with a
mean TFc-ext function are presented in Figure 10.
DISCUSSION

FIGURE 7. Standard deviations σ (expressed in dB) of the
difference between NR-based attenuation values obtained using
average and individual TFc-ext values.

comparisons between REAT and NR-based values, a personal
attenuation rating (PAR) was computed using the measured
data. The PAR is herein defined as:

Nnoise
7

1 
i
100.1 Lk
10 log10
PAR AV =
Nnoise i=1
k=1

7

0.1 [Lik −AVk ]
− 10 log
10
,
(20)
10

k=1

where the index i refers to individual noise spectra taken from
the NIOSH 100 database of industrial noise(27) and the index
k to the seven octave bands in the 125–8,000 Hz center frequency range. The quantities AVk are the frequency-dependent
attenuation values obtained in this study through the REAT, IL,
or NR procedures. The quantity Lik represents the SPL value
of the ith noise in the kth frequency band. The PAR defined here
in Equation (20) is very similar to the A-weighted noise level
reduction defined in the ANSI standard,(27) averaged across
the noises from the database.
Results for P ARNR∗+T Fc−ext compared to P ARREAT are
presented in Figure 9 for the three protection conditions.
Figure 9a shows the PAR calculated with monaural results for
NR∗ +TFc-ext. while Figure 9b shows the PAR when equivalent
binaural values are used. Therefore, Figure 9a contains twice
as many PAR results as Figure 9b.
PAR results comparisons show that using equivalent binaural values helps obtaining better agreement between NR∗ and REAT-based attenuation ratings. This can also be seen in
Table IV where linear regressions were made using the NR∗ and REAT- based PAR data from Figure 9. Assuming a linear
relation of the form y = m x + b, the three sets of data were
fitted. Parameters of the fits are presented in the table. While
good accuracy was obtained for the three types of protection,
fit results showed clearly that using equivalent binaural results
helps reducing the standard deviations of residuals as well as
increasing the correlation coefficient for all three conditions.
The slope (m) and the intercept (b) of the regression lines also

External Microphone: TFext and TF ext
The quantity TF ext is particularly important in Equation
(8) as it provides one part of the error made when using NR∗
instead of NR to estimate the attenuation. It is a direct indication of the error made when using the external microphone
to represent the sound field that would exist in the absence of
the subject. Measuring the sound field with this microphone
is much more convenient in practice and well adapted for
field testing. The results presented in Figure 4 show small
differences between earmuffs-type and earplugs-type while
mean values remain mostly below ±2 dB across frequencies.
Most importantly, very small differences are obtained between
the three different earmuffs tested in this study. Together with
the fact that standard deviations values were low, it is an
interesting finding as it suggests that this external microphone
correction could be fairly independent of the earmuff device
under test. As for earplugs, the values obtained for TF ext were
almost the same from one earplug to another and very similar
to the unoccluded TFext values. It is not surprising since the
external microphone was located near the ear lobe in both
occluded and unoccluded conditions. It then just show that
the sound field near the ear lobe is not much affected by the
presence of the earplug, regardless of the earplug-type. It is
also to be noted that results for the dual protection (not shown
here) were very similar to those obtained with the earmuffs
since the external microphone location was the same in both
conditions.
Ear Canal Microphone: TFcanal and TF canal
TFcanal and TF canal give an idea of the error made when
measuring inside the ear canal at some distance of the tympanic
membrane. Such choice of microphone location is made first
for safety reasons with the subjects but also because it leads to
easier implementation, in particular for field measurements.
The downside is that physical attenuation values must be
expressed using IL∗ and NR∗ instead of IL and NR directly.
The importance of TF canal and TFcanal needs then to be examined (Equations (5) and (8)). Simulated frequency-dependent
results presented in Figure 5 for an average geometry for the
ear canal allow us to bring out the following points.
• Values of TF canal show low magnitude values as a function
of frequency, increasing above 1 kHz to reach values below
3–4 dB at 4,000 Hz. Higher values are observed for the
earmuffs compared to the earplugs, which was expected as
the “effective” canal length is reduced when inserting an
earplug.
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FIGURE 8. REAT and binaural equivalent NR-based attenuation values as a function of frequency for the earmuffs, earplugs and dualprotection. Sub-figures a,b,c use NR∗ only for NR-based values while sub-figures d,e,f use NR∗ +TFc-ext .

• When comparing REAT-based to IL or NR-based attenuation values, only the differences (TF canal - TFcanal ) need
to be analyzed, as illustrated by Equations (14) and (18).
The magnitude of this difference remains relatively small
(< 1 dB), even as the frequency increases, and that for both
the earmuffs and earplugs simulated.
• The results show low variations over few millimetres when
looking at various microphone positions in the ear canal.
840

It suggests that a small error is made when one does not
precisely control the positioning of the microphone in the
ear canal. These findings are in accordance with recent
results on human subjects presented by Hiipakka et al.(28)
Even though no specific modeling was performed on the
dual protection, one expects similar results than those obtained
with the earplugs since placing an earmuff on top of an ear
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FIGURE 9. Comparisons of PAR values computed with REAT and NR-based attenuations. Monaural values are used in (a) while equivalent
binaural values are used in (b) to compute the P ARNR∗+T Fc−ext results.

already occluded by the earplug should not significantly alter
the ear canal function TF canal .
Canal to External Microphone: TFc-ext
The quantity TFc-ext , defined in Equation (16), is directly
related to the TFOE and, as such, is the most important
factor relating the NR-based attenuation to the physical or
psychoacoustical IL-based one. Given the relatively low values
obtained for TFext and TFcanal (see previous sections), it seems
reasonable to assume that TFc-ext could serve as a surrogate for
the TFOE without losing too much accuracy. Additionally, the
results shown in Figure 7 suggest that individual curves for
TFc-ext could be replaced by an average curve if one accepts an
increase in the variability of the average error in attenuation in
the order of 2–3 dB for frequencies above 1 kHz. On the other
hand, measuring individual TFc-ext is much easier than measuring the TFOE and it could still be performed relatively easily

FIGURE 10. Effect of using individual vs mean values for TFc-ext
in NR-based PAR values computations. Equivalent binaural values
are used for the computations.

in laboratory of field conditions on a subject instrumented with
miniature microphones, before the positioning of a HPD. It is
important to note that the conclusions drawn here hold only for
a diffuse-field excitation and further tests and analysis should
be conducted before extending these findings to other types of
excitations and sound fields (e.g., normal incidence, impulse
noise, free-field, etc.). Nevertheless, most noise exposures in
the workplace are for sound fields that could be qualified as
near-diffuse noise environments.
Attenuation vs. Frequency: REAT and NR∗
Frequency-dependent attenuation results presented in
Figure 8 and show good agreement between REAT and NRbased values when the NR results are corrected with the
individual TFc-ext factors. It is particularly interesting to note
that such results were not only obtained for various types of
protectors but also for a wide range of attenuation and for
dual protection conditions. The differences between REAT
and NR∗ +TFc-ext showed to be less than 2 dB for the 500
and 1 kHz frequency bands and less than 3 dB dB for higher
frequencies for the earmuffs, earplugs and dual protection. For
lower frequencies (125 and 250 Hz bands), higher deviations
are observed which are here attributed to the physiological
noise PN. As expected, and in accordance with the literature,
the effect of PN is more important for earplugs than for
earmuffs. The use of TFc-ext to correct the NR results proves to
be beneficial for frequencies above 1 kHz where improvements
in the order of 7-8 dB can be observed, except in the case of
dual protection where the discrepancies between REAT and
NR-based values are much lower. These smaller discrepancies
in the dual-protection results are attributed to the BC path as
attenuation values are dominated by this path above 1 kHz
and are found to be in the order of the BC limits (see BCL
in Table II). It is also worth noting that standard deviation
values obtained with REAT and NR are very close to each
other for all protection conditions with the exception of the
roll-down foam earplugs alone for which higher values are
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observed above 2 kHz for NR-based values. These results
are somewhat in contradiction with the literature where one
typically reports higher standard deviations for REAT-based
values than for NR-based.(3,29) However, it is important to
remind that no control was made on the fit of the HPDs in
the present study. Therefore, higher standard deviations are
obtained, more typical of subject-fit data or even real-world
data reported in the literature as opposed to experimenter-fit
data.(29,30) It may suggest that the similar standard deviations
obtained here with REAT and NR are more representative
of the variability in fit of the HPDs rather than to threshold
variability usually attributed to REAT. It also suggests that it
is hazardous to compare our findings concerning the standard
deviation results obtained in this study to results from studies
where only supervised-fit protocols were used.

Personal Attenuation Rating (PAR)
Results presented in Figure 9 show good agreement between REAT and NR (corrected with TFc-ext ) values even when
analysed from a broader view through the PAR values. The
wide extent of attenuation obtained in the study is clearly
accentuated as PAR values ranging from 0–45 dB are obtained.
These results also show clearly that an equivalent binaural
transformation is beneficial when comparing physical monaural estimates to binaural REAT values. On the other hand, the
monaural physical results show left and right ear differences
in many cases, especially for conditions involving earplugs.
It is one of the benefits of using the NR-based method as it
provides a tool that can be used not only to easily measure
the performance of a HPD for both ears individually and
simultaneously in laboratory or field conditions but also that
can serve for training and motivation for workers as discussed
by Berger et al.(31) Linear regressions parameters presented
in Table IV show also how using the equivalent binaural
transformation help improving the correlation between REAT
and NR-based values. By doing so, the correlation coefficient
improves and the standard deviations of the residuals are reduced significantly. The fit results also show that the equivalent
binaural NR-based ratings were, in average, lower than the
REAT-based ratings. By looking at the intercept B, one obtains
differences of 0.3, 3, and 5 dB for, respectively, the earmuffs,
earplugs, and dual protection. On one part, some of these
differences are expected to come from the physiological noise
PN (see Equation (13)) and can also be seen on the frequencydependent attenuation results in Figure 8 at the 125 and 250 Hz
frequency bands. Approximate PN correction terms could be
found in the literature to improve the correlation but caution
should be taken when doing so since, as mentioned earlier,
they depend on the device under test and on the occludedear canal volume. Another portion of the differences observed
between REAT and NR ratings may also come from the bone
conduction (BC) limit. This is particularly important for dual
protection where attenuation values in the order of the BC limit
proposed by Berger and Kerivan(17) are observed in our results
(Figure 8).
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The effect of using ensemble-average values rather than individual values for the function TFc-ext is shown in Figure 10. In
this figure, PAR values computed with individual versus mean
TFc-ext values are plotted for the three protection conditions.
With the exception of few cases, one clearly sees that using
ensemble-average values for the TFc-ext lead to PAR values
almost identical to those obtained with individual TFc-ext functions and that, for the wide range of attenuation, independently
of the type of protection. The differences between the two
PAR calculations showed to be well below 0.5 dB with the
exceptions of few cases for which the difference would not go
higher than 1.5 dB. These results, in accordance with previous
findings from Casali et al.,(3) are not surprising since the PAR
values are mostly dominated by the lower attenuation values
found below 1000 Hz. Below this frequency, individual TFc-ext
values do not differ significantly from the mean values. It is
then concluded that an ensemble average value can be used
for the function TFc-ext with minimal impact on the rating
values thus eliminating the need for individual measurements
of this function. This feature is particularly interesting if one
is interested to use NR-based testing procedures in field and
workplace environments where complex measurement logistic
is generally limited.

CONCLUSIONS

T

his article presented and examined various factors relating
the psychoacoustical REAT to the physical IL and NRbased attenuation values for various earmuffs and earplugs
as well as their corresponding dual protection. The proposed
methodology was a unique systematic procedure that allowed
comparing the measurement methods under very similar sound
field and HPD fit conditions. It permitted analysing the results
precisely at the individual level for single and dual protection
conditions. Some of the findings merely confirmed what was
already reported in the literature, but the systematic nature of
the proposed measurement procedures reinforce their validity
and bring a new light to this topic. In summary, the results
showed the following.
1. Physical metrics (IL or NR) can be used efficiently to
estimate attenuation values comparable with the psychoacoustical REAT, considered the “gold standard,”
for a wide range of attenuation as well as for different
protection conditions. The two-microphone NR-based
method is particularly well adapted for field testing and
this study gives an indication of the importance of the
microphone placement, both for the exterior and the ear
canal sound field.
2. For comparison with REAT, NR-based values need to be
corrected by a canal transfer function, a surrogate for the
TFOE. This function was found to be relatively easy to
measure using the NR-based MIRE test setup to obtain
values on an individual basis. Additionally, it was also
found that an ensemble average for this function could
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also be used as a substitute. An increase in the variability
of the average error in attenuation in the order of 2–3 dB
for frequencies above 1 kHz was found while differences
mostly below 0.5 dB in PAR values were observed when
substituting for the average canal transfer function.
3. Physical values IL and NR are both monaural as they
are independently measured for both ears. It was shown
that an equivalent binaural transformation performed on
the left and right ear values can help improving the
comparison with REAT. It then allows computing various metrics (monaural left/right and equivalent binaural)
from the physical attenuation values that can be used
in different applications depending on the needs (HPD
classification, training and motivation, in-ear dosimetry,
etc.).
Further work is needed to examine if the present findings
can be extended to cases where the sound field is different
from a diffuse field (e.g., normal incidence, impulse noise,
etc.).
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APPENDIX A

A

ssuming one has obtained NR-based values for the left
and right ear, noted respectively, N RL and N RR , and that
we know the left and right ear hearing threshold levels (HTL)
of the subject, H T LL and H T LR , the equivalent binaural
estimate for the noise reduction, notedN RB , can be computed
using:

844

NR B =

⎧
⎪
⎨

NR L
if (NR L + HTLL ) < (NR R + HTLR )
NR R
if (NR L + HTLL ) > (NR R + HTLR )
⎪
⎩
min (NR L , NR R ) if (NR L + HTLL ) = (NR R + HTLR )

(21)

This calculation is repeated for each frequency band for which
NR and HTL data is available. This algorithm, originally proposed by Voix et al.,(15) can also be used to obtain equivalent
binaural estimate from IL-based monaural values.
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