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Approaches were examined for reducing acoustic noise levels heard by subjects during functional
magnetic resonance imagingMRI), a technique for localizing brain activation in humans.
Specifically, it was examined whether a device for isolating the head and ear canal from(gound
“helmet”) could add to the isolation provided by conventional hearing protection detiees
earmuffs and earplugsBoth subjective attenuatigithe difference in hearing threshold with versus
without isolation devices in plag@and objective attenuatidiifference in ear-canal sound pressure
were measured. In the frequency range of the most intense fMRI (bise4 kH2, a helmet,
earmuffs, and earplugs used together attenuated perceived sound by 55-63 dB, whereas the
attenuation provided by the conventional devices alone was substantially less: 30—-37 dB for
earmuffs, 25—28 dB for earplugs, and 39—41 dB for earmuffs and earplugs used together. The data
enabled the clarification of the relative importance of ear canal, head, and body conduction routes
to the cochlea under different conditions: At low frequendie$00 Hz, the ear canal was the
dominant route of sound conduction to the cochlea for all of the device combinations considered. At
higher frequencies>500 H2, the ear canal was the dominant route when either earmuffs or
earplugs were worn. However, the dominant route of sound conduction was through the head when
both earmuffs and earplugs were worn, through both ear canal and body when a helmet and
earmuffs were worn, and through the body when a helmet, earmuffs, and earplugs were worn. It is
estimated that a helmet, earmuffs, and earplugs together will reduce the most intense fMRI noise
levels experienced by a subject to 60—-65 dB SPL. Even greater reductions in noise should be
achievable by isolating the body from the surrounding noise field.20©1 Acoustical Society of
America. [DOI: 10.1121/1.1326083

PACS numbers: 43.50.Hg, 43.66.Vt, 43.50[KIRS]

I. INTRODUCTION 1999; Ederet al, 1999, even when earmuffs and earplugs
. . . . . are worn. In addition, the noise itself can evoke brain activ-
Functional magnetic resonance imagir@vRl) is ity, which can then obscure the activity produced by the
widely used to map the activity patterns of the human brain 7’ y P y

during sensory stimulation or the performance of a cognitiveIntendecj stimuliBandettiniet al, 1998; Ulmeret al, 1998

task. However, the high-level sound, or “acoustic r]Oise,,,Talavageet al, 1999; Edmisteret al, 1999. fMRI para-

produced by the imaging equipment can be problematic fofligms that modify the timing of Image ach|S|t|qns can l?e
some fMRI investigations, particularly those focused on the!sed to reduce the influence of the noise on brain activation
central auditory system. Typically, subjects wear standard€-g- Edmisteretal, 1999; Hall etal, 1999, but these
hearing protection devices during fMRi.e., earmuffs or Modified paradigms compromise the temporal resolution or
earplugs; Savoet al, 1999, but this is not sufficient for data-taking efficiency of the fMRI techniqusee Melcher
achieving the quiet conditions more typical of physiologicalét al., 1999, for a discussign
and psychophysical studies of hearing. The noise can be loud Acoustic noise in the imaging environment can arise
enough to mask the perception of sound stiniBhahet al, ~ from several sources. The most intense noise is from the
imager gradient coils that produce spatially and temporally
dPortions of this material were presented at the 1997 American Speecﬁlarying magnetic fields used in acquiring an imageg.,
Language-Hearing Association meeting, Boston, MA, 23 November 1997Cohen, 1998 This “gradient noise” occurs synchronously

the Twentieth and Twenty-first Midwinter Meetings of the Association for \yith each image acquisition and has the same predominant
Research in Otolaryngology, St. Petersburg Beach, FL, 5 February 1QQg h drivi h di . H
and 18 February 1998, and the Fourth International Conference on Fun requency as the current driving the gradient C(IEISJ., ur-

tional Mapping of the Human Brain, Montreal, PQ Canada, 11 June 1998witz et al, 1989; Schmittet al., 1998; Raviczet al, 2000.

216  J. Acoust. Soc. Am. 109 (1), January 2001 0001-4966/2001/109(1)/216/16/$18.00 © 2001 Acoustical Society of America 216



FREE [ el AR AR e (confirming that the attenuation provided by earmuffs and
SOUND " " [MUFFS || PLUGS [\ CANAL earplugs was indeed limited by conduction through the

head. However, they did not examine the degree of isolation
@—'COCH'—E’* that might be achieved by shielding the ear as well as the
U T

head, nor did they attempt to test a shielding device for use
(soov ) in practice.

The objective of the present study was to build on the
FIG. 1. Block diagram of sound conduction from the free field to the co- €xperiments of Nixon and von Gierke by testing a device for
chlea. Sound is conducted along three routes, labeled with ovals: along thgolating both the ear canal and the head from sdrigl 1).

ear canal, through the head, and through the body. As indicated, earmuffgecause our particular interest was to reduce the imaging
and earplugs reduce sound conduction along the ear-canal route. A helmet

enclosing the head is expected to reduce conduction along both the head aR@1S€ p(_arce_ived bY subjects during fMRI, we designed a
ear-canal routes. head-shielding devicé “helmet”) that could eventually be

used during imaging experiments. We investigated the at-

We found that peak gradient-noise levels during fvR) tenuation provided bya) a helmet used with earmuffs, and
reached 123 dBe 20uPa in a 1.5-TeslaT) imager and (b) a helmet used Wlt'h egrmuffs and. earplugs togeth'er. We
138 dB in a 3-T imager: the gradient-noise spectialcu- measyred botlt1) supjegtlve attenuation, the gttenuatlon of
lated over a 10-ms window coinciding with the highest- perceived soundan indicator of the attenuation of sound

amplitude noisgshowed a prominent maximum at 1 kHz for reaching the cochigaand (2) objective attenuation, the at-

the 1.5-T image(115 dB SPL and at 1.4 kHz for the 3-T te;‘“t?]“"” of S‘i“t?]d réssue in Ifjhe ear dca”a't') IO ?elterdm;‘e
imager(131 dB SPL—Raviczt al, 2000. (Figure 4 con- whether or not the heimet could provide substantal addi-

tains examples of noise waveform@ther sources of noise tional e}ttenuation beyond that provided by earmuffs an_d ear-
include (a) a pump for liquid helium used to cool the imag- plugs, it was necessary to assess the attenuation provided py
ers static magnet, and) the air-handling system in the garmuffs and earplugs under the same experimental condi-
imager room. Pump and air-handling noise levels at our in:uons (even though the attenuation of earmuffs and earplugs

stallation were 71 dB\) (80 dB SPL unweightedwith spec- has _?ﬁendexamin(:ld prCie\(iours]Iy, €.9., Be.wl" 1998 ided
tral peaks at 125, 240, and 490 HRavicz et al, 2000. e data gathered in these investigations provided an

Other authors have reported similar gradient and backgroun‘&pportunlty to (_:Iarlfy the relative importance (.)f the various
noise levels for comparable imagets.g., Prietoet al. sound conduction routes to the cochlea, particularly at high
1998 ’ " frequencies where fMRI noise levels are highest. While it is

nown that ear canal, head, and body conduction can all
?ntribute to perceived sound, the relative importance of

Earmuffs and earplugs cannot reduce fMRI acoustié(
noise to subaudible levels because there is a fundament ; i titative. level ins | |
limit to their effectiveness. The limit arises because there ard'€5€¢ routes at a quantitative level remains largely unre-

multiple routes by which sound is conducted to a subject’sSOIV(ad' Erom an MR stgndpomt, we were mte_reged n un-
cochlea(e.g., von Gierke, 1956 These multiple routes are derstanding the conduction routes because this information

shown schematically in Fig. 1. Earmuffs and earplugs reduc&?" be used to design further noise reduction strategies.
conduction along the ear canal;, however, sound impingin3
on a subject can still be conducted through the subject’s he 4 METHODS
and body to the cochle@on Gierke, 1956; Zwislocki, 1957; A. Subjects

2 . .
Berger, 1983“ This sound can be conductéa) directly to Subjects were adult volunteegsight men, two women

the cochlea(b) to the middle ear and then to the cochlea; or . . . .
VYIth no auditory complaints or known hearing loss. Mea-

(c) through the walls of the ear canal and along the ear cana ) o .
to the middle ear and cochlé&hannaet al, 1976. When surements were generally made in one ear; in three subjects,

. . ) measurements were made in both ears. Experiments were
no hearing protection devices are worn, sound at the external

: . conducted in accordance with a protocol approved by the
ear conducted along the ear canal dominates the perceiv . :
uman Studies Committee of the Massachusetts Eye and Ear
sound. However, when earmuffs and earplugs are used t?— ) . .
. . Infirmary, and informed consent was obtained from all sub-
gether to reduce conduction along the ear canal, conduc'uonCtS
through the subject’'s head and body can become significaljﬁ '
(Zwislocki, 1957; Berger, 1983and protecting the ears fur-
ther will not reduce the level of perceived sound. Shielding
the head and body as well as the ears should, however, pro- We tested several devices for isolating a subject’'s ears
duce reductiongvon Gierke, 1958 and head from sound: earplugs, earmuffs, and helmets.
The sound attenuation provided by earmuffs and ear-  The earplugs and earmuffs tested were commercial mod-
plugs has been reported in several previous studdesger, els commonly used for hearing protection. Earplugs were
1983; Berger and Kerivan, 1983; Bergetral,, 1998; Casali chosen from among five models of compressible foam ear-
et al, 1999, but the efficacy of devices for shielding the plugs of different sizes and Noise Reduction Ratings
head or body remains largely unexamined. In subjects wealNRRs; EPA,1978 E-A-R E-Z-Fit (NRR=28 dB), Howard
ing earmuffs and earplugs, Nixon and von Gierld®59 Leight Max-Lite (NRR=33dB), Howard Leight Laser-Lite
found that cotton applied over the hedout not the ear- (NRR=32dB), Lab Safety Supply Sound Defense (NRR
muffs) could attenuate the perceived level of free-field sound=29dB), Moldex Spark Plug (NRR31dB). Earplug

B. Devices tested
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model and size were chosen by the investigators and subject
for a snug yet comfortable fit in the ear canal. Preliminary
tests indicated that other types of earplugs, such as PVC,
molded rubber/plastic, clay, or cotton/fiberglass, were almost
always less comfortable and often less effective for subjects.
Earmuffs were Howard Leight QM-26 dielectric muffs
(NRR=25dB), nonmetallic, and therefore MRI compatible,
which included a hard thermoplastic shell and PVC-covered
foam cushions.

Two helmets for reducing sound transmission to a sub-
ject’s head were tested. The first helmet was large enough to
fit loosely over the head of a subject wearing earm(fig.

2). This free-standing helmet consisted of a sheet of foam—
barrier—foam compositéNetwell FBF-1), comprising a layer ' l‘

of 1/4-in. acoustic foam, a heavy barrier layer of 1/8-in.-

thick vinyl (1 Ib/|n.2), and a layer of 1-in. acoustic foam. The FIG. 2. Realistic view of a subject wearing the first helmet and earmuffs.

composite was rolled into a cylindét-in. foam layer inside  The helmet is shown cut away to illustrate how it fit loosely over the head of
and sealed top and bottom with a circular piece of the same subject wearing earmuffs; in actuality, it enclosed the subject’s entire

composite. The bottom of the helmet was removable and wa¥ad-

slit to allow installation around a subject’'s neck. Any gaps

between the subject’'s neck and the helmet were filled by & Real EafMIRE)—Berger, 1986h In each case, measure-
laboratory towel. There was no contact between the helméhents made with the subject wearing one or more isolation
and earmuffs and no contact between the helmet and thHdevices were compared with measurements with no devices
subject except at the neck and shoulders. A second, larg¥forn (see Fig. 3. Subjective attenuations were computed
helmet(which fit over and was supported by a mockup of anfrom measurements of behavioral threshotddB) as

imager head cojlwas constructed from a barrier—foam com-

posite without the 1-in. foam laydE-A-R E-0-10-25. The ~ Subjective attenuatioriin dB)

composite was oriented so the 1/4-in. foam layer was be-

tween the barrier layer and the mock head coil. This second = Threshold with device Threshold with no device
helmet was also sealed at the top and bottom as described (1a

above for the first helmet. Ventilation air for the subjé&+9 o o .
I/min.) was provided through a long~8 m) tube running Similarly, objective attenuations were computed from mea-

from a bottle of medical-grade compressed air through th&urements of ear-canal sound pressBge (normalized by

wall of the helmet near the subject's neck to the space undéiimulus level as
the helmet and exhausted through the towel.

The materials used for the helmets were choserilioa
high attenuation ratinlSTC=27-34(Sound Transmission ] )
Class, e.g., Warnock and Quirt, 19%8(2) a barrier layer =20xl0g;o (Pgc with no device
that is among the heaviest available in standard products; and . .

(3) a foam decoupling layefThe foam layer of the second Pec with device. (1b)

helmet isolated the barrier layer from the mock head Xoil. Measurements were performed with a subject seated in a

Although Wehd'd nhot expllc':lltly try dlffergnltl mateﬁlatl)sl, we do. soundproofed, acoustically deadened chamber at the Eaton-
n|0t e>_<|p|)ect t .gt Ot. er.,f_5|m| Iar commercially availa Ie martler_"Peabody Laboratory in Boston, MA. Background noise lev-
als will provide significantly more attenuation unless t €Il ais were 0 dB SPL or less above 200 N et al, 1975.

STC is higher. Because the helmets were constructed (gound stimuli were played over a wide-range loudspeaker

composites with similar attenuaj[ion Tat_irfgwe expe_cted (Radio Shack #40-13%4ocated approximately 45 cm from
that the two helmets would provide similar attenuations. Ina subject's eafusually the left at an azimuth of 90° from

fact, they did, so we do not distinguish between the twoy idli ol P A4 A f |
helmets in the results. the midline and 0° elevatiofFig. 3(A)]. oam earplug

was inserted by the experimenter into the ear canal opposite
the loudspeake(to approximately the depth of a “standard
insertion,” Berger, 1983, 1986b where it remained
throughout the experimenit.

The effect of each isolation device or combination of Sound pressurBgc was measured in the ear canal clos-
devices(earmuffs, earplugs, helmatas assessed two ways. est to the loudspeaker. A short, thin, stiff plastic probe tube
“Subjective” attenuation was computed from differences in (~22 mm length, 1.14-mm inner diameter, 1.57-mm outer
behavioral threshold to various sound stimiBiound Field diametey was attached to a hearing aid microphone
Real Ear At ThresholdREAT)]. “Objective” attenuation  (Knowles EK-3027 with cyanoacrylic cement. The micro-
was computed from measurements of sound pressure magmihone was inserted into the subject’s concha so the probe
tude in a subject’s ear canghsertion Loss by Microphone tube extended approximately 15 mm into the ear canal. The

Objective attenuation(in dB)

C. Measurement techniques

218  J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001 M. E. Ravicz and J. R. Melcher: Isolation from fMRI noise ~ 218



A NOISOLATION “partial insertion,” Berger, 1983, 19860 After Pgc was
EARPLUG EAR CANAL LOUDSPEAKER measured with the test earplug in place, the earplug was
7/ removed from the ear, and the microphone and probe tube
were extracted intact from the earplug and reinserted in the
ear canal at approximately the same location. To be sure that
MICROPHONE the characteristics of the microphone and probe tube were
CABLE unaffected by these procedures, we checked that the calibra-

PROBE TUBE

MICROPHONE

45 cm— . . L
tion of the microphone with its probe tube was the same at
the beginning and the end of each experiment. For the cali-
B EARPLUG bration, the microphone with probe tube was sealed to the
MEDIAL EARPLUG

EARPLUG EAR MICROPHONE end of a custom-made acoustic source and the microphone

output was measured in response to a broadband chirp stimu-
lus (see Sec. D
For configurations that included earmuffs as a test de-
fs’b’tﬁ%ﬁ, vice [Figs. 3C), (D), and(E)], the earmuffs were positioned
PROBE TEST by the subject to maximize comfort, with assistance by the
TUBE experimenter, who ensured that there was a seal between
earmuff cushion and head. The microphone cable was routed
C EARMUFE D EARMUFF/EARPLUG between the earmuff cushion and the subject’s head. For con-
— — figurations that included a helm§Figs. 3E) and (F)], the
EARPLUG helmet was positioned by the experimenter. The microphone
cable was routed along the subject’s neck.

For each combination of device®gc was measured
first to assess the fit of the noise reduction de\giceThe
subject’s behavioral thresholds were then determined in re-
sponse to imager noise and tone-burst stinidédiscribed in
Sec. D below. Subjects were provided with a push button
that controlled a buzzer in the control area outside the sound-
proofed room and were instructed to keep the button pressed
as long as they heard one stimulus presentation per second.
Stimuli were initially presented at approximately 20 dB SL.
Stimulus level was then reduced in 3-dB steps at approxi-
mately 3-s intervals as long as the button was pressed. Once
the subject released the button, stimulus level was increased
in 3-dB steps until the subject again responded. Three
response/no-response cycles were usually sufficient to estab-
lish a reliable threshold. Typically, the first sound pressure
and threshold measurements in each session were made with
multiple noise reduction devices in plage.g., Fig. 3E)];

FIG. 3. Diagram of techniques used to measure sound pressure in the e8kvices were then removed progressively until the last mea-
canal and behavioral thresholds. Measurements were made with no isolation

(A) and with different combinations of test devices: earpl(Bjsleft pane), surement was made with no device in place.
earmuffs(C), earmuffs and earplugs togeth@), a helmet and earmuffs

together(E), and a helmet with earmuffs and earplugs togethet shown.

Details of the attachment between the earplug, microphone, and probe tube

are shown in(B), right panel; also shown is the position of the clay used to

test whether the microphone was acoustically isolated from the sound field . .

outside the ear. D. Stimuli

CUSHION

E HELMET/EARMUFF
HELMET EARMUFF

For ear-canal sound-pressure measurements, broadband
microphone was taped to the tragus to hold it in place. Carehirps(12 Hz—14 kHz were played over the loudspeaker at
was taken not to obstruct the entrance to the ear canal and 8)—-95 dB SPL(as measured in the subject’s ear carfiaf
keep the tip of the probe tube away from the ear-canal wallapproximately 90 s. For behavioral threshold measurements,
For configurations that included an earplug as a test devicee chose test stimuli based directly on fMRI acoustic ndise.
[Figs. 3B) and(D)], the probe tube was threaded through aTwo types of stimuli were usedl) 650-ms segments of
hole in the earplug made with a hypodermic needle such thaireviously digitized 1.5- and 3-T imager noismcluding
only the microphone remained outside the earpl&ig.  gradient noise—Fig. ¥ and(2) tone burst§50-ms duratioh
3(B), right pane).? The earplug was inserted by the experi- at 1 and 1.4 kHZthe predominant frequencies of the gradi-
menter into the ear canal. A standard insertion was alwaysnt noise in the 1.5-T imager and the 3-T imager, respec-
attempted; however, because the probe tube, microphontyely), 2 and 2.8 kHzZ'second harmonics, also prominent in
and microphone cable increased the difficulty of inserting thehe noise spectiaand 500 HZa prominent lower-frequency
earplug, a lesser insertion was realized in some cagesa peak in the noise specjraEach imager noise segment cor-
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L L L ' L L subjective attenuation measurements w&s00 Hz, we as-

10 1.5T IMAGER NOISE STIMULUS sume that any such overestimations did not cause significant
W 0.5+ B errors in our measurements.
=R A second potential source of error in the subjective at-
T tenuation measurements arises because different routes of
2 05 - sound conduction are important with different configurations
o0 i of isolation devices. For no devic¢Big. 3(A)], behavioral
’ T T T T T T T T T thresholds presumably are indicative of sound reaching one
A 0 200 400 600 800 cochlea(on the side closest to the loudspeakdtowever,
TIME (msec) for device configurations where head and/or body conduction
, | ) | , | ) | , contributes significantly to the perceived sousde Secs. llI
109 3TIMAGER NOISE sTMuLUs |~ C, D, B), behavioral thresholds could reflect sound reaching
w 05 | both cochleae rather than only one. The implication is that
5 behavioral thresholds with certain devices may be artificially
- e s i [~ low (because threshold reflects sound reaching both cochleae
2 05 B instead of only ong in which case subjective attenuation
would be artifactually lowfsee Eq(1a)]. We estimated that
1.0 1 e — - the threshold might differ by as much as 3 dB depending on
200 0 200 400 600 800 whether sound was detected with one or both cochleae
B TIME (msec) (based on the difference between minimum audible pressure

) - and minimum audible field; Moore, 1987Therefore, it is
FIG. 4. Imager noise stimuli. In each panel, the waveform from 0 to 650 ms ible th biecti . h b d
is imager noise recorded in 1.5¢&) and 3-T imager$B); the remainder is pOSSI e that subjective attenua_lt|on_s may have been underes-
zero paddingdotted ling for a 1-s presentation period. The high-intensity timated by as much as 3 dB in circumstances where head
portions of the noise wavefornig.g., 80-150 ms itA), 5-40 ms in(B)]  and/or body conduction was importaisiee also Berger and
are due to gradient coil activity. The waveforms have been normalized tckerivan 1983. We took this into consideration in deducing
their respective peaks. . ) . . A
P P the dominant routes of sound conduction for different device
ded inale i isitieayi L 200 configurationgSec. ) as follows: In our deduction@vhich
,rslqun T. htodaSSlng e_lma?e”a_cqwsn( d viczet al, Qd are based on comparisons of objective and subjective attenu-
St'rfn;/' ad 5-ms rise—fall imes and were presented at &, and comparisons of subjective attenuations for differ-
rate: of 1/s. ent device configurationswe consider only differences in
excess of 3 dB.
E. Some potential sources of measurement error

One potential source of error in earplug objective attenu-”l' RESULTS

ation measurements is sound conducted directly to the miA. Overview
crophone through the microphone case rather than the probe
tube. During measurements of ear-canal pressure with e
earplug in place, the microphoheutside the ear—Fig.(B)]

is in a more intense sound field than the tip of the probe tub
in the ear canal medial to the earplug. If sound conducte
through the microphone case to the microphone were co

Objective and subjective attenuations were measured for
four configurations of isolation devices shown in Figs.
3(B)—(E) and for a fifth combination comprising earmuffs,
arplugs, and a helmet. The subjective attenuations for each
f the device combinations are listed in Table I. Both objec-
parable to or greater than ear-canal sound pressure, earpl ive and subjective att.enu.ations are shoyvn in Figs. 5._8' The
attenuations would be artifactually low. While mea’surin Héimevearmuff combination provided higher objective and
y ) gsubjective attenuations than the earmuff/earplug combina-

e?r'ca?]a' prt_assu;e with ?n e_arpllég n pr:?ce, V\Setﬁncased t%%n. The helmet/earmuff/earplug combination provided the
Mmicrophone In a heavy CEN.'g' & )’.”g panej, thereby highest objective and subjective attenuations of all configu-
isolating it from the sound field outside the ear. Adding therations tested

clay produced no difference in the microphone output. This
indicates that sound conduction through the microphone ca
to the microphone did not contaminate our measurements o o e ]
earplug attenuation. 1. Objective and subjective attenuations

We considered whether physiological noise in the ear  Attenuations for earmuffgFig. 3(C)] are shown in Fig.
canal might result in errors in our subjective attenuation5(A). The mean objective attenuation for earmtfffisolid
measurements. This consideration was prompted by reporime in Fig. 5A)] increased with increasing frequency up to
that masking of auditory stimuli by higher levels of physi- approximately 1 kHz.(Note that increasing attenuation is
ological noise in the occluded versus unoccluded ear 2anaplotted downward. Above 1 kHz, objective attenuation
could cause overestimations of the attenuation of earmuffsanged from 29-41 dB. The lesser attenuation at low com-
and earpluggBerger and Kerivan, 1983 The amount of pared to high frequencies is characteristic of passive attenu-
overestimation was shown by Berger and Kerivan to be ination devicege.g., Nixon, 1979; Berger, 1983Mean sub-
significant for measurements of earplug and earmuff attenyective attenuations for tone-burst stimidi, 1.4, 2, 2.8 kHz;
ation at 500 Hz and above. Since the frequency range of ouwircles in Fig. 3A); see Table]were between 32 and 37 dB

. Earmuffs or earplugs
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TABLE I. Summary of subjective attenuation measurements in this study and previous reports using similar earmuffs and earplugs. Attenuaitifedare sp
in dB (meant1 standard deviation). Attenuations for this study are based on dat@ans; the datum for each ear is the average of 1-3 measurements. The
previous studies of earmuff attenuation used Bilson UF-1 earripifssented mean results for several types of earruffsiid not specify the type uséd.

The previous studies of earplug attenuation usetl-R® Classi® foam earplugbor did not specify the type uséd.

Subjective attenuation of various sound stin{diB)

Stimuli
Imager noise Tone bursts

Isolation device Number 1.5-T 3.0-T

This study of earsN (1 kHz) (1.4 kH2 500 Hz 1 kHz 1.4 kHz 2 kHz 2.8 kHz
Earmuffs 5 3&6.0 37+3.9 32+6.9 3747 34+7.9 35-3.8
Earplugs 3 266.1 25+0.8 28+4.2 27+6.8 35-2.4 41+1.0
Earmuff/earplug 8 4168 39+4.0 41+8.6 41+6.5 39+6.5 47+7.1 48+5.8

combination
Helmet/earmuff 3 4F2.7 52+1.7 50+0 58+6.9 56+-10.4 64+-6.4

combination
Helmet/earmuff/ 5 579.7 63+9.9 58+5.5 55+7.3 63+9.7 66+5.8 82+2.1

earplug combination
Stimuli: 1/3-octave bandwidth noise bursts except as noted

Other studies 125 Hz 250 Hz 500 Hz 1 kHz 1.4 kHz 2 kHz 3.15 kHz
Earmuffs, 7.43.6 14.0-3.4 20.73.3 29.2-3.8 31.7+x4.2
“Subject fit" @
Earmuffs, 3-3.6 12+4.0 19+4.7 2749 28+5.2
mean of several studigs
Earmuffg 13+4.5 19+5.5 26+5.5 34+7.0 32+6.5 33+8.0
Stimuli: pure tones
Earplugs, 21.47.8 22.0:7.8 24.2+7.8 25.2:6.9 31.0+4.7
“Subject fit" @
Earplugs, 1%#9.0 17+8.7 20+9.2 22+8.5 29+8.3
mean of several studigs
Earmuff/earplug 37.54.6 41.8:5.1 51.3+6.7 47.8-4.2 37.3+3.5 46.8:4.5
combinatiofi

Compiled by Bergeet al., 1998.
bCasaliet al, 1995.
‘Berger, 1983, for “small-volume” earmuffs and earplugs inserted to “standard def®0%—60% of earplug in ear canal

and were 1-5 dB lower than objective attenuations at correeies. Subjective attenuations for imager noi@é and 25 dB
sponding frequencie's,but these differences were not statis- for 1.5- and 3-T noise, respectivelgid not differ signifi-
tically significant(p>0.2 for all four frequencies, Student’s cantly from those for tone bursts at the predominant frequen-
unpaired test; Presegt al, 1988. The subjective attenuation cies of the gradient nois@0.6). In the frequency range of
for 1.5-T imager nois¢30 dB; square in Fig. ®)] did not  the gradient noise, all of the results indicate that earplugs
differ significantly from the subjective attenuation for tone provide approximately 27 dB of attenuation.
bursts at the predominant frequency of the 1.5-T gradient
noise (1 kHz; p>0.6). Similarly, the subjective attenuation . ) . .
for 3-T imager nois¢37 dB; triangle in Fig. BA)] did not 2. Comparison with previous studies
differ significantly from the subjective attenuation for tone Our measurements of earmuff and earplug attenuations
bursts at the predominant frequency of the 3-T gradient noisare in general agreement with previous rep¢@iasaliet al,,
(1.4 kHz; p>0.9). All of the results indicate that earmuffs 1995; Roysteret al, 1996; Berger, 1983; Berger and
provide approximately 35 dB of attenuation in the frequencyKerivan, 1983; Bergeet al, 1996, 19982 Our objective
range of imager gradient noigé—1.4 kH2. attenuations for earplugs are within the range of Berger and
Attenuations for earplugfFig. 3B)] are shown in Fig. Kerivan's (1983 “partial insertion” earplug data over the
5(B). Data from all of the earplug types testaaf different  frequency range that the two sets of measurements have in
sizes and NRRshave been combined. Mean objective at-common (125 Hz—2 kHz. Our objective attenuations for
tenuation[solid line in Fig. §B)] generally increased with earmuffs are also within the range of previously reported
increasing frequency up to approximately 3 kHz where itvalues(125 Hz—3.15 kHg with some exceptions. They are
reached a maximum of 41 dB. At still higher frequencies,less than attenuations reported by Caethl. (1995 in Bil-
objective attenuation decreased slightly as frequency insom earmuffs below 500 Hz and less than attenuations re-
creased. Mean subjective attenuations for tone bursts at pprted by Berger and Kerivafl983 in David Clark 19A
1.4, 2, and 2.8 kHZ27-41 dB; see Table) ldid not differ  earmuffs below 1 kHz. A possible reason for these discrep-
significantly from objective attenuations at correspondingancies is that the earmuffs used by Casalal. and Berger
frequencieg1-3-dB differencep>0.7 for all four frequen- and Kerivan may have had a larger volume than ours—large-
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o S tive attenuations were significantly less than objective at-
g ] | [ tenuations(by 7-15 dB;p<0.02. Subjective attenuations
8 2] i for 1.5- and 3-T imager noisgtl and 39 dB did not differ
’g i o significantly from the subjective attenuations for 1- and 1.4-
Z 1no %‘r% 5 kHz tone bursts, respectivelyp$0.9). The subjective at-
E 40 | g $Inr;°§:rsts ; - tenuation for 3-T imager noise was significantly less than the
% i ‘ B objective attenuation at 1.4 kHp{0.004). Thus, subjec-
2 tstd. dev. 15T 8T EARMUFFS [ tive attenuations for frequenciesl.4 kHz were less than the
o4 o2 o5 4 2 5 10 objective attenuations at corresponding frequencies.

A FREQUENCY (kHz)

. o L 2. Compatrison of earmuff [earplug combination with
& L i earmuffs or earplugs alone
g’ ] The attenuations provided by the earmuff/earplug com-
E 205 bination can be compared to the attenuations for earmuffs or
% - earplugs alone using Fig(®&) and Table I. Objective attenu-
E 40 ations for the earmuff/earplug combination exceeded the at-
z ] ; tenuation provided by either device alone at all frequencies
g ] - ST EARPLUGS | (p<0.007), except that the attenuation of the earmuff/

80 T T T T T T earplug combination was not significantly greater than that
B ot 0z 08 NGy @ 10 for earplugs alone near 125 Hp*#0.1). Subjective attenu-

ations for the earmuff/earplug combination significantly ex-

FIG. 5. Attenuation of earmuff§A) and earpluggB). In both panels, the ceeded the subjective attenuations for earmuffs or earplugs
solid curve is the mean objective attenuation for nine e@msseven  glone in most casey 9-15 dB;p<0.05. The exceptions
subjects—earmuffs; six subjects—earplygshading indicates:1 standard T . _ P
deviation(s.d). Symbols indicate mean subjective attenuations in five sub-are the 3-T |mgge_r_ noise _and 1.4 kHZ tone b_urStS' for which
jects (earmuff3 or three subjectdearplug; error bars indicater1 s.d.  there was no significant difference in attenuation between the
Subjective attenuations for tone bursts, 1.5-T imager noise, and 3-T imageearmuff/earplug combination and earmuffs alome>(Q.3),

noise are indicated by circles, squares, and triangles, respectively. For eagnd 2.8-kHz tone bursts. for which the difference in attenu-

plugs, =1 s.d. was less than the dimensions of the symbols indicating the_,. P
mean subjective attenuations for 3-T imager noise and 2.8-kHz tone burst .tlon between the earmUﬁ/earpIUQ combination and earpluQS

Subjective attenuations for imager noise are plotted at the predominant gralone was not significantpt>0.1).
dient noise frequencies indicated by vertical dotted lifieS T: 1 kHz; 3 T:
1.4 kH2. Subjective attenuations for tone bursts at 1 and 1.4 kHz have been

offset horizontally to the right for clarity. 3. Dominant conduction routes

a. Comparison of objective and subjective attenuations
volume earmuffs have been shown to provide greater attenxs a first step toward identifying the dominant routes of
ation at low frequencies than small-volume earmuffssound conduction to the cochlea in subjects wearing both
(Berger, 1988 Our subjective attenuations for earmuffs earmuffs and earplugs, we compared objective and subjec-
and earplugs are in close agreement with previous reportsve attenuations in Fig.(®). The reasoning that motivated

(Table ). this comparison was as follows: If the ear canal were the
dominant sound conduction route, all the sound reaching the
3. Dominant conduction route cochlea would pass through the earmuff and then the ear-

The fact that our objective and subjective attenuationd!ud, and objective attenuations would equal subjective at-
do not differ significantly for either earmuffs or earplugs tenuations. Thus, a difference between objective and subjec-
indicates that sound in the ear canal fully accounts for thdive attenuations would indicate that a significant amount of
sound perceived by subjects wearing either earmuffs or eafiound reaching the cochlea bypassed the ear canal, i.e., was
plugs. Therefore, conduction through the head and body tgonducted through the head and body to the middle or inner
the cochlea is not important with these devides:earmuffs ~ €ar(the “ossicular” or “middle ear” and “inner ear” com-

or earplugs, the dominant sound conduction route is along?onents described in Khanre aI.,. 19_76- At 500 Hz, the
the ear canal difference between the mean subjective and objective attenu-

ations was insignificantl dB), suggesting that the ear canal
was the dominant conduction route at 500 Hz. At 1 kHz,
o - ] subjective and objective attenuations differed to a greater
1. Objective and subjective attenuations degree(by 6 dB), but not significantly p>0.1). At 1.4 kHz

The attenuation provided by earmuffs and earplugs usednd above, subjective attenuations were 7—15 dB less than
togethel{Fig. 3(D)] is shown in Fig. 6A). Objective attenu- objective attenuations, and the differences were significant
ation for this “earmuff/earplug combination” generally in- (p<<0.02). The discrepancy between objective and subjec-
creased with increasing frequency up to approximately 63ive attenuations indicates that a significant portion of the
dB at 3—4 kHz and then decreased. Subjective attenuatiorsound reaching the cochlea at and above 1.4 kHz bypassed
for tone bursts(0.5, 1, 1.4, 2, and 2.8 kHz—see Table | the ear canal, i.e., was conducted through the head and/or
were between 39 and 48 dB. At 1.4, 2, and 2.8 kHz, subjecbody to the middle ear and cochl&h.

C. Earmuffs and earplugs in combination
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0 TR Y T N S S b. Comparison of earmuff/earplug attenuation to
EARMUFFS i summed earmuff and earplug attenuatiohe further exam-

i ine the routes of sound conduction for the earmuff/earplug
— combination, we@) calculated what the attenuations for the
B earmuff/earplug combination would be if the ear canal were
L the only important sound conduction route, dhgcompared
B the calculations with our measurements of attenuation for the
L earmuff/earplug combination. If the ear canal were the only
important route, all of the sound reaching the ear canal and
cochlea would pass through the earmuff and then the earplug
(Fig. 1). In this case, the attenuation for the earmuff/earplug
combination would be the sufin dB) of the individual ear-
15T 3T L muff and earplug attenuations, assuming that there is no in-
— T teraction between earmuff and earpld@herefore, as a test
01 o2 0.5 1 2 5 10 of whether the ear canal was the dominant route, we added
A FREQUENCY (kHz) the attenuations for earmuffs and earplugs alone and com-
0 ST SRR pared the result with the measured attenuation for the
1 L earmuff/earplug combination. The idea was that any signifi-
AL e [ cant discrepancies would indicate sound conduction via

COMBINATION routes other than the ear canal route.
- The summed earmuff and earplug objective attenuations

I are shown in Fig. @) along with the objective attenuation
= measured for the earmuff/earplug combination. The attenua-
[ tion for the earmuff/earplug combinatiosolid line) does
L not differ significantly from the sum of the earmuff and ear-
- plug objective attenuationgdashed ling below 500 Hz
(p>0.4). This result supports the view that most low-
- frequency sound reaches the cochlea along the ear canal
route, not through the head or botlyIn contrast, at high
— frequencies(>500 H2z, the measured attenuation for the
01 g2 05 1 2 5 10 earmuff/earplug combination was significantly less than the
FREQUENCY (kHz) sum of the objective attenuations for earmuffs and earplugs
(p<0.003). The difference was greatd®0 dB) near 1.4
kHz. An interpretation of this disparity at high frequencies is
that sound was conducted through the head and/or body to
the ear canal medial to the earpllighannaet al's (1976
“external ear component]’'when the earmuff/earplug com-
B bination was worn.

Summed earmuff and earplug subjective attenuations are
also shown in Fig. @) along with subjective attenuations
measured for the earmuff/earplug combination. The subjec-
tive attenuations for the earmuff/earplug combinatiopen
r symbols were significantly less than the sum of the subjec-
tive attenuations for earmuffs and earplugs al@illed sym-
bols), by 20-35 dB for 1-, 1.4-, 2-, and 2.8-kHz tone bursts
and imager nois€p<<0.03 for all stimuli except 1.5-T im-
FIG. 6. (A) Objective and subjective attenuations for the earmuff/earplug@d€r noise and 1.4-kHz tone burstp<0.06). Thus, at high
combination. The solid curve is the mean objective attenuation for 12 earfrequencieg>500 H2, both subjective and objective attenu-
(in nine ‘subje_cts;_ shading indicatesl s._d);‘symbols are mean subjective ations for the earmuff/earplug combination were less than
attenuations in eight subjectsrror bars indicate-1 s.d). Key to symbols ghe summed earmuff and earplug attenuations. These com-

and vertical lines as in Fig. 5. Also shown are mean objective attenuation . ) ; )
for earmuffs and earplugs from Fig. (fhin dot-dashed and dotted curves, parisons support the view that, at high frequencie$00

respectively. (B) Sum of mean earmuff and earplug attenuatiédst-  Hz), sound conducted to the cochlea via the head and/or

dashed curve and filled symbpland attenuation for the earmuff/earplug body limits the attenuation of earmuffs and earplugs when
combination(solid curve and open symbolshe results shown in this panel h
are based only on the ears in which measurements were made in all three th are worn

the following conditions: earmuffs alone, earplugs alone, and the earmuff/ ~ C. Comparison with Berger’'s “bone conduction limit.”
earplug combinatiorfobjective: eight ears in six subjects; subjective: three The importance of head and body conduction for the

subjects. (C) Subjective attenuatlons for the earnjuﬁ/(_earplug combmatlonearmuff/earplug combination at high frequencies but not at
(symbolg compared to the mean “bone conduction limit*1 s.d. mea-

sured by Bergef1983 in subjects wearing special highly attenuating ear- low is fu_rther supported by a comparison of e'arm.uff/eilgplug
muffs and deeply inserted earplugisatched area attenuations and Berger($983 “bone conduction limit.’
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0 TR SR PR S d. SummaryOur data are consistent with the view that,
| B at low frequencie$<500 H2, the ear canal is the dominant
i | [ sound conduction route to the cochlea when the earmuff/
g 20+ — earplug combination is worn. Comparisons between objec-
z | EARMUFFS i i - . L
> ] | B tive and subjective attenuations and between individual and
,‘—3 - \ ~.\/“~\" /_,:J\ combined attenuations indicate that, higher frequencies,
é 4°‘_ } \% N sound conduction through the head and/or body contributes
i i L significantly to the sound perceived by subjects wearing the
E . [ earmuff/earplug combinatiorAbove 500 Hz, the sound is
E _ i conducted through the head and/or body to the ear canal; at
s A E'E'F;R"MEJ:@ | - 1.4 kHz and above, sound is also conducted to the middle ear
go-]  COMBINATION ; B and cochlea.
1 15T 3T -
01 02 0.5 1 2 5 10 D. Helmet and earmuffs in combination
A FREQUENCY (kHz)
Gl i v sesis i 1. Objective and subjective attenuations
] i To investigate whether reducing sound conduction
i L through the head would lead to further attenuation with ear-
g 20 HELMET N muffs beyond that possible with earplugs, we measured the
£ i R attenuation provided by a “helmet” worn over earmuffs
E T - [Fig. 3(E)]. The mean objective attenuation for the “helmet/
< 40 - A .
2 1 LELMET i earmuff co_mbl_natlon [_solld line in Fig. T1A)] genera_lly in-
E 4 EARMUFF - creased with increasing frequency up to approximately 1
< 6] COMENATIGN B kHz. Above 1 kHz, objective attenuations ranged from ap-
= i ' R proximately 60—80 dB. Mean subjective attenuations for
= | SUM OF HELMET ‘ i tone-burst stimuli1, 1.4, 2, 2.8 kHz, circles in Fig.(&)]
80 QRI'ISE@'AJ&J@'; 4 N and imager noisésquare and triangleranged from 47-64
4 ATTENUATION 15T 3T N vl dB. Subjective attenuations for 1.4-, 2-, and 2.8-kHz tone
F—T & THerr] — T & rent bursts were not significantly different from objective attenu-
B e1 o2 lféE;EQUELCY (kﬁz) 8 1 ations at corresponding frequencies, but subjective attenua-

tions for all other stimuli were significantly less than objec-
FIG. 7. (A) Mean objective and subjective attenuations for the helmet/tive attenuations at corresponding frequen¢iss11-16 dB;
earmuff combinationt1 s.d.(objective: solid curve and shading, six ears in p<<0.02. Our subjective attenuation data indicate that the

six subjects; subjective: symbols and error bars, three supjdtéy to helmet/earmuff combination reduced perceived sound by
symbols and vertical lines as in Fig. 5. Also shown is the mean objective

attenuation for earmuffs from Fig.(A) (dot-dashed curye (B) Mean ob- ~ 47—98 dB in the frequency range of the imager neisel.4

jective and subjective attenuations for the helmet/earmuff combinatiorkHz)—see Table |I.
[solid curve and symbols frortA)], sum of mean earmuff and helmet ob-
jective attenuationsdashed curve and mean objective attenuation for the

helmet alongdotted curve; six ears in six subjects 2. Compatrison of helmet [earmuff combination with

earmuffs alone and with the earmuff [earplug

Berger (1983 estimated his bone conduction limit by mea- combination

suring subjective attenuations in subjects wearing deeply in- The helmet/earmuff combination provided more attenu-
serted earplugs and large lead earmuffs that presumabbtion than earmuffs alone in most instances. For example, the
blocked sound conduction along the ear canal so that anyean objective attenuation for the helmet/earmuff combina-
perceived sound was conducted through the head and bodign was significantly greater than that for earmuffs at 250
(see also Zwislocki, 1957; Nixon and von Gierke, 1959 Hz and abovgp<0.002; Fig. TA)]. The mean subjective
Hence, the bone conduction limit is an upper bound on thattenuations for the helmet/earmuff combination exceeded
noise reduction possible using hearing protection that treathose for earmuffs alone by 15-29 d&<0.005; see
only sound conduction along the ear caf@Eerger, 1983, Table .

19864. At 500 Hz, subjective attenuation for the earmuff/ The helmet/earmuff combination also provided more at-
earplug combination was below Berger's bone conductiorienuation at high frequencies than the earmuff/earplug com-
limit [Fig. 6(C)], which further supports the idea that the earbination. Mean objective attenuation was significantly
canal was the dominant conduction route to the cochlea ajreater for the helmet/earmuff combination at 1 kHz and
500 Hz. At 1 kHz and above, subjective attenuations werebove £<0.03), except near 2 kHz¢0.1). For 3-T im-
similar to Berger’s bone conduction liniFig. 6(C)] which  ager noise and 1-, 1.4-, and 2.8-kHz tone bursts, mean sub-
further supports the conclusion that head and/or body corjective attenuations were significantly greater for the helmet/
duction are important at high frequencies500 H2 when  earmuff combinatior{9—19 dB as compared to the earmuff/
both earmuffs and earplugs are worn. earplug combinatiorip<<0.04; see Table)l
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3. Reduction in sound conduction through the head 0 L] L
and ear canal at high frequencies ( >500 Hz) . /—'\‘ %

Three lines of evidence indicate that the helmet/earmuff g \ HELMET/
combination reduced sound conduction through the head as 20 A Cgﬁ;ﬂ%,’;,\,
well as through the ear canal. First, the helmet/earmuff com- \ |
bination provided more subjective attenuation than the
earmuff/earplug combination for 1-, 1.4-, and 2.8-kHz tone
bursts and for 3-T imager noise. This is relevant because the
attenuation provided by the earmuff/earplug combination at
high frequencies(>500 Hz was limited by conduction
through the head and/or body, so the greater attenuation pro-
vided by the helmet/earmuff combination could be achieved 80 —
only by a reduction in conduction through the hésitce the EARPLUG
helmet did not enclose the bodysecond, subjective attenu- |  COMBINATION
ations for the helmet/earmuff combination exceeded the es- 100 — ...1.'i T
timated upper limit for ear canal attenuatifire., exceeded 01 02 05 1 2 5 10
Berger's “bone conduction limit” in Fig. 6C)] for most of FREQUENCY (kHz)
the test Stlmu“(,S_T Imager noise and 1.4, 2-, and 2.8-kHz FIG. 8. Mean objective and subjective attenuations for the helmet/earmuff/
tone bursts This indicates that the helmet reduced soundearpiug combinatiort 1 s.d.(objective: solid curve and shading, five ears in
transmission along an additional route, i.e., through the headive subjects; subjective: symbols and error bars, five subjetty to sym-
Third, the Objective attenuation for the helmet/earmuff com-Pols a_nd yertical Iings as in Fig. 5. Mean attenuatiqns for‘the_ helmet/earmuff
bination was approximately equal to the sum of the indi-LomENalen fom 7. B s shown o comperisaubiecue: ashec
vidual objective attenuations of the helmet and earmuffsnonds(tone bursts. Solid symbols are offset slightly to the left for clarity.
[Fig. 7(B)], which indicates that little or no sound reached

the ear canal by passing through the body, head, and e lons for the helmet/earmuff combination did differ signifi-

canal walls. _In short,thg helmet proved effgctlve In ts in- cantly for 1-kHz tone bursts and 1.5- and 3-T imager noise,
tended function, reducing sound conduction through theb 11-16 dB. Th duction th h the bod |
head as well as the ear canal y 11 . Thus, conduction through the body apparently
contributed to the sound heard when the helmet/earmuff
combination was worn, at least at some frequencies. The fact
that adding earplugs to the helmet/earmuff combination
Our deductions concerning the dominant routes of soungsnded to increase subjective attenuatiésese Sec. |1l E 2
conduction for the helmet/earmuff combination are as fol-gypports the idea that conduction along the ear canal also
lows. Our reasoning is based on our previous conclusiogontributed to the perceived sound when the helmet and ear-
that, when earmuffs alone are worn, sound is conducted tgffs were worn. In short, we conclude thédr the helmet/
the cochlea primarily along the ear canal rather than througBarmuff combination, the dominant routes of sound conduc-
the head or body. Placing the helmet over earmuffs presumjon to the cochlea at high frequencies>%00 Hz) are
ably reduced the sound reaching the ear canal and head to thgough the ear canal and body
same degree and therefore did not alter the relative impor- | contrast to the situation at high frequencies, our data
tance of the ear canal versus head conduction routes. Thig,ggest that the ear canal is the dominant sound conduction
implies that sound conducted through the head contributeghte at low frequencies when the helmet/earmuff combina-
negligibly to the perceived sound when the helmet/earmuftion is worn. The reasoning follows from the earlier conclu-
combination was wom. Instead, the perceived sound wasjon that the attenuation for the earmuff/earplug combination
presumably dominated by sound conducted through the eaf |ow frequencie$<500 H2 was not limited by conduction
canal, body, or both. through the head and body, i.e., conduction was mainly
The relative importance of ear canal vs body conductioryjong the ear candlSec. 11l C 3. This conclusion, coupled
at high frequencie¢>500 H2 can be deduced by consider- yith the fact that the objective attenuation for the helmet/
ing the relationship between objective and subjective attenusgrmuff combination was less than that for the earmuff/
ations if only the ear-canal route were important and comuarpjug combination at most low frequenciesmpare solid
paring this hypothetical situation with our data. If only ear-jines in Figs. §A) and 7A)], suggests that the ear canal was
canal conduction were important, sound pressure in the egjjso the dominant conduction route for low-frequency sound
canal would fully account for the sound perceived by a subyhen the helmet/earmuff combination was worn. Thusen
ject wearing the helmet/earmuff combination, so subjectivghe helmet/earmuff combination is worn, further low-
and objective attenuations would be the same. Alternativelyrequency attenuation should be possible by reducing con-
if body conduction were important as well, objective andqyction along the ear canal
subjective attenuations would not necessarily be equal be-
cause subjects could hear sound conducted to the cochl& Helmet, earmuffs, and earplugs in combination
that bypassed the ear canal. Hence, any significant discreg- Objective and subjective attenuations
ancy between measured objective and subjective attenuations The attenuation provided by a helmet, earmuffs, and ear-
would imply that conduction through the body was importantplugs used together is shown in Fig. 8. Objective attenuation

MEAN ATTENUATION (dB)
1

%sfee Sec. llICR In fact, subjective and objective attenua-

4. Dominant conduction routes
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increased with increasing frequency to a maximum of 87 dBigible compared to conduction through the body. Thihe,
near 2.5 kHz and then decreased with increasing frequencgominant route by which high-frequency sound was con-
Subjective attenuations for tone bursts at 0.5, 1, 1.4, and 2.8ucted to the cochlea for the helmet/earmuff/earplug combi-
kHz did not differ significantly from objective attenuations at nation was probably through the bady

corresponding frequencié¢p>0.1 for all frequencies—see Two results provide information about the dominant
Table I. However, the subjective attenuation for tone burstsoutes of sound conduction at low frequencies 500 H2

at 2 kHz was significantly lessp0.008). Subjective at- for the helmet/earmuff/earplug combinatiqid) At 500 Hz,
tenuations for 1.5- and 3-T imager noi&¥ and 63 dB did the subjective attenuation for the helmet/earmuff/earplug
not differ significantly from the attenuations for tone burstscombination was approximately equal to the objective at-
at 1 and 1.4 kHZ55 and 63 dB, respectively p>0.1). All  tenuation(Fig. 8), indicating that sound primarily reached
of our subjective attenuation data indicate that the helmetthe cochlea via the ear candR) Adding earplugs to the
earmuff/earplug combination reduces the perceived sound hyelmet/earmuff combination increased objective attenuation
approximately 60 dB in the frequency range of the imagersignificantly at low frequencie@=ig. 8). In fact, the increase

noise(1-1.4 kH2. was approximately equal to the attenuation measured for ear-
plugs alondFig. 5(B)]. This additivity suggests th&&) most

2. Comparison of helmet [earmuff [earplug low-frequency sound was conducted along the ear canal, and

combination with helmet [earmuff and earmuff | (b) conduction to the ear canal through the head or body was

earplug combinations not important at low frequencies when the helmet/earmuff/

The attenuations provided by the helmet/earmuff/earplug combination was worn.
earplug combination and the helmet/earmuff combination
can be compared using Fig. 8. For frequencies below 500 HY. DISCUSSION

and near 2-3 kHz, objective attenuations for the helmet/ o, experiments demonstrated that a helmet shielding
earmuff/earplug combination were significantly higher thanihe head can provide substantial additional attenuation be-
those for the helmet/earmuff combinatiom<0.008); near 1 y,nq that provided by conventional devices for isolating in-

and 1.4 kHz and above 3 kHz there was no significant dif4iiquals from sound, namely earmuffs and earplugs. In the
ference >0.5). The mean subjective attenuations for thegoyrse of these demonstrations, we systematically deter-
helmet/earmuff/earplug combinatidopen symbols in Fig. mined hoth objectivéear canal and subjective attenuations

8) were systematically higher than those for the helmetfyr arious combinations of isolating devices. These data en-
earmuff combination(filled symbols, although the differ- 564 deductions concerning the relative importance of three

ence in attenuation was significant only for 1.5-T imagergitferent sound conduction routes to the cochlea: along the
noise(p<<0.05; Fig. 8, Table I; note that no subjective datagg, canal, through the head, and through the body.
were taken at 500 Hz for the helmet/earmuff combingtion

Overall, the addition of earplugs to the helmet/earmuff comA- Relative importance of sound conduction routes
bination tended to increase attenuation at most frequenciesl. High frequencies

The subjective attenuations provided by the helmet/ oy measurements were focused on high frequencies
earmuff/earplug and earmuff/earplug combinations can b%>500 H2, where fMRI noise levels are highest. At high

compared using Table |. For every stimulus, attenuationgequencies, routes other than the ear canal were clearly im-
were substantially great€s—18 dB for the helmet/earmuff/  yortant for several device configurations: the earmuff/

earplug combination. This result allows a refinement of theearplug combination, the helmet/earmuff combination, and
earlier conclusion that the head and/or body conductioq,e helmet/earmuff/earplug combination.

routes are important at high frequencies when the earmuff/  the rejative importance of the various conduction routes
earplug combination is workSec. II1C3. The substantial 5 pe estimated quantitatively by combining our attenuation
increase in subjective attenuation that is produced by addingata with the model in Fig. 1. Estimates of sound conduction
a helmet to the earmuff/earplug combination indicatesithat {5, he frequency range of the predominant gradient noise
is specifically head conduction that dominates at high fre-(1_1_4 kH2 are given in Fig. 9. For each combination of

quencies when earmuffs and earplugs are worn together jsqjation devices, and for no isolation, estimates of sound

conduction for the ear canal, head, and body routes are given
in dB relative to conduction through the ear canal when no
Our deductions concerning sound conduction routes asolation devices are worn.
high frequencie$>500 H2 for the helmet/earmuff/earplug The estimates of ear canal, head, and body conduction in
combination begin with a previous conclusion: For theFig. 9 were made as follows. When no isolation devices are
helmet/earmuff combination, the dominant routes of soundvorn, theear canalis the dominant route of sound conduc-
conduction at high frequencies were through the ear candion to the cochlea, and the level of ear-canal conduction is
and body. When earplugs were added to the helmet/earmusiet to 0 dB, the maximur(Fig. 9, far lef). When there are
combination(yielding the helmet/earmuff/earplug combina- various combinations of earmuffs, earplugs, or helkég.
tion), sound conduction through the ear canal was presun®, four right-most columns ear-canal conduction is reduced
ably reduced substantially, by an amount equal to the objedrom maximum by the total attenuation along the ear-canal
tive attenuation of earplug®3—41 dB for frequencies500 route. For earmuffs or earplugs, this is just the earmuff or
Hz; Fig. 5B)] making conduction through the ear canal neg-earplug attenuation in the frequency range of the predomi-

3. Dominant conduction routes
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! ! ' ! ! contribution is below maximum by an amount equal to the

1 A DT NS P e | helmet/earmuff/earplug attenuatigapproximately 60 dB
e I 7 B Presumably, none of the devices we studied affected the
] :::::-‘/EC g E’;‘\S’ANAL(EC’ - body route to the cochlea, so the amount of sound conducted
-20 — ::{}: EC = BODY = through the bodyrelative to maximunis the same for all of
1 F 4/ HEAD i the situations in Fig. 9.
_40___;5:1;,_ _?_ _____ - EC,BODY B The relative importance of ear canal, head, and body
BODY | conduction to the cochlea for various device configurations

can be seen from Fig. 9. When there is no isolafigig. 9,
far left), the ear canal is by far the dominant route of sound
conduction. Even when conduction along the ear canal is
reduced by earmuffs or earplugBig. 9, second from left
- the ear canal remains the dominant route. However, when
| | A :
NO  EARMUFFS SARMUES) HELMET) HELwET/ earmuffs and _earplugs are used 'Fogether, conduction _alor)g
OB Earan e TARELHG EARMUER BARMUEH] the ear canal is rgduced to the point that head conduction is
COMB. most important(Fig. 9, middlg. For the helmet/earmuff
FIG. 9. Estimates of sound conduction to the cochlea through the ear candfOmbination, the helmet reduced conduction through the
head, and body at frequencies of imager gradient noise, for five conditiondnead as well as along the ear canal; consequently, the head
no isolation devices, earmuffs or earplugs, the earmuff/earplug combinatiorsgte is less important than the ear canal and body routes,

the helmet/earmuff combination, and the helmet/earmuff/earplug combina: L
tion. Contribution from each route to the perceived sound is indicated in dBand the ear canal and bOdy routes are comparable In impor-

relative to conduction along the ear canal with no isolation. Labels abovd@nce(Fig. 9, second from right When earplugs are added
bars indicate the dominant rodgg of sound conduction for each condition to the helmet/earmuff combination, ear-canal conduction is

SOUND CONDUCTION THROUGH VARIOUS ROUTES
(dB re ear canal conduction with no isolation)
1

(EC: ear canal reduced, and the dominant route of conduction is through the
body.

nant gradient noiséhe estimates in Fig. 9 are based on an2. Low frequencies

average of the attenuations at 1 and 1.4 kN¢hen there are Our attenuation data at low frequenc(g 500 Hj are

multiple devices, we assumed that the total ear-canal attengonsistent with the idea that the ear canal was the dominant
ation was the sum of objective attenuati¢imsdB) provided  conduction route for every device configuration considered.
by each individual device since sound passes through thgowever, it is likely that other routes would have become
various devices serially on its way to and along the ear canamportant if we had attempted to explore the limits of attenu-
(Fig. 1; e.g., for the helmet/earmuff/earplug combination,ation achievable at low frequencies. For instance, the low-
ear-canal attenuation was calculated as the sum of thgequency attenuations we measured for the earmuff/earplug
individual helmet, earmuff, and earplug objective combination are less than the maximum achievable because
attenuations™ we used earplug insertion depths typical of everyday use,
The level of sound conducted through theadwas es-  rather than the maximum insertion depth possible. Berger
timated from our subjective attenuation data for the earmuff/(1983 has shown that conduction through routes other than
earplug combination. For this device configuration, we conthe ear canal can be significant at low frequencies as well
cluded that sound conduction along the ear canal waghen earmuffs are used with deeply inserted earplugs. In
reduced to the point that conduction through the head domithese circumstances, the helmet should still provide addi-
nated the perceived sourt8ecs. IIIC3 and IIIE2 There-  tional low-frequency attenuation.
fore, in Fig. 9 the head contribution for this configuration is ) _ )
below the ear-canal contribution with no isolati@hdB) by B. Sc_n_md conduction to the cochlea under imaging
an amount equal to the earmuff/earplug subjective attenuzf-onomlonS
tion (approximately 40 dB For the purposes of this figure, The conditions under which our measurements were
we assume that the amount of sound conducted through thweade differ from those in an imager, which raises the possi-
head(relative to maximumis the same for no isolation as bility that the relative importance of the ear canal, head, and
for the earmuff/earplug combinatidf.For the device con- body routes might be different during imaging. For our mea-
figurations that included the helmet, head conduction in Figsurements, the subject was seated in a chair, their head was
9 was reduced by an amount equal to the objective attenuamsupported, and sound was delivered from a point source
tion of the helmet(based on the assumption that the helmetsome distance away. In the imager, the subject’s position and
reduced conduction to the head and ear canal by the santiee acoustic environment are differeiit) the subject typi-
amouny. cally lies supine on a patient table with their head in a head
The level of sound conduction through thedywhen  coil. The subject’s head rests on the head coil, and there may
there is no isolation was estimated from our subjective atbe cushioning material packed between the head and the
tenuation data for the helmet/earmuff/earplug combinationhead coil to prevent the head from moving. Additionally, the
For this device configuration, we concluded that sound consubject may hold a bite bar, which is rigidly attached to the
duction along the ear canal and through the head was rdiead coil, in his/her mouth to keep the head st). Gradi-
duced to the point where conduction through the body domient noise comes from gradient coils surrounding the subject
nated the perceived sound. Therefore, in Fig. 9 the bodyather than from a point sourcé3) The patient table may
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vibrate in response to gradient coil or coolant pump activity.study (e.g., Berger, 1983 A second approach for achieving
Consequently, unlike the experimental conditions of thefurther reductions is active noise reductigkNR or “active
present study, vibrations may be transmitted to the subject’'sancellation’), which involves generating an inverted copy
head through the head coil or bite bar or to the head or bodpf the noise waveform and introducing it at or near the ear to
through the patient table. Hence, the importance of the heaidterfere destructively with the noise.g., Elliott and Nel-
and body conduction routes relative to the ear canal could bson, 1993 ANR can typically provide 10—20 dB of attenu-
higher in the imager than in the experimental setup in thetion at low frequencies when applied in a small volume

soundproof room. such as that under an earm(éfg., Casali and Berger, 1996;
McKinley et al,, 1996, and ANR systems have been devel-
C. Achieving further noise reduction oped for MRI applicationgGoldmanet al, 1989; Plaet al,

1995; Palmer, 1998t is unlikely that substantial additional
reductions can be achieved through design improvements to

As we have seen, at the predominant frequencies of imearmuffs or earplugs because the technology of these devices
ager gradient noise, sound conduction through the head limis relatively mature. In fact, most commercially available
its the effectiveness of devices that treat only the ear canalarmuffs and earplugs provide nearly as much attenuation as
(e.g., earmuffs, earplugs, “noise-canceling” headsets—seexperimental devices optimized for noise reductian the
the next sectiop and sound conduction through the body expense of comfort or practicality—Zwislocki, 1957; Berger,
limits the effectiveness of the helm@which treats only the 1983. Of course, the enclosure described in the previous
head and ear canalThus, reductions at gradient noise fre- section for reducing gradient noise would also presumably
quencies beyond those demonstrated here will require redugeduce pump and air-handling noise.
ing noise reaching the subject’s body as well as the head and
ear canal. : - S : .

One way to _achiev_e fur'gher noise reducti(_)n would t_)e toﬁéigglssifur;%%csuon during imaging versus other high
enclose the entire subject in sound-attenuating material—a
logical extension of the helmet. The idea is that the subject ~Because the imaging environment has different demands
would lie in a sound-attenuating enclosure during imaging.Of noise reduction than most industrial environments, more
The enclosure would contain integral ventilation, monitor-noise reduction options are available during fMRI. For most
ing, and communication equipment. In fact, using the encloindustrial environments, earmuffs or earplugs may be the
sure might be more expedient for imaging purposes tha@nly acceptable options for noise reduction becalSeany
fitting a subject with a helmet. If the enclosure were doubleN0ise attenuation devices must be comfortable to wear for a
walled, the attenuation provided might be increased furtheWork shift; (2) the devices cannot limit the worker’s mobil-
by drawing a vacuum between the inner and outer walls andy: and (3) noise attenuation must not be so high that a
isolating the inner wall mechanically from the outer wall, Worker's awareness of his/her surroundings and ability to
perhaps with active vibration isolation mounts. The attenuatOMmunicate are impaired. In contrast, for fMR) noise
tion provided by such an enclosure used with earmuffs andttenuation devices need be comfortable only for the dura-
earplugs would presumably be greater than that provided bS}O” of the imaging experimer(e.g., 1-3 i (2) the subject
the helmet/earmuff/earplug combination because the encldS immobile, so any contraints that mobility places on de-
sure, unlike the helmet, would reduce transmission to th&ices are not applicable; an@) maintaining the subject's
body as well as the head. awareness of his/her surroundings is less importiantact,

An alternative to the enclosure just described is toSOmMe subjects may be more comfortable if they are less
modify the imager to reduce noise transmission from thedware of their surroundingsand communication can be
gradient coils to the subje¢Raviczet al, 1999, 2000. The ~ Maintained through a headset.g., Savoyetal, 1999.
feasibility of this approach was demonstrated in a prelimi-Hence, for noise reduction during imaging, the emphasis can
nary experiment which showed that lining the imager patienP€ more on maximal noise isolation without the compro-
tube (in which the subject lieswith acoustic barrier—foam mises for comfort, mobility, awareness, and communication
composite reduced gradient noise levels in the imager byequired in industrial environments. People exposed to high
approximately 12 dBRavicz et al, 1999. This represents noise levels in other environments in which the constraints
only a simple imager treatment; further reductions should béisted above do not apply may benefit from the noise reduc-
possible with additional treatment. tion techniques discussed in this paper.

1. Gradient noise

2. Pump and air-handling noise E. Predicted imager noise levels experienced by

Even with the helmet/earmuff/earplug combination, theSubiects

ear canal was probably still the dominant sound conduction  Our attenuation data can be combined with measure-
route in the frequency range of the pump and air-handlingnents of fMRI noise levels to estimate the effective noise

noise(= 500 Hz; see Sec. lll E)3so additional reduction in levels experienced by subjects wearing various combinations
the noise heard at these frequencies should be achievable by isolation devices. Estimates for a given device combina-

further reducing sound conducted along the ear canal. Addtion were obtained by subtracting the measured subjective
tional reduction should be achievable by inserting the earattenuations to 1.5- and 3-T imager noise for the device com-
plugs more deeply into the ear canal than they were in thikination from gradient noise levels measured in 1.5- and 3-T
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' ' ' ' ' : ! level of noise experienced by a subject could be reduced
IMAGER GRADIENT

A-s7 NOISEILEVELS; I even further by shielding the entire body from the surround-
B~ T ing noise field.
Z 1004 5oMon A I (4) Using a combination of attenuation techniques, it is
2 A m A I possible to bring the conditions during fMRI substantially
o 80 u TS A closer to the quiet conditions more typical of physiological
o EARMUFFS - ] A i and psychophysical studies of hearing.
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mated noise levels for the helmet/earmuff/earplug combination with the imElliOtt H. Berger at EA-R for helpful comments: John
ager patient tube lined with acoustic barrier—foam compdsifen sym- ’ 9 p !

bols). Guinan, Greg Huang, Nelson Kiang, Bill Peake, John
Rosowski, and Susan Voss at the Eaton-Peabody Laboratory

imagers, respectively. With no isolation, gradient noise Iev—];glr c:)mmen;s on earll|¢r ver§|onshof the_ Tgnuzc;npr; Kr|1(ov¥les
els were 115 dB SPL in the 1.5-T imager and 131 dB SPL in—. o~ o1'¢S fOF SUPPYING MICrophones, frina Sigaovsxy tor

the 3-T imager(Fig. 10; Raviczet al, 2000.2> With the creating the illustration in Fig. 2; Barbara E. Norris for help

combination of the helmet, earmuffs, and earplugs, we estiwith figures; and the staff of the Eaton-Peabody Laboratory.

mate that the effective gradient noise levels experienced by gupported in part by NIH NIDCD Grant No. P01 DC00119.

subject would be reduced to approximately 58 dB SPL in the . , o
15T imager and 68 dB SPL in the 3-T imager. If, in addi- Zr'lle’;eRV\lli(rf General Electric imagers outfitted for echo-planar imaging by

tion, the imager patient tube is lined with acoustic barrier—2n this paper we consider sound conduction through the head separately
foam compositgsuch as that used for helmet construction; from sound conduction through the rest of the body.
Ravicz et al, 1999, effective gradient noise levels may be 3The ratings are similar because both composites used for the helmets con-

. tain the same barrier layéand the barrier layer, rather than foam laggr
reduced further to 46—56 dB SPL for the 1.5- and 3-T im- primarily determines attenuatipriThe heavy vinyl barrier layer in the com-

ager, reSpectivel§/2- posites provides an impedance mismatch that reduces sound transmission.
Two important points are illustrated by Fig. 1@) Sub- The foam layer mechanically decouples the barrier layer from surfaces

stantial reductions in the noise levels experienced by subjectiuching the composite.
P y J tlWe located the sound source at 90° because we had no access to a suitable

can be_aCh'eV_ed using a Comb'n"f‘t'on of conventional hearingeerherant roonfias specified in ANSI S12.6.996]. The results we ob-
protection devices and other devidsach as the helmgethat tained for earmuffs and earplugs were similar to those obtained by others in
isolate subjects from the imager noi¢2) Even if all of the  reverberant roomse.g., Bergeret al, 1998—see Sec. lll. Since our ex-

isolation methods described in this paper are used Sin,iulta[_neriments compared noise reduction devices rather than rating the perfor-
mance of any one device, and since the experimental conditions did not

neOUSIY- Imager noise levels will still be well within the au- change between measurements with different devices or combinations of
dible range. Achieving quiet experimental conditions during devices, our conclusions should be unaffected by the discrepancy between
fMRI may require that less noise be produced by the imagerour measurement conditions and those specified in ANSI $12.6.
SThis experimental configuration was used so that objective and subjective
attenuations would reflect sound reaching the saméiear the subject’s
V. SUMMARY AND CONCLUSIONS left in Fig. 3(A)] for no isolation[Fig. 3(A)], earplugs[Fig. 3B)], or
earmuffs[Fig. 3(C)]. Sound-pressure measurements were always made in
(1) Even when earmuffs and earplugs are used togetheI’”e ear canal closest to the loudspeaker. We assumed that behavioral

. . . thresholds would be indicative of the levels of sound reaching the cochlea
to reduce acoustic noise levels during fMRI, the levels are .o ihe loudspeaker for the “no isolation,” “earmuff,” and “ear-

high enough to interfere with investigations of the central plug” configurations becaus@) the ear furthest from the loudspeaker was
auditory system. “shadowed” by the head over the frequency range of our threshold mea-

(2) We determined that further reductions in imager surementse.g., by 3-6 dB at 500 Hz, 9-12 dB at 2 kHz—Feddersen

. b hi d . hel t loSi the head et al, 1957; Shaw, 1966, 1974(b) for “no isolation” or “earmuffs,”
noise can be achieved using a heimet enclosing the head, Ifl,.e sound attenuation material was present on the ear furthest from the

addition to earmuffs and earplugs. In the frequency range oOfoudspeaker, antt) the ear canal was the dominant sound conduction route

the most intense imager noigee., gradient noige the at- to the cochlegSec. Il A). (See Sec. Il E for a discussion of the situation

tenuation provided by earmuffs and earplugs is limited by,Vhen the ear canal is not the dominant route.
In all cases, the earplug expanded to form a tight seal between the outer

sound conduction through the head. The helmet can be useg e tube wall and the earplug.

to overcome this limit because it shields the head as well a&hough a “deep” earplug insertiofBerger, 1983, 1986kmay have been
the ear canal from sound. more appropriate for studies of conduction routes at low frequericees

< 500 H2 because more attenuation could be achieved, the differences in

(3) When a helmet, earmuffs, and earplugs are used tq_attenuation between a partial, standard, and deep insertion were expected to

gether, the remaining gradient noise hgard l?y a subject ige small in the frequency range of gradient noi¢ekHz and abovg
conducted mainly through the body. This indicates that theespecially when used in combination with earmuBerger, 1983
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8We chose these stimuli to provide the most direct test of the attenuation of in unoccluded ear§“MAFB—MAF” ) using large-volume earmuffs in
imager noise. They differ from the stimuli specified for use in assessing the concert with active noise reduction at low frequencies and foam earplugs
attenuation of hearing protection devicé®., octave or 1/3 octave band  at high frequencies.

noise; ANSI S12.6—1997 An alternative approach in keeping with stan- *®No subjective attenuation data were taken with the helmet alone because
dard procedures would have been@ measure the attenuation with stan-  the ventilation air produced a masking noise. This noise could not be heard
dard stimuli, andb) infer the attenuation of imager noise from these mea- by subjects wearing earmuffs or earplugs, so it was not a problem for
surements and the noise spectrum. The similarity of our earmuff and measurements of subjective attenuations for the helmet/earmuff or helmet/
earplug results to those obtained with standard stimuli suggests that the twoearmuff/earplug combinations.

methods are equivalent in our casee Sec. Ill B. %Again, we assume that interactions between devices are negligible.
°This masking is one manifestation of the “occlusion effect” described in **The contribution of sound conduction through the head may be overesti-
the audiological literaturée.g., Goldstein and Newman, 199Fhe occlu- mated in the case where no isolation is used, due to the occlusion effect

sion effect refers to the observation that the sound pressure within the ear(see Footnote )9 because sound conduction through the head was deter-
canal generated by vibration of the ear canal walls increases when the eamined from measurements with the ear canal occluded. For sound con-
canal is occludede.g., Goldstein and Hayes, 1965; Schroeter and Poesselt, ducted from a free field, the magnitude of the occlusion effetasured
1986. Causes of ear-canal wall vibration include physiological processes behaviorally is about 5-10 dB at 1-1.25 kHz and negligible at 1.6 kHz
(e.g., Berger and Kerivan, 1988r externally applied sound or vibrations ~ and above(though as high as 20-25 dB at low frequencies; “subjective
conducted through the hedel.g., Khannat al, 1976. OE,” Schroeter and Poesselt, 198&he magnitude of the occlusion ef-
1°The objective attenuation curves throughout this paper have been interpo-fect is similar for earmuffs and for earplugs inserted only into the carti-
lated above 1 kHz from the linear frequency spacing of the stimulus chirp !aginous ear canal, as ours weéBerger and Kerivan, 1983; Schroeter and
(12 H2) to a logarithmic frequency spacir@5 pts./octave Poesselt, 1986 For simplicity, we have chosen to use the same value of
The objective attenuations used for these comparisons were calculated ag§ound conduction through the head for both the open and occluded cases.
follows. First, for each studied ear, the objective attenuation data were Because all other configurations shown include earmuffs and/or earplugs,
interpolated as described in Footnote 10. The attenuation at a given fre; (e occlusion effect is taken into account. _
quency was the geometric mean of three points on the interpolated curvé,The levels given are time-average levels calculated over a 10-ms window
centered at the frequency of interest. The attenuations calculated in thisthat included the peak in the gradient noise. These IeWdlS dB for 1.5
way for each studied ear were then averaged, yielding a mean and standard » 131 dB for 3 T are unweighted and change by less than 1 dB if an A-
deviation of the objective attenuation that was then compared with subjec- O C-frequency weighting is appliedThese weightings account for the
tive attenuation. frequency dependence of human equal-loudness curves, e.g., Earshen,
2Note that most of these studies measured subjective attenuation usi 9_86) o ) ) o
third-octave-band noise rather than tone bursts as we did. The use of tone! NS @ssumes that the 12-dB reduction in noise achieved by lining the
pulses(longer in duration and with longer rise/fall times than our tone Patient tube would add to the attenuation provided by the helmet/earmuff/
bursts rather than noise was shown in one set of studies to overestimate 82rPlug combination.
broadband attenuation by 2—4 dB/augh, 1974, 1984; Berger, 1986b

However, another study showed that pure tones on average underestimat/gﬂls' (1997). ANSI S12.6-1997, “Methods for measuring the real-ear at-
the attenuation of earmuffs by .2'1 (.jB at 50(.) Hz and ati@asaliet al, tenuation of hearing protectors’/American National Standards Institute,
1995. These over- or underestimations are in almost every case less thanyq,, York)

13the standard deviations in our m_ea_surements._ ) . Bandettini, P. A., Jesmanowicz, A., Van Kylen, J., Birn, R. M., and Hyde, J.
Khannaet al. (1976 reached a similar conclusion in experiments exam- S.(1998. “Functional MRI of brain activation induced by scanner acous-
ining conduction through the head to the ear canal, middle ear, and co- tic noise,” Magn. Reson. MecB9, 410—416.

chlea. They delivered vibratory stimuli to two subjects’ foreheads a”dBerger, E. H.(1983. “Laboratory attenuation of earmuffs and earplugs
determined the level and phase of an acoustic stimulus required to cancely, i, singly and in combination,” Am. Ind. Hyg. Assoc. 44, 321-329.

the subject’s perception of the vibratory stimulus. They concluded thatBerger, E. H(19863. “Hearing protection devices,” ifNoise and Hearing
conduction through the head to the middle ear and cochlea became domi-cqnservation Manualedited by E. H. Berger, J. C. Morrill, W. D. Ward

nant above 3 kHz. In addition, they argued that the frequency range of 4nq | H. RoystefAmerican Industrial Hygiene Association, Akron, QH
Carhart's notcha decrease in clinical bone conduction sensitivity in cases pp. 319-382.

of otosclerotic fixation of the stapes that is most significant between 1 a”céerger E. H.(1986h. “Methods of measuring the attenuation of hearing
2 kHz; e.g., Robinette, 1994ndicates that conduction to the middle ear is protection devices,” J. Acoust. Soc. A9, 1655—1687.

negligible above 2_kHZ- Berger, E. H., Franks, J. R., Behar, A., Casali, J. G., Dixon-Ernst, C.,
“Sources of interaction between earmuffs and earplugs that have been ProKieper, R. W., Merry, C. J., Mozo, B. T., Nixon, C. W., Ohlin, D., Roys-

posed arg1) an increase in sound pressure lateral to earplugs due to an ter, J. D., and Royster, L. H1998. “Development of a new standard

increase in the ear canal radiation impedance by earmi@fgin increase laboratory protocol for estimating the field attenuation of hearing protec-
in sound pressure medial to earmuffs due to an increase in the ear canakion devices. Ill. The validity of using subject-fit data,” J. Acoust. Soc.
input impedance by earplugsee Schroeter and Poesselt, 19&hd (3) Am. 103 665—672.

vibrational coupling through the tissue lining the ear ca@ilaw, 1982 Berger, E. H., Franks, J. R., and Lindgren(E996. “International Review
To our knowledge, no definitive evidence exists that there is an interaction of Field Studies of Hearing Protector Attenuation,” tientific Basis of
between earmuffs and earplugs, and evidence in the present study indi-Noise-Induced Hearing Losedited by A. Axelsson, H. M. Borchgrevink,
cates that any interaction is negligible at 500 Hz and bekse Footnote R. P. Hamernik, P. A. Hellstrom, D. Henderson, and R. J. Sdlkieme,
15). We anticipate that any interaction at higher frequencies would not be New York), pp. 361-377.
important for the following reasongl) The magnitude of the radiation Berger, E. H., and Kerivan, J. F1983. “Influence of physiological noise
impedance is comparable to the impedance of the volume under earmuffsand the occlusion effect on the measurement of real-ear attenuation at
above about 1 kHzSchroeter and Poesselt, 198&) the volume occu- threshold,” J. Acoust. Soc. AniZ4, 81-94.
pied by an earplug is only a few percent of the total volume under earCasali, J. G., and Berger, E. H996. “Technology advancements in hear-
muffs; and(3) as frequency increases, the mass of the tissue lining the ear ing protection circa 1995: Active noise reduction, frequency/amplitude
canal should limit its vibration(This last point is supported by the fact  sensitivity, and uniform attenuation,” Am. Ind. Hyg. Assoc.57, 175—
that the occlusion effect decreases to near zero above about 1.6 kHz. 185.
15The fact that the objective attenuation for the earmuff/earplug combinatiorCasali, J. G., Mauney, D. W., and Burks, J. A995. “Physical vs psy-
does not differ significantly from the sum of the earmuff and earplug chophysical measurement of hearing protector attenuation—a.k.a. MIRE
objective attenuations below 500 Hz also indicates that any interaction vs REAT,” Sound Vib.29(7), 20-27.
between earmuffs and earplugs is negligible in this frequency range.  Cohen, M.(1998. “Theory of echo-planar imaging,” irEcho-Planar Im-
®Note that Berger's “bone conduction limit” applies to sound conducted aging: Theory, Technique and Applicatioedited by F. Schmitt, M. K.
from air to the head, as opposed to the bone conduction commonly re- Stehling, and R. TurneSpringer, Berlin, pp. 11-30.
ferred to by clinicians, which applies to vibrations coupled to the headDirks, D. D. (1994). “Bone-conduction threshold testing,” ilandbook of
mechanically(e.g., Dirks, 1994 Clinical Audiology edited by J. KatZWilliams and Wilkins, Baltimorg
Results similar to Berger’s were obtained by Schroeter and Poé5386 pp. 132—146.
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