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Approaches were examined for reducing acoustic noise levels heard by subjects during functional
magnetic resonance imaging~fMRI !, a technique for localizing brain activation in humans.
Specifically, it was examined whether a device for isolating the head and ear canal from sound~a
‘‘helmet’’ ! could add to the isolation provided by conventional hearing protection devices~i.e.,
earmuffs and earplugs!. Both subjective attenuation~the difference in hearing threshold with versus
without isolation devices in place! and objective attenuation~difference in ear-canal sound pressure!
were measured. In the frequency range of the most intense fMRI noise~1–1.4 kHz!, 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 frequencies~<500 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 Hz!, 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. ©2001 Acoustical Society of
America. @DOI: 10.1121/1.1326083#

PACS numbers: 43.50.Hg, 43.66.Vt, 43.50.Ki@MRS#
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I. INTRODUCTION

Functional magnetic resonance imaging~fMRI ! is
widely used to map the activity patterns of the human br
during sensory stimulation or the performance of a cognit
task. However, the high-level sound, or ‘‘acoustic noise
produced by the imaging equipment can be problematic
some fMRI investigations, particularly those focused on
central auditory system. Typically, subjects wear stand
hearing protection devices during fMRI~i.e., earmuffs or
earplugs; Savoyet al., 1999!, but this is not sufficient for
achieving the quiet conditions more typical of physiologic
and psychophysical studies of hearing. The noise can be
enough to mask the perception of sound stimuli~Shahet al.,

a!Portions of this material were presented at the 1997 American Spe
Language-Hearing Association meeting, Boston, MA, 23 November 19
the Twentieth and Twenty-first Midwinter Meetings of the Association
Research in Otolaryngology, St. Petersburg Beach, FL, 5 February
and 18 February 1998, and the Fourth International Conference on F
tional Mapping of the Human Brain, Montreal, PQ Canada, 11 June 1
216 J. Acoust. Soc. Am. 109 (1), January 2001 0001-4966/2001/1
n
e
’
r

e
d

l
ud

1999; Edenet al., 1999!, even when earmuffs and earplug
are worn. In addition, the noise itself can evoke brain ac
ity, which can then obscure the activity produced by t
intended stimuli~Bandettiniet al., 1998; Ulmeret al., 1998;
Talavageet al., 1999; Edmisteret al., 1999!. fMRI para-
digms that modify the timing of image acquisitions can
used to reduce the influence of the noise on brain activa
~e.g., Edmisteret al., 1999; Hall et al., 1999!, but these
modified paradigms compromise the temporal resolution
data-taking efficiency of the fMRI technique~see Melcher
et al., 1999, for a discussion!.

Acoustic noise in the imaging environment can ar
from several sources. The most intense noise is from
imager gradient coils that produce spatially and tempora
varying magnetic fields used in acquiring an image~e.g.,
Cohen, 1998!. This ‘‘gradient noise’’ occurs synchronousl
with each image acquisition and has the same predomi
frequency as the current driving the gradient coils~e.g., Hur-
witz et al., 1989; Schmittet al., 1998; Raviczet al., 2000!.
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We found that peak gradient-noise levels during fM
reached 123 dBre 20mPa in a 1.5-Tesla~T! imager and
138 dB in a 3-T imager; the gradient-noise spectra~calcu-
lated over a 10-ms window coinciding with the highe
amplitude noise! showed a prominent maximum at 1 kHz fo
the 1.5-T imager~115 dB SPL! and at 1.4 kHz for the 3-T
imager~131 dB SPL—Raviczet al., 2000!.1 ~Figure 4 con-
tains examples of noise waveforms.! Other sources of noise
include ~a! a pump for liquid helium used to cool the imag
er’s static magnet, and~b! the air-handling system in th
imager room. Pump and air-handling noise levels at our
stallation were 71 dB~A! ~80 dB SPL unweighted! with spec-
tral peaks at 125, 240, and 490 Hz~Ravicz et al., 2000!.
Other authors have reported similar gradient and backgro
noise levels for comparable imagers~e.g., Prieto et al.,
1998!.

Earmuffs and earplugs cannot reduce fMRI acous
noise to subaudible levels because there is a fundame
limit to their effectiveness. The limit arises because there
multiple routes by which sound is conducted to a subje
cochlea~e.g., von Gierke, 1956!. These multiple routes ar
shown schematically in Fig. 1. Earmuffs and earplugs red
conduction along the ear canal; however, sound imping
on a subject can still be conducted through the subject’s h
and body to the cochlea~von Gierke, 1956; Zwislocki, 1957
Berger, 1983!.2 This sound can be conducted~a! directly to
the cochlea;~b! to the middle ear and then to the cochlea;
~c! through the walls of the ear canal and along the ear ca
to the middle ear and cochlea~Khannaet al., 1976!. When
no hearing protection devices are worn, sound at the exte
ear conducted along the ear canal dominates the perce
sound. However, when earmuffs and earplugs are used
gether to reduce conduction along the ear canal, conduc
through the subject’s head and body can become signifi
~Zwislocki, 1957; Berger, 1983!, and protecting the ears fur
ther will not reduce the level of perceived sound. Shield
the head and body as well as the ears should, however,
duce reductions~von Gierke, 1956!.

The sound attenuation provided by earmuffs and e
plugs has been reported in several previous studies~Berger,
1983; Berger and Kerivan, 1983; Bergeret al., 1998; Casali
et al., 1995!, but the efficacy of devices for shielding th
head or body remains largely unexamined. In subjects w
ing earmuffs and earplugs, Nixon and von Gierke~1959!
found that cotton applied over the head~but not the ear-
muffs! could attenuate the perceived level of free-field sou

FIG. 1. Block diagram of sound conduction from the free field to the
chlea. Sound is conducted along three routes, labeled with ovals: alon
ear canal, through the head, and through the body. As indicated, earm
and earplugs reduce sound conduction along the ear-canal route. A h
enclosing the head is expected to reduce conduction along both the hea
ear-canal routes.
217 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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~confirming that the attenuation provided by earmuffs a
earplugs was indeed limited by conduction through
head!. However, they did not examine the degree of isolat
that might be achieved by shielding the ear as well as
head, nor did they attempt to test a shielding device for
in practice.

The objective of the present study was to build on t
experiments of Nixon and von Gierke by testing a device
isolating both the ear canal and the head from sound~Fig. 1!.
Because our particular interest was to reduce the imag
noise perceived by subjects during fMRI, we designed
head-shielding device~a ‘‘helmet’’! that could eventually be
used during imaging experiments. We investigated the
tenuation provided by~a! a helmet used with earmuffs, an
~b! a helmet used with earmuffs and earplugs together.
measured both~1! subjective attenuation, the attenuation
perceived sound~an indicator of the attenuation of soun
reaching the cochlea!, and ~2! objective attenuation, the at
tenuation of sound pressure in the ear canal. To determ
whether or not the helmet could provide substantial ad
tional attenuation beyond that provided by earmuffs and e
plugs, it was necessary to assess the attenuation provide
earmuffs and earplugs under the same experimental co
tions ~even though the attenuation of earmuffs and earpl
has been examined previously, e.g., Bergeret al., 1998!.

The data gathered in these investigations provided
opportunity to clarify the relative importance of the vario
sound conduction routes to the cochlea, particularly at h
frequencies where fMRI noise levels are highest. While i
known that ear canal, head, and body conduction can
contribute to perceived sound, the relative importance
these routes at a quantitative level remains largely un
solved. From an fMRI standpoint, we were interested in u
derstanding the conduction routes because this informa
can be used to design further noise reduction strategies.

II. METHODS

A. Subjects

Subjects were adult volunteers~eight men, two women!
with no auditory complaints or known hearing loss. Me
surements were generally made in one ear; in three subj
measurements were made in both ears. Experiments w
conducted in accordance with a protocol approved by
Human Studies Committee of the Massachusetts Eye and
Infirmary, and informed consent was obtained from all su
jects.

B. Devices tested

We tested several devices for isolating a subject’s e
and head from sound: earplugs, earmuffs, and helmets.

The earplugs and earmuffs tested were commercial m
els commonly used for hearing protection. Earplugs w
chosen from among five models of compressible foam e
plugs of different sizes and Noise Reduction Ratin
(NRRs; EPA,1979!: E•A•R E•Z•Fit ~NRR528 dB!, Howard
Leight Max-Lite (NRR533 dB), Howard Leight Laser-Lite
(NRR532 dB), Lab Safety Supply Sound Defense (NR
529 dB), Moldex Spark Plug (NRR531 dB). Earplug
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model and size were chosen by the investigators and su
for a snug yet comfortable fit in the ear canal. Prelimina
tests indicated that other types of earplugs, such as P
molded rubber/plastic, clay, or cotton/fiberglass, were alm
always less comfortable and often less effective for subje
Earmuffs were Howard Leight QM-26 dielectric muf
(NRR525 dB), nonmetallic, and therefore MRI compatibl
which included a hard thermoplastic shell and PVC-cove
foam cushions.

Two helmets for reducing sound transmission to a s
ject’s head were tested. The first helmet was large enoug
fit loosely over the head of a subject wearing earmuffs~Fig.
2!. This free-standing helmet consisted of a sheet of foa
barrier–foam composite~Netwell FBF-1!, comprising a layer
of 1/4-in. acoustic foam, a heavy barrier layer of 1/8-in
thick vinyl ~1 lb/in.2!, and a layer of 1-in. acoustic foam. Th
composite was rolled into a cylinder~1-in. foam layer inside!
and sealed top and bottom with a circular piece of the sa
composite. The bottom of the helmet was removable and
slit to allow installation around a subject’s neck. Any ga
between the subject’s neck and the helmet were filled b
laboratory towel. There was no contact between the hel
and earmuffs and no contact between the helmet and
subject except at the neck and shoulders. A second, la
helmet~which fit over and was supported by a mockup of
imager head coil! was constructed from a barrier–foam com
posite without the 1-in. foam layer~E•A•R E-0-10-25!. The
composite was oriented so the 1/4-in. foam layer was
tween the barrier layer and the mock head coil. This sec
helmet was also sealed at the top and bottom as desc
above for the first helmet. Ventilation air for the subject~8–9
l/min.! was provided through a long~;8 m! tube running
from a bottle of medical-grade compressed air through
wall of the helmet near the subject’s neck to the space un
the helmet and exhausted through the towel.

The materials used for the helmets were chosen for~1! a
high attenuation rating@STC527– 34 ~Sound Transmission
Class, e.g., Warnock and Quirt, 1998!#; ~2! a barrier layer
that is among the heaviest available in standard products;
~3! a foam decoupling layer.~The foam layer of the secon
helmet isolated the barrier layer from the mock head co!
Although we did not explicitly try different materials, we d
not expect that other, similar commercially available mate
als will provide significantly more attenuation unless th
STC is higher. Because the helmets were constructed
composites with similar attenuation ratings,3 we expected
that the two helmets would provide similar attenuations.
fact, they did, so we do not distinguish between the t
helmets in the results.

C. Measurement techniques

The effect of each isolation device or combination
devices~earmuffs, earplugs, helmet! was assessed two way
‘‘Subjective’’ attenuation was computed from differences
behavioral threshold to various sound stimuli@Sound Field
Real Ear At Threshold~REAT!#. ‘‘Objective’’ attenuation
was computed from measurements of sound pressure m
tude in a subject’s ear canal@Insertion Loss by Microphone
218 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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In Real Ear~MIRE!—Berger, 1986b#. In each case, measure
ments made with the subject wearing one or more isola
devices were compared with measurements with no dev
worn ~see Fig. 3!. Subjective attenuations were comput
from measurements of behavioral threshold~in dB! as

Subjective attenuation~ in dB!

5Threshold with device2Threshold with no device.
~1a!

Similarly, objective attenuations were computed from me
surements of ear-canal sound pressurePEC ~normalized by
stimulus level! as

Objective attenuation~ in dB!

5203 log10 ~PEC with no device/

PEC with device!. ~1b!

Measurements were performed with a subject seated
soundproofed, acoustically deadened chamber at the Ea
Peabody Laboratory in Boston, MA. Background noise le
els were 0 dB SPL or less above 200 Hz~Vér et al., 1975!.
Sound stimuli were played over a wide-range loudspea
~Radio Shack #40-1354! located approximately 45 cm from
a subject’s ear~usually the left! at an azimuth of 90° from
the midline and 0° elevation@Fig. 3~A!#.4 A foam earplug
was inserted by the experimenter into the ear canal oppo
the loudspeaker~to approximately the depth of a ‘‘standar
insertion,’’ Berger, 1983, 1986b!, where it remained
throughout the experiment.5

Sound pressurePEC was measured in the ear canal clo
est to the loudspeaker. A short, thin, stiff plastic probe tu
~;22 mm length, 1.14-mm inner diameter, 1.57-mm ou
diameter! was attached to a hearing aid micropho
~Knowles EK-3027! with cyanoacrylic cement. The micro
phone was inserted into the subject’s concha so the pr
tube extended approximately 15 mm into the ear canal.

FIG. 2. Realistic view of a subject wearing the first helmet and earmu
The helmet is shown cut away to illustrate how it fit loosely over the head
a subject wearing earmuffs; in actuality, it enclosed the subject’s en
head.
218M. E. Ravicz and J. R. Melcher: Isolation from fMRI noise
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microphone was taped to the tragus to hold it in place. C
was taken not to obstruct the entrance to the ear canal an
keep the tip of the probe tube away from the ear-canal w
For configurations that included an earplug as a test de
@Figs. 3~B! and ~D!#, the probe tube was threaded through
hole in the earplug made with a hypodermic needle such
only the microphone remained outside the earplug@Fig.
3~B!, right panel#.6 The earplug was inserted by the expe
menter into the ear canal. A standard insertion was alw
attempted; however, because the probe tube, microph
and microphone cable increased the difficulty of inserting
earplug, a lesser insertion was realized in some cases~i.e., a

FIG. 3. Diagram of techniques used to measure sound pressure in th
canal and behavioral thresholds. Measurements were made with no iso
~A! and with different combinations of test devices: earplugs~B, left panel!,
earmuffs~C!, earmuffs and earplugs together~D!, a helmet and earmuffs
together~E!, and a helmet with earmuffs and earplugs together~not shown!.
Details of the attachment between the earplug, microphone, and probe
are shown in~B!, right panel; also shown is the position of the clay used
test whether the microphone was acoustically isolated from the sound
outside the ear.
219 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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‘‘partial insertion,’’ Berger, 1983, 1986b!.7 After PEC was
measured with the test earplug in place, the earplug
removed from the ear, and the microphone and probe t
were extracted intact from the earplug and reinserted in
ear canal at approximately the same location. To be sure
the characteristics of the microphone and probe tube w
unaffected by these procedures, we checked that the cal
tion of the microphone with its probe tube was the same
the beginning and the end of each experiment. For the c
bration, the microphone with probe tube was sealed to
end of a custom-made acoustic source and the microph
output was measured in response to a broadband chirp st
lus ~see Sec. D!.

For configurations that included earmuffs as a test
vice @Figs. 3~C!, ~D!, and~E!#, the earmuffs were positione
by the subject to maximize comfort, with assistance by
experimenter, who ensured that there was a seal betw
earmuff cushion and head. The microphone cable was ro
between the earmuff cushion and the subject’s head. For
figurations that included a helmet@Figs. 3~E! and ~F!#, the
helmet was positioned by the experimenter. The microph
cable was routed along the subject’s neck.

For each combination of devices,PEC was measured
first to assess the fit of the noise reduction device~s!. The
subject’s behavioral thresholds were then determined in
sponse to imager noise and tone-burst stimuli~described in
Sec. D below!. Subjects were provided with a push butto
that controlled a buzzer in the control area outside the sou
proofed room and were instructed to keep the button pres
as long as they heard one stimulus presentation per sec
Stimuli were initially presented at approximately 20 dB S
Stimulus level was then reduced in 3-dB steps at appro
mately 3-s intervals as long as the button was pressed. O
the subject released the button, stimulus level was increa
in 3-dB steps until the subject again responded. Th
response/no-response cycles were usually sufficient to es
lish a reliable threshold. Typically, the first sound press
and threshold measurements in each session were made
multiple noise reduction devices in place@e.g., Fig. 3~E!#;
devices were then removed progressively until the last m
surement was made with no device in place.

D. Stimuli

For ear-canal sound-pressure measurements, broad
chirps~12 Hz–14 kHz! were played over the loudspeaker
80–95 dB SPL~as measured in the subject’s ear canal! for
approximately 90 s. For behavioral threshold measureme
we chose test stimuli based directly on fMRI acoustic nois8

Two types of stimuli were used:~1! 650-ms segments o
previously digitized 1.5- and 3-T imager noise~including
gradient noise—Fig. 4!, and~2! tone bursts~50-ms duration!
at 1 and 1.4 kHz~the predominant frequencies of the grad
ent noise in the 1.5-T imager and the 3-T imager, resp
tively!, 2 and 2.8 kHz~second harmonics, also prominent
the noise spectra!, and 500 Hz~a prominent lower-frequency
peak in the noise spectra!. Each imager noise segment co
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responded to a single image acquisition~Raviczet al., 2000!.
All stimuli had 5-ms rise–fall times and were presented a
rate of 1/s.

E. Some potential sources of measurement error

One potential source of error in earplug objective atte
ation measurements is sound conducted directly to the
crophone through the microphone case rather than the p
tube. During measurements of ear-canal pressure with
earplug in place, the microphone@outside the ear—Fig. 3~B!#
is in a more intense sound field than the tip of the probe t
in the ear canal medial to the earplug. If sound conduc
through the microphone case to the microphone were c
parable to or greater than ear-canal sound pressure, ea
attenuations would be artifactually low. While measuri
ear-canal pressure with an earplug in place, we encased
microphone in a heavy clay@Fig. 3~B!, right panel#, thereby
isolating it from the sound field outside the ear. Adding t
clay produced no difference in the microphone output. T
indicates that sound conduction through the microphone c
to the microphone did not contaminate our measurement
earplug attenuation.

We considered whether physiological noise in the
canal might result in errors in our subjective attenuat
measurements. This consideration was prompted by rep
that masking of auditory stimuli by higher levels of phys
ological noise in the occluded versus unoccluded ear ca9

could cause overestimations of the attenuation of earm
and earplugs~Berger and Kerivan, 1983!. The amount of
overestimation was shown by Berger and Kerivan to be
significant for measurements of earplug and earmuff atte
ation at 500 Hz and above. Since the frequency range of

FIG. 4. Imager noise stimuli. In each panel, the waveform from 0 to 650
is imager noise recorded in 1.5-T~A! and 3-T imagers~B!; the remainder is
zero padding~dotted line! for a 1-s presentation period. The high-intens
portions of the noise waveforms@e.g., 80–150 ms in~A!, 5–40 ms in~B!#
are due to gradient coil activity. The waveforms have been normalize
their respective peaks.
220 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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subjective attenuation measurements was>500 Hz, we as-
sume that any such overestimations did not cause signifi
errors in our measurements.

A second potential source of error in the subjective
tenuation measurements arises because different route
sound conduction are important with different configuratio
of isolation devices. For no devices@Fig. 3~A!#, behavioral
thresholds presumably are indicative of sound reaching
cochlea~on the side closest to the loudspeaker!. However,
for device configurations where head and/or body conduc
contributes significantly to the perceived sound~see Secs. III
C, D, E!, behavioral thresholds could reflect sound reach
both cochleae rather than only one. The implication is t
behavioral thresholds with certain devices may be artificia
low ~because threshold reflects sound reaching both coch
instead of only one!, in which case subjective attenuatio
would be artifactually low@see Eq.~1a!#. We estimated that
the threshold might differ by as much as 3 dB depending
whether sound was detected with one or both cochl
~based on the difference between minimum audible pres
and minimum audible field; Moore, 1997!. Therefore, it is
possible that subjective attenuations may have been und
timated by as much as 3 dB in circumstances where h
and/or body conduction was important~see also Berger and
Kerivan, 1983!. We took this into consideration in deducin
the dominant routes of sound conduction for different dev
configurations~Sec. III! as follows: In our deductions~which
are based on comparisons of objective and subjective att
ations and comparisons of subjective attenuations for dif
ent device configurations! we consider only differences in
excess of 3 dB.

III. RESULTS

A. Overview

Objective and subjective attenuations were measured
the four configurations of isolation devices shown in Fig
3~B!–~E! and for a fifth combination comprising earmuff
earplugs, and a helmet. The subjective attenuations for e
of the device combinations are listed in Table I. Both obje
tive and subjective attenuations are shown in Figs. 5–8.
helmet/earmuff combination provided higher objective a
subjective attenuations than the earmuff/earplug comb
tion. The helmet/earmuff/earplug combination provided t
highest objective and subjective attenuations of all confi
rations tested.

B. Earmuffs or earplugs

1. Objective and subjective attenuations

Attenuations for earmuffs@Fig. 3~C!# are shown in Fig.
5~A!. The mean objective attenuation for earmuffs10 @solid
line in Fig. 5~A!# increased with increasing frequency up
approximately 1 kHz.~Note that increasing attenuation
plotted downward.! Above 1 kHz, objective attenuation
ranged from 29–41 dB. The lesser attenuation at low co
pared to high frequencies is characteristic of passive atte
ation devices~e.g., Nixon, 1979; Berger, 1983!. Mean sub-
jective attenuations for tone-burst stimuli@1, 1.4, 2, 2.8 kHz;
circles in Fig. 5~A!; see Table I# were between 32 and 37 dB

s

to
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e sp
. The
TABLE I. Summary of subjective attenuation measurements in this study and previous reports using similar earmuffs and earplugs. Attenuations arecified
in dB (mean61 standard deviation). Attenuations for this study are based on data inN ears; the datum for each ear is the average of 1–3 measurements
previous studies of earmuff attenuation used Bilson UF-1 earmuffs,a presented mean results for several types of earmuffs,b or did not specify the type used.c

The previous studies of earplug attenuation used E•A•R® Classic® foam earplugsa or did not specify the type used.c

Subjective attenuation of various sound stimuli~dB!

Stimuli
Imager noise Tone bursts

Isolation device
This study

Number
of earsN

1.5-T
~1 kHz!

3.0-T
~1.4 kHz! 500 Hz 1 kHz 1.4 kHz 2 kHz 2.8 kHz

Earmuffs 5 3066.0 3763.9 ¯ 3266.9 3764.7 3467.9 3563.8
Earplugs 3 2666.1 2560.8 ¯ 2864.2 2766.8 3562.4 4161.0
Earmuff/earplug 8 41668 3964.0 4168.6 4166.5 3966.5 4767.1 4865.8

combination
Helmet/earmuff 3 4762.7 5261.7 ¯ 5060 5866.9 56610.4 6466.4

combination
Helmet/earmuff/ 5 5769.7 6369.9 5865.5 5567.3 6369.7 6665.8 8262.1

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, 7.463.6 14.063.4 20.763.3 29.263.8 ¯ 31.764.2 ¯

‘‘Subject fit’’ a

Earmuffs, 963.6 1264.0 1964.7 2764.9 ¯ 2865.2 ¯

mean of several studiesa

Earmuffsb 1364.5 1965.5 2665.5 3467.0 ¯ 3266.5 3368.0
Stimuli: pure tones

Earplugs, 21.467.8 22.067.8 24.267.8 25.266.9 ¯ 31.064.7 ¯

‘‘Subject fit’’ a

Earplugs, 1769.0 1768.7 2069.2 2268.5 ¯ 2968.3 ¯

mean of several studiesa

Earmuff/earplug 37.564.6 41.865.1 51.366.7 47.864.2 ¯ 37.363.5 46.864.5
combinationc

aCompiled by Bergeret al., 1998.
bCasaliet al., 1995.
cBerger, 1983, for ‘‘small-volume’’ earmuffs and earplugs inserted to ‘‘standard depth’’~50%–60% of earplug in ear canal!.
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and were 1–5 dB lower than objective attenuations at co
sponding frequencies,11 but these differences were not stat
tically significant~p.0.2 for all four frequencies, Student’
unpairedt test; Presset al., 1988!. The subjective attenuatio
for 1.5-T imager noise@30 dB; square in Fig. 5~A!# did not
differ significantly from the subjective attenuation for ton
bursts at the predominant frequency of the 1.5-T grad
noise ~1 kHz; p.0.6!. Similarly, the subjective attenuatio
for 3-T imager noise@37 dB; triangle in Fig. 5~A!# did not
differ significantly from the subjective attenuation for ton
bursts at the predominant frequency of the 3-T gradient n
~1.4 kHz; p.0.9!. All of the results indicate that earmuff
provide approximately 35 dB of attenuation in the frequen
range of imager gradient noise~1–1.4 kHz!.

Attenuations for earplugs@Fig. 3~B!# are shown in Fig.
5~B!. Data from all of the earplug types tested~of different
sizes and NRRs! have been combined. Mean objective a
tenuation@solid line in Fig. 5~B!# generally increased with
increasing frequency up to approximately 3 kHz where
reached a maximum of 41 dB. At still higher frequencie
objective attenuation decreased slightly as frequency
creased. Mean subjective attenuations for tone bursts a
1.4, 2, and 2.8 kHz~27–41 dB; see Table I! did not differ
significantly from objective attenuations at correspond
frequencies~1–3-dB difference;p.0.7 for all four frequen-
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cies!. Subjective attenuations for imager noise~26 and 25 dB
for 1.5- and 3-T noise, respectively! did not differ signifi-
cantly from those for tone bursts at the predominant frequ
cies of the gradient noise (p.0.6). In the frequency range o
the gradient noise, all of the results indicate that earpl
provide approximately 27 dB of attenuation.

2. Comparison with previous studies

Our measurements of earmuff and earplug attenuat
are in general agreement with previous reports~Casaliet al.,
1995; Royster et al., 1996; Berger, 1983; Berger an
Kerivan, 1983; Bergeret al., 1996, 1998!.12 Our objective
attenuations for earplugs are within the range of Berger
Kerivan’s ~1983! ‘‘partial insertion’’ earplug data over the
frequency range that the two sets of measurements hav
common ~125 Hz–2 kHz!. Our objective attenuations fo
earmuffs are also within the range of previously repor
values~125 Hz–3.15 kHz!, with some exceptions. They ar
less than attenuations reported by Casaliet al. ~1995! in Bil-
som earmuffs below 500 Hz and less than attenuations
ported by Berger and Kerivan~1983! in David Clark 19A
earmuffs below 1 kHz. A possible reason for these discr
ancies is that the earmuffs used by Casaliet al. and Berger
and Kerivan may have had a larger volume than ours—lar
221M. E. Ravicz and J. R. Melcher: Isolation from fMRI noise
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volume earmuffs have been shown to provide greater atte
ation at low frequencies than small-volume earmu
~Berger, 1983!. Our subjective attenuations for earmuf
and earplugs are in close agreement with previous rep
~Table I!.

3. Dominant conduction route

The fact that our objective and subjective attenuatio
do not differ significantly for either earmuffs or earplug
indicates that sound in the ear canal fully accounts for
sound perceived by subjects wearing either earmuffs or
plugs. Therefore, conduction through the head and bod
the cochlea is not important with these devices:for earmuffs
or earplugs, the dominant sound conduction route is alo
the ear canal.

C. Earmuffs and earplugs in combination

1. Objective and subjective attenuations

The attenuation provided by earmuffs and earplugs u
together@Fig. 3~D!# is shown in Fig. 6~A!. Objective attenu-
ation for this ‘‘earmuff/earplug combination’’ generally in
creased with increasing frequency up to approximately
dB at 3–4 kHz and then decreased. Subjective attenuat
for tone bursts~0.5, 1, 1.4, 2, and 2.8 kHz—see Table!
were between 39 and 48 dB. At 1.4, 2, and 2.8 kHz, sub

FIG. 5. Attenuation of earmuffs~A! and earplugs~B!. In both panels, the
solid curve is the mean objective attenuation for nine ears~in seven
subjects—earmuffs; six subjects—earplugs!; shading indicates61 standard
deviation~s.d.!. Symbols indicate mean subjective attenuations in five s
jects ~earmuffs! or three subjects~earplugs!; error bars indicate61 s.d.
Subjective attenuations for tone bursts, 1.5-T imager noise, and 3-T im
noise are indicated by circles, squares, and triangles, respectively. Fo
plugs,61 s.d. was less than the dimensions of the symbols indicating
mean subjective attenuations for 3-T imager noise and 2.8-kHz tone bu
Subjective attenuations for imager noise are plotted at the predominant
dient noise frequencies indicated by vertical dotted lines~1.5 T: 1 kHz; 3 T:
1.4 kHz!. Subjective attenuations for tone bursts at 1 and 1.4 kHz have b
offset horizontally to the right for clarity.
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tive attenuations were significantly less than objective
tenuations~by 7–15 dB;p,0.02!. Subjective attenuations
for 1.5- and 3-T imager noise~41 and 39 dB! did not differ
significantly from the subjective attenuations for 1- and 1
kHz tone bursts, respectively (p.0.9). The subjective at-
tenuation for 3-T imager noise was significantly less than
objective attenuation at 1.4 kHz (p,0.004). Thus, subjec-
tive attenuations for frequencies>1.4 kHz were less than the
objective attenuations at corresponding frequencies.

2. Comparison of earmuff Õearplug combination with
earmuffs or earplugs alone

The attenuations provided by the earmuff/earplug co
bination can be compared to the attenuations for earmuff
earplugs alone using Fig. 6~A! and Table I. Objective attenu
ations for the earmuff/earplug combination exceeded the
tenuation provided by either device alone at all frequenc
(p,0.007), except that the attenuation of the earmu
earplug combination was not significantly greater than t
for earplugs alone near 125 Hz (p.0.1). Subjective attenu
ations for the earmuff/earplug combination significantly e
ceeded the subjective attenuations for earmuffs or earp
alone in most cases~by 9–15 dB;p,0.05!. The exceptions
are the 3-T imager noise and 1.4-kHz tone bursts, for wh
there was no significant difference in attenuation between
earmuff/earplug combination and earmuffs alone (p.0.3),
and 2.8-kHz tone bursts, for which the difference in atten
ation between the earmuff/earplug combination and earp
alone was not significant (p.0.1).

3. Dominant conduction routes

a. Comparison of objective and subjective attenuatio.
As a first step toward identifying the dominant routes
sound conduction to the cochlea in subjects wearing b
earmuffs and earplugs, we compared objective and sub
tive attenuations in Fig. 6~A!. The reasoning that motivate
this comparison was as follows: If the ear canal were
dominant sound conduction route, all the sound reaching
cochlea would pass through the earmuff and then the
plug, and objective attenuations would equal subjective
tenuations. Thus, a difference between objective and sub
tive attenuations would indicate that a significant amount
sound reaching the cochlea bypassed the ear canal, i.e.
conducted through the head and body to the middle or in
ear~the ‘‘ossicular’’ or ‘‘middle ear’’ and ‘‘inner ear’’ com-
ponents described in Khannaet al., 1976!. At 500 Hz, the
difference between the mean subjective and objective atte
ations was insignificant~1 dB!, suggesting that the ear can
was the dominant conduction route at 500 Hz. At 1 kH
subjective and objective attenuations differed to a grea
degree~by 6 dB!, but not significantly (p.0.1). At 1.4 kHz
and above, subjective attenuations were 7–15 dB less
objective attenuations, and the differences were signific
(p,0.02). The discrepancy between objective and sub
tive attenuations indicates that a significant portion of
sound reaching the cochlea at and above 1.4 kHz bypa
the ear canal, i.e., was conducted through the head an
body to the middle ear and cochlea.13
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FIG. 6. ~A! Objective and subjective attenuations for the earmuff/earp
combination. The solid curve is the mean objective attenuation for 12
~in nine subjects; shading indicates61 s.d.!; symbols are mean subjectiv
attenuations in eight subjects~error bars indicate61 s.d.!. Key to symbols
and vertical lines as in Fig. 5. Also shown are mean objective attenua
for earmuffs and earplugs from Fig. 5~thin dot-dashed and dotted curve
respectively!. ~B! Sum of mean earmuff and earplug attenuations~dot-
dashed curve and filled symbols! and attenuation for the earmuff/earplu
combination~solid curve and open symbols!. The results shown in this pane
are based only on the ears in which measurements were made in all th
the following conditions: earmuffs alone, earplugs alone, and the earm
earplug combination~objective: eight ears in six subjects; subjective: thr
subjects!. ~C! Subjective attenuations for the earmuff/earplug combinat
~symbols! compared to the mean ‘‘bone conduction limit’’61 s.d. mea-
sured by Berger~1983! in subjects wearing special highly attenuating e
muffs and deeply inserted earplugs~hatched area!.
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b. Comparison of earmuff/earplug attenuation
summed earmuff and earplug attenuations. To further exam-
ine the routes of sound conduction for the earmuff/earp
combination, we~a! calculated what the attenuations for th
earmuff/earplug combination would be if the ear canal w
the only important sound conduction route, and~b! compared
the calculations with our measurements of attenuation for
earmuff/earplug combination. If the ear canal were the o
important route, all of the sound reaching the ear canal
cochlea would pass through the earmuff and then the ear
~Fig. 1!. In this case, the attenuation for the earmuff/earp
combination would be the sum~in dB! of the individual ear-
muff and earplug attenuations, assuming that there is no
teraction between earmuff and earplug.14 Therefore, as a tes
of whether the ear canal was the dominant route, we ad
the attenuations for earmuffs and earplugs alone and c
pared the result with the measured attenuation for
earmuff/earplug combination. The idea was that any sign
cant discrepancies would indicate sound conduction
routes other than the ear canal route.

The summed earmuff and earplug objective attenuati
are shown in Fig. 6~B! along with the objective attenuatio
measured for the earmuff/earplug combination. The atten
tion for the earmuff/earplug combination~solid line! does
not differ significantly from the sum of the earmuff and ea
plug objective attenuations~dashed line! below 500 Hz
(p.0.4). This result supports the view that most low
frequency sound reaches the cochlea along the ear c
route, not through the head or body.15 In contrast, at high
frequencies~.500 Hz!, the measured attenuation for th
earmuff/earplug combination was significantly less than
sum of the objective attenuations for earmuffs and earpl
(p,0.003). The difference was greatest~20 dB! near 1.4
kHz. An interpretation of this disparity at high frequencies
that sound was conducted through the head and/or bod
the ear canal medial to the earplug@Khannaet al.’s ~1976!
‘‘external ear component’’# when the earmuff/earplug com
bination was worn.

Summed earmuff and earplug subjective attenuations
also shown in Fig. 6~B! along with subjective attenuation
measured for the earmuff/earplug combination. The sub
tive attenuations for the earmuff/earplug combination~open
symbols! were significantly less than the sum of the subje
tive attenuations for earmuffs and earplugs alone~filled sym-
bols!, by 20–35 dB for 1-, 1.4-, 2-, and 2.8-kHz tone burs
and imager noise~p,0.03 for all stimuli except 1.5-T im-
ager noise and 1.4-kHz tone bursts—p,0.06!. Thus, at high
frequencies~.500 Hz!, both subjective and objective attenu
ations for the earmuff/earplug combination were less th
the summed earmuff and earplug attenuations. These c
parisons support the view that, at high frequencies~.500
Hz!, sound conducted to the cochlea via the head and
body limits the attenuation of earmuffs and earplugs wh
both are worn.

c. Comparison with Berger’s ‘‘bone conduction limit.
The importance of head and body conduction for t
earmuff/earplug combination at high frequencies but no
low is further supported by a comparison of earmuff/earp
attenuations and Berger’s~1983! ‘‘bone conduction limit.’’16
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Berger~1983! estimated his bone conduction limit by me
suring subjective attenuations in subjects wearing deeply
serted earplugs and large lead earmuffs that presum
blocked sound conduction along the ear canal so that
perceived sound was conducted through the head and
~see also Zwislocki, 1957; Nixon and von Gierke, 1959!.17

Hence, the bone conduction limit is an upper bound on
noise reduction possible using hearing protection that tr
only sound conduction along the ear canal~Berger, 1983,
1986a!. At 500 Hz, subjective attenuation for the earmu
earplug combination was below Berger’s bone conduct
limit @Fig. 6~C!#, which further supports the idea that the e
canal was the dominant conduction route to the cochle
500 Hz. At 1 kHz and above, subjective attenuations w
similar to Berger’s bone conduction limit@Fig. 6~C!# which
further supports the conclusion that head and/or body c
duction are important at high frequencies~.500 Hz! when
both earmuffs and earplugs are worn.

FIG. 7. ~A! Mean objective and subjective attenuations for the helm
earmuff combination61 s.d.~objective: solid curve and shading, six ears
six subjects; subjective: symbols and error bars, three subjects!. Key to
symbols and vertical lines as in Fig. 5. Also shown is the mean objec
attenuation for earmuffs from Fig. 5~A! ~dot-dashed curve!. ~B! Mean ob-
jective and subjective attenuations for the helmet/earmuff combina
@solid curve and symbols from~A!#, sum of mean earmuff and helmet ob
jective attenuations~dashed curve!, and mean objective attenuation for th
helmet alone~dotted curve; six ears in six subjects!.
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d. Summary. Our data are consistent with the view tha
at low frequencies~<500 Hz!, the ear canal is the dominan
sound conduction route to the cochlea when the earm
earplug combination is worn. Comparisons between ob
tive and subjective attenuations and between individual
combined attenuations indicate that,at higher frequencies,
sound conduction through the head and/or body contribu
significantly to the sound perceived by subjects wearing
earmuff/earplug combination. Above 500 Hz, the sound is
conducted through the head and/or body to the ear cana
1.4 kHz and above, sound is also conducted to the middle
and cochlea.

D. Helmet and earmuffs in combination

1. Objective and subjective attenuations

To investigate whether reducing sound conduct
through the head would lead to further attenuation with e
muffs beyond that possible with earplugs, we measured
attenuation provided by a ‘‘helmet’’ worn over earmuf
@Fig. 3~E!#. The mean objective attenuation for the ‘‘helme
earmuff combination’’@solid line in Fig. 7~A!# generally in-
creased with increasing frequency up to approximately
kHz. Above 1 kHz, objective attenuations ranged from a
proximately 60–80 dB. Mean subjective attenuations
tone-burst stimuli@1, 1.4, 2, 2.8 kHz, circles in Fig. 7~A!#
and imager noise~square and triangle! ranged from 47–64
dB. Subjective attenuations for 1.4-, 2-, and 2.8-kHz to
bursts were not significantly different from objective atten
ations at corresponding frequencies, but subjective atten
tions for all other stimuli were significantly less than obje
tive attenuations at corresponding frequencies~by 11–16 dB;
p,0.02!. Our subjective attenuation data indicate that t
helmet/earmuff combination reduced perceived sound
47–58 dB in the frequency range of the imager noise~1–1.4
kHz!—see Table I.

2. Comparison of helmet Õearmuff combination with
earmuffs alone and with the earmuff Õearplug
combination

The helmet/earmuff combination provided more atten
ation than earmuffs alone in most instances. For example
mean objective attenuation for the helmet/earmuff combi
tion was significantly greater than that for earmuffs at 2
Hz and above@p,0.002; Fig. 7~A!#. The mean subjective
attenuations for the helmet/earmuff combination excee
those for earmuffs alone by 15–29 dB~p,0.005; see
Table I!.

The helmet/earmuff combination also provided more
tenuation at high frequencies than the earmuff/earplug c
bination. Mean objective attenuation was significan
greater for the helmet/earmuff combination at 1 kHz a
above (p,0.03), except near 2 kHz (p.0.1). For 3-T im-
ager noise and 1-, 1.4-, and 2.8-kHz tone bursts, mean
jective attenuations were significantly greater for the helm
earmuff combination~9–19 dB! as compared to the earmuf
earplug combination~p,0.04; see Table I!.
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3. Reduction in sound conduction through the head
and ear canal at high frequencies ( Ì500 Hz)

Three lines of evidence indicate that the helmet/earm
combination reduced sound conduction through the hea
well as through the ear canal. First, the helmet/earmuff co
bination provided more subjective attenuation than
earmuff/earplug combination for 1-, 1.4-, and 2.8-kHz to
bursts and for 3-T imager noise. This is relevant because
attenuation provided by the earmuff/earplug combination
high frequencies~.500 Hz! was limited by conduction
through the head and/or body, so the greater attenuation
vided by the helmet/earmuff combination could be achiev
only by a reduction in conduction through the head~since the
helmet did not enclose the body!. Second, subjective attenu
ations for the helmet/earmuff combination exceeded the
timated upper limit for ear canal attenuation@i.e., exceeded
Berger’s ‘‘bone conduction limit’’ in Fig. 6~C!# for most of
the test stimuli~3-T imager noise and 1.4-, 2-, and 2.8-kH
tone bursts!. This indicates that the helmet reduced sou
transmission along an additional route, i.e., through the he
Third, the objective attenuation for the helmet/earmuff co
bination was approximately equal to the sum of the in
vidual objective attenuations of the helmet and earmu
@Fig. 7~B!#, which indicates that little or no sound reach
the ear canal by passing through the body, head, and
canal walls.18 In short, the helmet proved effective in its in
tended function, reducing sound conduction through
head as well as the ear canal.

4. Dominant conduction routes

Our deductions concerning the dominant routes of so
conduction for the helmet/earmuff combination are as f
lows. Our reasoning is based on our previous conclus
that, when earmuffs alone are worn, sound is conducte
the cochlea primarily along the ear canal rather than thro
the head or body. Placing the helmet over earmuffs pres
ably reduced the sound reaching the ear canal and head t
same degree and therefore did not alter the relative im
tance of the ear canal versus head conduction routes.
implies that sound conducted through the head contribu
negligibly to the perceived sound when the helmet/earm
combination was worn. Instead, the perceived sound
presumably dominated by sound conducted through the
canal, body, or both.

The relative importance of ear canal vs body conduct
at high frequencies~.500 Hz! can be deduced by conside
ing the relationship between objective and subjective atte
ations if only the ear-canal route were important and co
paring this hypothetical situation with our data. If only ea
canal conduction were important, sound pressure in the
canal would fully account for the sound perceived by a s
ject wearing the helmet/earmuff combination, so subject
and objective attenuations would be the same. Alternativ
if body conduction were important as well, objective a
subjective attenuations would not necessarily be equal
cause subjects could hear sound conducted to the coc
that bypassed the ear canal. Hence, any significant disc
ancy between measured objective and subjective attenua
would imply that conduction through the body was importa
225 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
ff
as
-

e

he
t

ro-
d

s-

d
d.
-
-
s

ar

e

d
-
n
to
h
-

the
r-

his
d

ff
s
ar

n

u-
-

ar
-
e
y,

e-
lea
p-
ns
t

~see Sec. III C 3!. In fact, subjective and objective attenu
tions for the helmet/earmuff combination did differ signifi
cantly for 1-kHz tone bursts and 1.5- and 3-T imager noi
by 11–16 dB. Thus, conduction through the body appare
contributed to the sound heard when the helmet/earm
combination was worn, at least at some frequencies. The
that adding earplugs to the helmet/earmuff combinat
tended to increase subjective attenuations~see Sec. III E 2!
supports the idea that conduction along the ear canal
contributed to the perceived sound when the helmet and
muffs were worn. In short, we conclude that,for the helmet/
earmuff combination, the dominant routes of sound cond
tion to the cochlea at high frequencies (.500 Hz) are
through the ear canal and body.

In contrast to the situation at high frequencies, our d
suggest that the ear canal is the dominant sound conduc
route at low frequencies when the helmet/earmuff combi
tion is worn. The reasoning follows from the earlier concl
sion that the attenuation for the earmuff/earplug combinat
at low frequencies~<500 Hz! was not limited by conduction
through the head and body, i.e., conduction was ma
along the ear canal~Sec. III C 3!. This conclusion, coupled
with the fact that the objective attenuation for the helm
earmuff combination was less than that for the earmu
earplug combination at most low frequencies@compare solid
lines in Figs. 6~A! and 7~A!#, suggests that the ear canal w
also the dominant conduction route for low-frequency sou
when the helmet/earmuff combination was worn. Thus,when
the helmet/earmuff combination is worn, further low
frequency attenuation should be possible by reducing c
duction along the ear canal.

E. Helmet, earmuffs, and earplugs in combination
1. Objective and subjective attenuations

The attenuation provided by a helmet, earmuffs, and e
plugs used together is shown in Fig. 8. Objective attenua

FIG. 8. Mean objective and subjective attenuations for the helmet/earm
earplug combination61 s.d.~objective: solid curve and shading, five ears
five subjects; subjective: symbols and error bars, five subjects!. Key to sym-
bols and vertical lines as in Fig. 5. Mean attenuations for the helmet/earm
combination from Fig. 7~A! are shown for comparison@objective: dashed
curve; subjective: solid inverted triangles~gradient noise! and solid dia-
monds~tone bursts!#. Solid symbols are offset slightly to the left for clarity
225M. E. Ravicz and J. R. Melcher: Isolation from fMRI noise
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increased with increasing frequency to a maximum of 87
near 2.5 kHz and then decreased with increasing freque
Subjective attenuations for tone bursts at 0.5, 1, 1.4, and
kHz did not differ significantly from objective attenuations
corresponding frequencies~p.0.1 for all frequencies!—see
Table I. However, the subjective attenuation for tone bu
at 2 kHz was significantly less (p,0.008). Subjective at-
tenuations for 1.5- and 3-T imager noise~57 and 63 dB! did
not differ significantly from the attenuations for tone burs
at 1 and 1.4 kHz~55 and 63 dB!, respectively (p.0.1). All
of our subjective attenuation data indicate that the helm
earmuff/earplug combination reduces the perceived soun
approximately 60 dB in the frequency range of the ima
noise~1–1.4 kHz!.

2. Comparison of helmet Õearmuff Õearplug
combination with helmet Õearmuff and earmuff Õ
earplug combinations

The attenuations provided by the helmet/earmu
earplug combination and the helmet/earmuff combinat
can be compared using Fig. 8. For frequencies below 500
and near 2–3 kHz, objective attenuations for the helm
earmuff/earplug combination were significantly higher th
those for the helmet/earmuff combination (p,0.008); near 1
and 1.4 kHz and above 3 kHz there was no significant
ference (p.0.5). The mean subjective attenuations for t
helmet/earmuff/earplug combination~open symbols in Fig.
8! were systematically higher than those for the helm
earmuff combination~filled symbols!, although the differ-
ence in attenuation was significant only for 1.5-T imag
noise~p,0.05; Fig. 8, Table I; note that no subjective da
were taken at 500 Hz for the helmet/earmuff combinatio!.
Overall, the addition of earplugs to the helmet/earmuff co
bination tended to increase attenuation at most frequenc

The subjective attenuations provided by the helm
earmuff/earplug and earmuff/earplug combinations can
compared using Table I. For every stimulus, attenuati
were substantially greater~5–18 dB! for the helmet/earmuff/
earplug combination. This result allows a refinement of
earlier conclusion that the head and/or body conduc
routes are important at high frequencies when the earm
earplug combination is worn~Sec. III C 3!. The substantial
increase in subjective attenuation that is produced by ad
a helmet to the earmuff/earplug combination indicates thait
is specifically head conduction that dominates at high f
quencies when earmuffs and earplugs are worn together.

3. Dominant conduction routes

Our deductions concerning sound conduction routes
high frequencies~.500 Hz! for the helmet/earmuff/earplug
combination begin with a previous conclusion: For t
helmet/earmuff combination, the dominant routes of sou
conduction at high frequencies were through the ear ca
and body. When earplugs were added to the helmet/earm
combination~yielding the helmet/earmuff/earplug combin
tion!, sound conduction through the ear canal was pres
ably reduced substantially, by an amount equal to the ob
tive attenuation of earplugs@23–41 dB for frequencies.500
Hz; Fig. 5~B!# making conduction through the ear canal ne
226 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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ligible compared to conduction through the body. Thus,the
dominant route by which high-frequency sound was c
ducted to the cochlea for the helmet/earmuff/earplug com
nation was probably through the body.

Two results provide information about the domina
routes of sound conduction at low frequencies~< 500 Hz!
for the helmet/earmuff/earplug combination:~1! At 500 Hz,
the subjective attenuation for the helmet/earmuff/earp
combination was approximately equal to the objective
tenuation~Fig. 8!, indicating that sound primarily reache
the cochlea via the ear canal.~2! Adding earplugs to the
helmet/earmuff combination increased objective attenua
significantly at low frequencies~Fig. 8!. In fact, the increase
was approximately equal to the attenuation measured for
plugs alone@Fig. 5~B!#. This additivity suggests that~a! most
low-frequency sound was conducted along the ear canal,
~b! conduction to the ear canal through the head or body
not important at low frequencies when the helmet/earm
earplug combination was worn.

IV. DISCUSSION

Our experiments demonstrated that a helmet shield
the head can provide substantial additional attenuation
yond that provided by conventional devices for isolating
dividuals from sound, namely earmuffs and earplugs. In
course of these demonstrations, we systematically de
mined both objective~ear canal! and subjective attenuation
for various combinations of isolating devices. These data
abled deductions concerning the relative importance of th
different sound conduction routes to the cochlea: along
ear canal, through the head, and through the body.

A. Relative importance of sound conduction routes

1. High frequencies

Our measurements were focused on high frequen
~.500 Hz!, where fMRI noise levels are highest. At hig
frequencies, routes other than the ear canal were clearly
portant for several device configurations: the earmu
earplug combination, the helmet/earmuff combination, a
the helmet/earmuff/earplug combination.

The relative importance of the various conduction rou
can be estimated quantitatively by combining our attenua
data with the model in Fig. 1. Estimates of sound conduct
for the frequency range of the predominant gradient no
~1–1.4 kHz! are given in Fig. 9. For each combination
isolation devices, and for no isolation, estimates of sou
conduction for the ear canal, head, and body routes are g
in dB relative to conduction through the ear canal when
isolation devices are worn.

The estimates of ear canal, head, and body conductio
Fig. 9 were made as follows. When no isolation devices
worn, theear canalis the dominant route of sound condu
tion to the cochlea, and the level of ear-canal conduction
set to 0 dB, the maximum~Fig. 9, far left!. When there are
various combinations of earmuffs, earplugs, or helmet~Fig.
9, four right-most columns!, ear-canal conduction is reduce
from maximum by the total attenuation along the ear-ca
route. For earmuffs or earplugs, this is just the earmuff
earplug attenuation in the frequency range of the predo
226M. E. Ravicz and J. R. Melcher: Isolation from fMRI noise



an

en

t
n
n
t
e

uf
on
wa
m

is

u
,
t

s

ig
nu
e
a

a
on
on
r

m
od

he

the
cted

dy
ns

nd
l is

hen
long
n is

the
head
tes,
por-
d

is
the

ant
ed.
e

u-
w-

plug
use
se,
ger
an
ell

. In
di-

ere
ssi-
nd
a-
was
rce
and

ad
may

the
he
he

ject

an
ion
tio
in
d
ov
n

nant gradient noise~the estimates in Fig. 9 are based on
average of the attenuations at 1 and 1.4 kHz!. When there are
multiple devices, we assumed that the total ear-canal att
ation was the sum of objective attenuations~in dB! provided
by each individual device since sound passes through
various devices serially on its way to and along the ear ca
~Fig. 1; e.g., for the helmet/earmuff/earplug combinatio
ear-canal attenuation was calculated as the sum of
individual helmet, earmuff, and earplug objectiv
attenuations!.19

The level of sound conducted through theheadwas es-
timated from our subjective attenuation data for the earm
earplug combination. For this device configuration, we c
cluded that sound conduction along the ear canal
reduced to the point that conduction through the head do
nated the perceived sound~Secs. III C 3 and III E 2!. There-
fore, in Fig. 9 the head contribution for this configuration
below the ear-canal contribution with no isolation~0 dB! by
an amount equal to the earmuff/earplug subjective atten
tion ~approximately 40 dB!. For the purposes of this figure
we assume that the amount of sound conducted through
head~relative to maximum! is the same for no isolation a
for the earmuff/earplug combination.20 For the device con-
figurations that included the helmet, head conduction in F
9 was reduced by an amount equal to the objective atte
tion of the helmet~based on the assumption that the helm
reduced conduction to the head and ear canal by the s
amount!.

The level of sound conduction through thebody when
there is no isolation was estimated from our subjective
tenuation data for the helmet/earmuff/earplug combinati
For this device configuration, we concluded that sound c
duction along the ear canal and through the head was
duced to the point where conduction through the body do
nated the perceived sound. Therefore, in Fig. 9 the b

FIG. 9. Estimates of sound conduction to the cochlea through the ear c
head, and body at frequencies of imager gradient noise, for five condit
no isolation devices, earmuffs or earplugs, the earmuff/earplug combina
the helmet/earmuff combination, and the helmet/earmuff/earplug comb
tion. Contribution from each route to the perceived sound is indicated in
relative to conduction along the ear canal with no isolation. Labels ab
bars indicate the dominant route~s! of sound conduction for each conditio
~EC: ear canal!.
227 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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contribution is below maximum by an amount equal to t
helmet/earmuff/earplug attenuation~approximately 60 dB!.
Presumably, none of the devices we studied affected
body route to the cochlea, so the amount of sound condu
through the body~relative to maximum! is the same for all of
the situations in Fig. 9.

The relative importance of ear canal, head, and bo
conduction to the cochlea for various device configuratio
can be seen from Fig. 9. When there is no isolation~Fig. 9,
far left!, the ear canal is by far the dominant route of sou
conduction. Even when conduction along the ear cana
reduced by earmuffs or earplugs~Fig. 9, second from left!,
the ear canal remains the dominant route. However, w
earmuffs and earplugs are used together, conduction a
the ear canal is reduced to the point that head conductio
most important~Fig. 9, middle!. For the helmet/earmuff
combination, the helmet reduced conduction through
head as well as along the ear canal; consequently, the
route is less important than the ear canal and body rou
and the ear canal and body routes are comparable in im
tance~Fig. 9, second from right!. When earplugs are adde
to the helmet/earmuff combination, ear-canal conduction
reduced, and the dominant route of conduction is through
body.

2. Low frequencies

Our attenuation data at low frequencies~< 500 Hz! are
consistent with the idea that the ear canal was the domin
conduction route for every device configuration consider
However, it is likely that other routes would have becom
important if we had attempted to explore the limits of atten
ation achievable at low frequencies. For instance, the lo
frequency attenuations we measured for the earmuff/ear
combination are less than the maximum achievable beca
we used earplug insertion depths typical of everyday u
rather than the maximum insertion depth possible. Ber
~1983! has shown that conduction through routes other th
the ear canal can be significant at low frequencies as w
when earmuffs are used with deeply inserted earplugs
these circumstances, the helmet should still provide ad
tional low-frequency attenuation.

B. Sound conduction to the cochlea under imaging
conditions

The conditions under which our measurements w
made differ from those in an imager, which raises the po
bility that the relative importance of the ear canal, head, a
body routes might be different during imaging. For our me
surements, the subject was seated in a chair, their head
unsupported, and sound was delivered from a point sou
some distance away. In the imager, the subject’s position
the acoustic environment are different:~1! the subject typi-
cally lies supine on a patient table with their head in a he
coil. The subject’s head rests on the head coil, and there
be cushioning material packed between the head and
head coil to prevent the head from moving. Additionally, t
subject may hold a bite bar, which is rigidly attached to t
head coil, in his/her mouth to keep the head still.~2! Gradi-
ent noise comes from gradient coils surrounding the sub
rather than from a point source.~3! The patient table may
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vibrate in response to gradient coil or coolant pump activ
Consequently, unlike the experimental conditions of
present study, vibrations may be transmitted to the subje
head through the head coil or bite bar or to the head or b
through the patient table. Hence, the importance of the h
and body conduction routes relative to the ear canal could
higher in the imager than in the experimental setup in
soundproof room.

C. Achieving further noise reduction

1. Gradient noise

As we have seen, at the predominant frequencies of
ager gradient noise, sound conduction through the head
its the effectiveness of devices that treat only the ear ca
~e.g., earmuffs, earplugs, ‘‘noise-canceling’’ headsets—
the next section!, and sound conduction through the bo
limits the effectiveness of the helmet~which treats only the
head and ear canal!. Thus, reductions at gradient noise fr
quencies beyond those demonstrated here will require re
ing noise reaching the subject’s body as well as the head
ear canal.

One way to achieve further noise reduction would be
enclose the entire subject in sound-attenuating materia
logical extension of the helmet. The idea is that the sub
would lie in a sound-attenuating enclosure during imagi
The enclosure would contain integral ventilation, monito
ing, and communication equipment. In fact, using the enc
sure might be more expedient for imaging purposes t
fitting a subject with a helmet. If the enclosure were doub
walled, the attenuation provided might be increased furt
by drawing a vacuum between the inner and outer walls
isolating the inner wall mechanically from the outer wa
perhaps with active vibration isolation mounts. The atten
tion provided by such an enclosure used with earmuffs
earplugs would presumably be greater than that provided
the helmet/earmuff/earplug combination because the en
sure, unlike the helmet, would reduce transmission to
body as well as the head.

An alternative to the enclosure just described is
modify the imager to reduce noise transmission from
gradient coils to the subject~Raviczet al., 1999, 2000!. The
feasibility of this approach was demonstrated in a prelim
nary experiment which showed that lining the imager pati
tube ~in which the subject lies! with acoustic barrier–foam
composite reduced gradient noise levels in the imager
approximately 12 dB~Ravicz et al., 1999!. This represents
only a simple imager treatment; further reductions should
possible with additional treatment.

2. Pump and air-handling noise

Even with the helmet/earmuff/earplug combination, t
ear canal was probably still the dominant sound conduc
route in the frequency range of the pump and air-hand
noise~< 500 Hz; see Sec. III E 3!, so additional reduction in
the noise heard at these frequencies should be achievab
further reducing sound conducted along the ear canal. A
tional reduction should be achievable by inserting the e
plugs more deeply into the ear canal than they were in
228 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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study ~e.g., Berger, 1983!. A second approach for achievin
further reductions is active noise reduction~ANR or ‘‘active
cancellation’’!, which involves generating an inverted cop
of the noise waveform and introducing it at or near the ea
interfere destructively with the noise~e.g., Elliott and Nel-
son, 1993!. ANR can typically provide 10–20 dB of attenu
ation at low frequencies when applied in a small volum
such as that under an earmuff~e.g., Casali and Berger, 1996
McKinley et al., 1996!, and ANR systems have been deve
oped for MRI applications~Goldmanet al., 1989; Plaet al.,
1995; Palmer, 1998!. It is unlikely that substantial additiona
reductions can be achieved through design improvemen
earmuffs or earplugs because the technology of these dev
is relatively mature. In fact, most commercially availab
earmuffs and earplugs provide nearly as much attenuatio
experimental devices optimized for noise reduction~at the
expense of comfort or practicality—Zwislocki, 1957; Berge
1983!. Of course, the enclosure described in the previo
section for reducing gradient noise would also presuma
reduce pump and air-handling noise.

D. Noise reduction during imaging versus other high-
noise situations

Because the imaging environment has different dema
of noise reduction than most industrial environments, m
noise reduction options are available during fMRI. For mo
industrial environments, earmuffs or earplugs may be
only acceptable options for noise reduction because:~1! any
noise attenuation devices must be comfortable to wear f
work shift; ~2! the devices cannot limit the worker’s mobi
ity; and ~3! noise attenuation must not be so high that
worker’s awareness of his/her surroundings and ability
communicate are impaired. In contrast, for fMRI~1! noise
attenuation devices need be comfortable only for the du
tion of the imaging experiment~e.g., 1–3 h!; ~2! the subject
is immobile, so any contraints that mobility places on d
vices are not applicable; and~3! maintaining the subject’s
awareness of his/her surroundings is less important~in fact,
some subjects may be more comfortable if they are l
aware of their surroundings!, and communication can b
maintained through a headset~e.g., Savoyet al., 1999!.
Hence, for noise reduction during imaging, the emphasis
be more on maximal noise isolation without the comp
mises for comfort, mobility, awareness, and communicat
required in industrial environments. People exposed to h
noise levels in other environments in which the constrai
listed above do not apply may benefit from the noise red
tion techniques discussed in this paper.

E. Predicted imager noise levels experienced by
subjects

Our attenuation data can be combined with measu
ments of fMRI noise levels to estimate the effective no
levels experienced by subjects wearing various combinat
of isolation devices. Estimates for a given device combi
tion were obtained by subtracting the measured subjec
attenuations to 1.5- and 3-T imager noise for the device co
bination from gradient noise levels measured in 1.5- and
228M. E. Ravicz and J. R. Melcher: Isolation from fMRI noise
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imagers, respectively. With no isolation, gradient noise l
els were 115 dB SPL in the 1.5-T imager and 131 dB SPL
the 3-T imager~Fig. 10; Raviczet al., 2000!.21 With the
combination of the helmet, earmuffs, and earplugs, we e
mate that the effective gradient noise levels experienced
subject would be reduced to approximately 58 dB SPL in
1.5-T imager and 68 dB SPL in the 3-T imager. If, in add
tion, the imager patient tube is lined with acoustic barrie
foam composite~such as that used for helmet constructio
Ravicz et al., 1999!, effective gradient noise levels may b
reduced further to 46–56 dB SPL for the 1.5- and 3-T i
ager, respectively.22

Two important points are illustrated by Fig. 10:~1! Sub-
stantial reductions in the noise levels experienced by subj
can be achieved using a combination of conventional hea
protection devices and other devices~such as the helmet! that
isolate subjects from the imager noise.~2! Even if all of the
isolation methods described in this paper are used simu
neously, imager noise levels will still be well within the a
dible range. Achieving quiet experimental conditions duri
fMRI may require that less noise be produced by the imag

V. SUMMARY AND CONCLUSIONS

~1! Even when earmuffs and earplugs are used toge
to reduce acoustic noise levels during fMRI, the levels
high enough to interfere with investigations of the cent
auditory system.

~2! We determined that further reductions in imag
noise can be achieved using a helmet enclosing the hea
addition to earmuffs and earplugs. In the frequency rang
the most intense imager noise~i.e., gradient noise!, the at-
tenuation provided by earmuffs and earplugs is limited
sound conduction through the head. The helmet can be
to overcome this limit because it shields the head as we
the ear canal from sound.

~3! When a helmet, earmuffs, and earplugs are used
gether, the remaining gradient noise heard by a subjec
conducted mainly through the body. This indicates that

FIG. 10. Effective gradient noise levels experienced by subjects du
fMRI in 1.5-T and 3-T imagers~squares and triangles, respectively!. The
levels shown were measured directly~no isolation! or computed for various
devices or combinations of devices~filled symbols!. Also shown are esti-
mated noise levels for the helmet/earmuff/earplug combination with the
ager patient tube lined with acoustic barrier–foam composite~open sym-
bols!.
229 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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level of noise experienced by a subject could be redu
even further by shielding the entire body from the surroun
ing noise field.

~4! Using a combination of attenuation techniques, it
possible to bring the conditions during fMRI substantia
closer to the quiet conditions more typical of physiologic
and psychophysical studies of hearing.
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1These were General Electric imagers outfitted for echo-planar imaging
ANMR, Inc.

2In this paper we consider sound conduction through the head separ
from sound conduction through the rest of the body.

3The ratings are similar because both composites used for the helmets
tain the same barrier layer~and the barrier layer, rather than foam layer~s!,
primarily determines attenuation!. The heavy vinyl barrier layer in the com
posites provides an impedance mismatch that reduces sound transmi
The foam layer mechanically decouples the barrier layer from surfa
touching the composite.

4We located the sound source at 90° because we had no access to a s
reverberant room@as specified in ANSI S12.6~1996!#. The results we ob-
tained for earmuffs and earplugs were similar to those obtained by othe
reverberant rooms~e.g., Bergeret al., 1998!—see Sec. III. Since our ex-
periments compared noise reduction devices rather than rating the pe
mance of any one device, and since the experimental conditions did
change between measurements with different devices or combination
devices, our conclusions should be unaffected by the discrepancy bet
our measurement conditions and those specified in ANSI S12.6.

5This experimental configuration was used so that objective and subje
attenuations would reflect sound reaching the same ear@i.e., the subject’s
left in Fig. 3~A!# for no isolation @Fig. 3~A!#, earplugs@Fig. 3~B!#, or
earmuffs@Fig. 3~C!#. Sound-pressure measurements were always mad
the ear canal closest to the loudspeaker. We assumed that beha
thresholds would be indicative of the levels of sound reaching the coc
closest to the loudspeaker for the ‘‘no isolation,’’ ‘‘earmuff,’’ and ‘‘ear
plug’’ configurations because~a! the ear furthest from the loudspeaker wa
‘‘shadowed’’ by the head over the frequency range of our threshold m
surements~e.g., by 3–6 dB at 500 Hz, 9–12 dB at 2 kHz—Fedders
et al., 1957; Shaw, 1966, 1974!; ~b! for ‘‘no isolation’’ or ‘‘earmuffs,’’
more sound attenuation material was present on the ear furthest from
loudspeaker, and~c! the ear canal was the dominant sound conduction ro
to the cochlea~Sec. III A!. ~See Sec. II E for a discussion of the situatio
when the ear canal is not the dominant route.!

6In all cases, the earplug expanded to form a tight seal between the
probe tube wall and the earplug.

7Though a ‘‘deep’’ earplug insertion~Berger, 1983, 1986b! may have been
more appropriate for studies of conduction routes at low frequencies~i.e.,
< 500 Hz! because more attenuation could be achieved, the difference
attenuation between a partial, standard, and deep insertion were expec
be small in the frequency range of gradient noise~1 kHz and above!,
especially when used in combination with earmuffs~Berger, 1983!.
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8We chose these stimuli to provide the most direct test of the attenuatio
imager noise. They differ from the stimuli specified for use in assessing
attenuation of hearing protection devices~i.e., octave or 1/3 octave ban
noise; ANSI S12.6—1997!. An alternative approach in keeping with sta
dard procedures would have been to~a! measure the attenuation with stan
dard stimuli, and~b! infer the attenuation of imager noise from these me
surements and the noise spectrum. The similarity of our earmuff
earplug results to those obtained with standard stimuli suggests that th
methods are equivalent in our case~see Sec. III B!.

9This masking is one manifestation of the ‘‘occlusion effect’’ described
the audiological literature~e.g., Goldstein and Newman, 1994!. The occlu-
sion effect refers to the observation that the sound pressure within th
canal generated by vibration of the ear canal walls increases when th
canal is occluded~e.g., Goldstein and Hayes, 1965; Schroeter and Poes
1986!. Causes of ear-canal wall vibration include physiological proces
~e.g., Berger and Kerivan, 1983! or externally applied sound or vibration
conducted through the head~e.g., Khannaet al., 1976!.

10The objective attenuation curves throughout this paper have been int
lated above 1 kHz from the linear frequency spacing of the stimulus c
~12 Hz! to a logarithmic frequency spacing~15 pts./octave!.

11The objective attenuations used for these comparisons were calculat
follows. First, for each studied ear, the objective attenuation data w
interpolated as described in Footnote 10. The attenuation at a given
quency was the geometric mean of three points on the interpolated c
centered at the frequency of interest. The attenuations calculated in
way for each studied ear were then averaged, yielding a mean and sta
deviation of the objective attenuation that was then compared with sub
tive attenuation.

12Note that most of these studies measured subjective attenuation
third-octave-band noise rather than tone bursts as we did. The use of
pulses~longer in duration and with longer rise/fall times than our to
bursts! rather than noise was shown in one set of studies to overestim
broadband attenuation by 2–4 dB~Waugh, 1974, 1984; Berger, 1986b!.
However, another study showed that pure tones on average underesti
the attenuation of earmuffs by 2.1 dB at 500 Hz and above~Casaliet al.,
1995!. These over- or underestimations are in almost every case less
the standard deviations in our measurements.

13Khannaet al. ~1976! reached a similar conclusion in experiments exa
ining conduction through the head to the ear canal, middle ear, and
chlea. They delivered vibratory stimuli to two subjects’ foreheads a
determined the level and phase of an acoustic stimulus required to c
the subject’s perception of the vibratory stimulus. They concluded
conduction through the head to the middle ear and cochlea became d
nant above 3 kHz. In addition, they argued that the frequency rang
Carhart’s notch~a decrease in clinical bone conduction sensitivity in ca
of otosclerotic fixation of the stapes that is most significant between 1
2 kHz; e.g., Robinette, 1994! indicates that conduction to the middle ear
negligible above 2 kHz.

14Sources of interaction between earmuffs and earplugs that have been
posed are~1! an increase in sound pressure lateral to earplugs due t
increase in the ear canal radiation impedance by earmuffs;~2! an increase
in sound pressure medial to earmuffs due to an increase in the ear
input impedance by earplugs~see Schroeter and Poesselt, 1986!; and ~3!
vibrational coupling through the tissue lining the ear canal~Shaw, 1982!.
To our knowledge, no definitive evidence exists that there is an interac
between earmuffs and earplugs, and evidence in the present study
cates that any interaction is negligible at 500 Hz and below~see Footnote
15!. We anticipate that any interaction at higher frequencies would no
important for the following reasons:~1! The magnitude of the radiation
impedance is comparable to the impedance of the volume under earm
above about 1 kHz~Schroeter and Poesselt, 1986!; ~2! the volume occu-
pied by an earplug is only a few percent of the total volume under
muffs; and~3! as frequency increases, the mass of the tissue lining the
canal should limit its vibration.~This last point is supported by the fac
that the occlusion effect decreases to near zero above about 1.5 kHz!

15The fact that the objective attenuation for the earmuff/earplug combina
does not differ significantly from the sum of the earmuff and earp
objective attenuations below 500 Hz also indicates that any interac
between earmuffs and earplugs is negligible in this frequency range.

16Note that Berger’s ‘‘bone conduction limit’’ applies to sound conduct
from air to the head, as opposed to the bone conduction commonly
ferred to by clinicians, which applies to vibrations coupled to the he
mechanically~e.g., Dirks, 1994!.

17Results similar to Berger’s were obtained by Schroeter and Poesselt~1986!
230 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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