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In clinical measurements of hearing sensitivity, a given earphone is assumed to produce essentially
the same sound-pressure level in all ears. However, recent measur¢vesdgst al, Ear and
Hearing (in pres$] show that with some middle-ear pathologies, ear-canal sound pressures can
deviate by as much as 35 dB from the normal-ear value; the deviations depend on the earphone, the
middle-ear pathology, and frequency. These pressure variations cause errors in the results of hearing
tests. Models developed here identify acoustic mechanisms that cause pressure variations in certain
pathological conditions. The models combine measurement-basegrihequivalents for insert

and supra-aural earphones with lumped-element models for both the normal ear and ears with
pathologies that alter the ear’s impedafe®stoid bowl, tympanostomy tube, tympanic-membrane
perforation, and a “high-impedance” @aComparison of the earphones’ ‘Mamin impedances to

the ear’s input impedance with these middle-ear conditions shows that neither class of earphone acts
as an ideal pressure source; with some middle-ear pathologies, the ear’s input impedance deviates
substantially from normal and thereby causes abnormal ear-canal pressure levels. In general, for the
three conditions that make the ear’s impedance magnitude lower than normal, the model predicts a
reduced ear-canal pressui@s much as 35 dBwith a greater pressure reduction with an insert
earphone than with a supra-aural earphone. In contrast, the model predicts that ear-canal pressure
levels increase only a few dB when the ear has an increased impedance magnitude; the compliance
of the air—space between the tympanic membrane and the earphone determines an upper limit on the
effect of the middle-ear’s impedance increase. Acoustic leaks at the earphone-to-ear connection can
also cause uncontrolled pressure variations during hearing tests. From measurements at the
supra-aural earphone-to-ear connection, we conclude that it is unusual for the connection between
the earphone cushion and the pinna to seal effectively for frequencies below 250 Hz. The models
developed here explain the measured pressure variations with several pathologic ears.
Understanding these mechanisms should inform the design of more accurate audiometric systems
which might include a microphone that monitors the ear-canal pressure and corrects deviations from
normal. © 2000 Acoustical Society of Amerid&0001-496600)03403-3

PACS numbers: 43.64.Yp, 43.64.BLM]
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INTRODUCTION produce variable amounts of sound-pressure loss at low fre-
guencies(typically below 500 Hz, accompanied by small,
variable amounts of sound-pressure enhancement at some-
A common clinical test of hearing sensitivity is the pure- what higher frequencieetween 500 and 1000 W2
tone “audiogram” in which the lowest sound-pressure level The theory presented here investigates the acoustic
at which the subject can hear a tone is determined at severglechanisms that affect the ear-canal pressure level generated
frequencies. For the testing, a loudspeaker may generatery two types of audiologic earphones, an insert earphone and
sound field around the subject, but more typically an earg supra-aural earphone. We combine measurements of the
phone is coupled to the subject’s ear; in either case, the sulfhavenin equivalents for the earphones with models(&r
ject indicates whether or not the sound is perceived so as e ear canal(b) the normal middle ear(c) the middle ear
determine the hearing “threshold” versus frequency, i.e., theyith specific pathologies, an@l) leaks in the earphone-ear
“audiogram.” In this study we focus on the acoustic re- connection, and we use these models to predict how these
sponse in the ear canal with two earphone configurationsgifferent conditions affect the ear-canal pressures generated
namely an insert and a supra-aural earphone. by the earphones. We compare these predictions to our re-
Ear-canal sound-pressure levels during audiometric tesigent measurement¥osset al, in press.
are not generally measured. Instead, the level of the sound
stimulus is determined by the setting of an attenuator that
controls the electric input to the sound source, and it is a:sés Ear i q d middle- thol
sumed that the earphone’s calibrati@ound-pressure output ar impedance and middie-ear pathology
per volt inpuj is independent of variation in the acoustic Some middle-ear pathologies have been shown to alter
properties of individual earge.g., Burkhard and Corliss, the ear’s input impedance.g., Zwislocki, 1962; Zwislocki
1954; Shaw, 1974; Kruger and Tonndorf, 1977, 1978; Bor-and Feldman, 1970other pathologies can also be expected
tonet al, 1989; Wilber, 1994 In other words, it is assumed to cause large changes in the ear’s impedance. For example,
that an earphone’s sound-pressure output is not greatly afympanic-membrane perforatidnprovide a direct connec-
fected by the impedance of the ear to which it is coupledtion between the ear canal and the middle-ear air sfféige
However, measurements with two earphone configuration&(B)], which reduces the impedance at the tympanic mem-
(insert and supra aupabf the pressures generated in earbrane for low frequenciegvVoss, 1998. Similarly, tympa-
canals of pathologic middle ears show pressure levels thatostomy tube$, which are inserted through the tympanic
differ from normal by as much as 35 dB/ossetal, in membrane to manage middle-ear disefiSig. 1(C)], also
press$. These variations introduce errors of the same size imeduce the low-frequency impedance of the middle ear via
the measurement of audiograms. the same mechanism. Our third pathological configuration,
The pressure generated by an earphone can also be &mastoid bowl,” results from “canal-wall down” mastoid
fected by acoustic leaks between the earphone and the eaurgery(see, e.g., Nadol, 1993, pp. 104—108his proce-
As Zwislocki et al. (1988 write, “Supra-aural earphones dure, which is performed to remove middle-ear disease,
have low reliability at low frequencies because of variableopens the mastoid portion of the middle-ear air spaces and
and unstable coupling between the earphone and the ear. Agéxternalizes this space by connecting it to the ear canal by
leaks occurring between the earphone cushion and the pinmamoval of a portion of the posterior and superior bony-canal

A. A basic problem in audiometric testing

ANTERIOR TYMPANOSTOMY TU

BE
® s
g~

FIG. 1. Structural modifications in
three middle-ear pathologies. All four
figures portray a horizontal section
through the middle ear at the level of
the stapes. Bone is black, fluid is dot-
ted, air is white, and soft tissue is gray.
(ET=Eustachian tube; AMauditory
nerve; EG=ear canal; TM=tympanic
membrane. (A) Normal ear.(B) Per-
foration of the tympanic membrane.
(C) Tympanostomy tube in the tym-
panic membrane(D) Mastoid-bowl
cavity connecting to the ear canétEG
=Epithelial graft)
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proximate pressure sources, but rather<d B+ Zgar/Z1y|
<3.

Earphone

PTHCI-

Consequently, to satisfy the assumption thatc is

+ nearly independent oZg,r, impedance variations among

ears,AZgar, Must be small relative t@}or"-. We show

here that this constraint is also violated for some middle-ear

_ pathologies. For example, using the ER-3A insert earphone

in an ear with a 4-crh mastoid bowl at 1000 Hz,

O AZenr! ZERMAL~ — 0.8, so that(with 1+ Zgar/Zry~1)

_\:IJ_ |Pec/PE™MAL ~0.2, and the sound pressure in the ear is
about —14 dB relative to the assumed calibration value,
P . .

phone coupled to an ear. The earphone is represented by itgefiihe \C/iVQICh leads to an overestimate of hearlng loss by about 14

equivalent(shaded gray a pressure sourcBry and an impedanc@qy . :

Zear, the acoustic load on the earphone, is represented by the white block.

Pec is the pressure generated by the earphone in the ear canal. The labeled

quantities are acoustic quantities with sound pressure analogous to voltagfe .
relative to “ground” and volume velocity analogous to currdne., the . THEVENIN EQUIVALENTS FOR EARPHONES

“impedance analogy).

FIG. 2. Electric-circuit analog that represents acoustic variables for an eal

A. Measurement methods

wall. The resulting “mastoid bow!” introducea 1 to 6 cm An insert earphonéEtymdic ER-3A) and a supra-aural

air volume to the external e@Merchant, 199¥[Fig. 1(D)]. earp_h.one(TE.)H—49 with an MX-41/AR cushiqhwere each
modified to include a microphon@/osset al, in press and

Other middle-ear pathologies have been shown to in-_, 3 The i H lod h dard
crease the ear's impedance magnitude relative to norma.'9- ). The insert earphone was coupled to the standar

Abnormal growth in the petrous bone can reduce movemer}fenow'foam ear plugEarlink™; uncompressed diameter 14

of the stapes in otosclerosiwislocki and Feldman, 1970 MM, length 12 mm and a flexible probe tubéEtymaic
and fluid in the middle-ear cavity can impede tympanicResearCh ER7-14Cwas threaded through the foam plug._
membrane and ossicular motion in otitis metBzrry et al,, One end of the probe tube extended 3 mm beyond the medial

1975. end of the plug, and the other end was coupled to the micro-

The goal of this paper is to understand the mechanismghone' With the supra-aural earphone, a steel tube was in-

through which such pathologies alter sound pressures geneT]-ert‘":‘d thr:oug,h the earphone’sdcrlshlorr: S0 tr:jat o_nedenld was;}at
ated in the ear canal by insert and supra-aural earphones.t € earphone's oqtput port and the ot eren exited along the
cushion’s outer circumference. A flexible probe tuligy-

matic Research ER7-14Gvas placed through the steel tube;
C. Theory the inner end of the probe tube was less than 1-mm lateral to

Audiometric practice assumes that the ear-canal resqur[he earphone port and the other end coupled to the micro-
P P Shone. The flexible probe fit snugly in the steel tube.

Pec is nearly independent of the ear to which the earphone |E The THavenin equivalents were determined for each ear-

coupled. In this section we examine the constraints that make . o
. . phone from pressure measurements in two ‘“reference
this assumption accurate.

In the analog-circuit model of Fig. Pec can be ex- loads” of theoretically known impedancdsee, e.g.,

. - . Rabinowitz, 1981; Allen, 1986; Lyncét al, 1994. The ref-
pressed in terms of the earphone’s V&in parameter® 1 )
Vo i erence loads were a short closed cavity and a long open tube,
andZty, and the ear’s impedanc&gpg:

which are described further in Fig. 3.
Pec 1 The pressure measurements were made using an Ariel
p__l_H: 1+ Zrn/Zear! (1) DsSP-16+ board with SYSid™ softwarge.g., Voss and

] ] ] ) Allen, 1994. The software reports the Fourier transform of
wherePry is proportional to the input voltage applied to the 4 sampled and averaged time-domain response. The re-

garphone. The ratio between the ear—cangl pressure generag?ﬂ)nses to chirp stimuli were sampled at 50 kHz and aver-
in a test ear and the pressure gemirated In an average normdled over 200 repetitions. The DFT length was 2048 points
ear can be expressed in termsMI=Zgpr—Zgag -~ @S for all measurements except those made in the long open
Pec AZgpr! ZRORMAL tube that attached to the supra-aural earphdtig. 3D)],
BNoRMAL =1+ —————>—, (2 which had a DFT length of 8192 points.
Pec 1+Zgpr!/Zty .

The impulse response computed from the pressure mea-
where ZEeRMAL is the impedance of an average normal earsurement made in the long open tube attached to the supra-
and Zgag is the impedance of the test ear. Thus, foraural earphone showed energy that was delayed by more
|Pec/PRYORMALL o be approximately one, the term than 10 ms in time relative to the electric stimulus. This
(AZear/ ZESRMAY [(1+ Zear/Z1y) in Eq. (2) must have a  energy appeared to result from reflections in the tube at lo-
magnitude that is much less than ong2,r/Z1y|—, SO cations remote to the earphone. Because such reflections are
that the earphone acts as an ideal pressure source, the at included in the uniform tube model that is used for the
proximation would hold for any finite AZgag|. However, theoretical impedance of the long tube, to remove their ef-
our measurements show that typical earphones do not apects we set the impulse response to zero for all times greater

1550 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000 Voss et al.: Theory of ears’ effects on earphone pressure 1550



SHORT-CAVITY LOAD LONG-TUBE LOAD

@Om .mﬁlh_ﬁ FIG. 3. Schematic showing how the
EARPHONE\E 1635 mm 4&——7/——' insert [(A) and (B)] and the supra-
To - 6.35 mm ] aural [(C) and (D)] earphones were
MICROPHONE /"—_. | 4 — = 1 coupled to the microphone-probe tube
Foam plug S mm 3 mm and to the calibration load$A) The

insert earphone coupled to the short

closed tube with a rigid termination,
© /- S—— ©® inner  diameter 1.¢-6.35 mm_ and

length =2 mm from the micro-
phone’s probe tubéB) The insert ear-
phone coupled to the long tube with an
open termination with i.d=6.35 mm
and lengthl=15m. (C) The supra-
aural earphone coupled to the short
25/mm closed tube with a rigid termination,
i.d.=20 mm and lengthl =20 mm.
(D) The supra-aural earphone coupled
!/ to the tube with an open termination,

i.d.=25 mm and length=15m.

Cushion

silicone
sealant

/ 70 mm

Supra-aural
Earphone

~— 15meters —

than 10 ms and used the DFT of this signal as the pressushown in Fig. 4. The Theenin acoustic output impedances
frequency response. are nearly identical for the tw¢ER-3A) insert earphones,
The theoretical impedances of all reference loads wergyhere “Earphone A” has an electric input impedance of 50
calculated from the equations of Egolf977. For each ear- () gng “Earphone B” has an electric input impedance of 10
phone, the pressure measurements made in the two Ioagf; and the two Theenin pressures differ by about 5 dB at

were combined V.V'th the loads theoretlca_xl |mpedar|1ces to CalFnost frequencies. The Thenin impedance magnitude of the
culate the Theenin pressure source and impedarieg; and . .
L . A SA supra-aural earphone is about one tenth that of the insert
Zk,, for the insert earphone arRf/} and Z3}; for the supra- rohon
aural earphone. earpnones. o .
These descriptions of the earphones are used in Sec. Il
L . to predict the pressure that the earphones generate in ear
B. Results: The venin equivalents canals

Our measurements of the Tremin pressures and im-
pedances for both insert and supra-aural earphones are

@

Thévenin Equivalent Pressure per 1 Volt input Thévenin Equivalent Impedance
145 4t + - 1098_:: + -
Insert (Earphone B) i' """ :2222 §E:$2222 é;
1404 - ! FIG. 4. Theenin equivalents for the
insert earphone and the supra-aural
2 1354 L ”‘E earphone(A) Thevenin pressuresB)
2 @ Thevenin impedances. UPPER: Mag-
=2 130 | 2 nitudes. LOWER: Angles. The The
§ Supra-aural "é N [ enin pressure angles for the insert ear-
E = Supra-aural phones correspond to a constant delay
Z 125 % - & 104 - of about 1.1 ms—the time it takes
3 ,_"' < & F sound to travel about 35 cm—which is
d.-- L + ] the length of plastic tubing through
12077 nsert (Earphone A 2: I which sgound gF()enerated bygthe ingert
earphone must travel. Earphone A is
”?:' t i an ER-3A insert earphone with a
o] — nominal input impedance of 5Q and
- 1 L = earphone B is an ER-3A with an input
£ 1 o2 impedance of 1@). The angles of the
3 24 2 equivalent pressure of the two insert
% -3 L ‘;_,'; earphones are essentially identical.
A -
-5_= 2 3 4 5 6789= 2 3 4— -0'30_: 2 3 4 5 6789= 2 3 4_
100 1000 100 1000
FREQUENCY (Hz) FREQUENCY (Hz)
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@ NORMAL

ZEAR
Earphone - | Normal ear
Zm O 5 .
— + Zroc
FIG. 5. (A) Lumped-element model
P ZEE | for the normal middle ear connected to
EC an earphone represented by its’¥he
enin equivalent circuittty and Zy
_— ZC AV (shaded gray ZNoRMA-, the driving-
point impedance of the ear, is the load
. driven by the earphon&cg represents

T ;

i the external-ear air space between the

= tympanic membrane and the earphone
as a compliance corresponding to

VEe=0.5cn? and VEE=12.0 cnd for
© the insert and the supra-aural ear-
Insert Earphone Supra-aural Earphone phones, respectivelyZ;oc represents
the tympanic membran@’), ossicular
chain (0), and cochlea(C), and the
values used foZ;oc are means from
| measurements in normal temporal
. ~ ~ bones N\=9) (Voss, 1998, which are
107 ~ 3 comparable to the measurements of
F Rosowskiet al. (1990. The standard
deviation for|Zod is less than 6 dB
at all frequencies, and the standard de-
2 viation for £Zqoc is less than 0.05
F cycles below 1000 Hz and less than
0.10 cycles above 1000 HZ_,y rep-
. ] Sa. - resents an average middle-ear cavity
10° 4 ) L o8 4 ZNORMAL/'?‘%.\‘ L and is defined in Fig. 6(B) Imped-
E 3 EAR Zg F ance magnitudes and angles with the
; S A s 6 ren T 4 * IR T PR T insert earphone(C) Impedance mag-
100 1000 ) 100 1000 nitudes and angles with the supra-
0.25 L o025 L aural earphone.

T e 10° 4

10°

s ion]
[

~ 4
~ TOC ~ Z
. TOC

Lua il
A L

e
(=]
-3

1 sl

—_
o
~

il

Magnitude (N s m's)

Angle (cycles)
N
\

PP S e L =nL 028 ] — i

i 2 PR AN 2 3 4 ) 2 IR A EEIN 2 3 4
100 1000 100 1000

Frequency (Hz) Frequency {Hz)

Il. MODELS FOR EARS COUPLED TO EARPHONES and a normal ear, the largest dimension is the ear-canal
length of about 13 mm, which is 15% of the 88-mm wave-
length of sound at 4000 Hz; thus, the lumped model should

We propose simple circuit models to represent two earaccurately represent the acoustic variations for frequencies
phone configurationé.e., insert and supra-auyaloupled to  up to 4000 Hz. With the supra-aural earphone and a normal
a normal ear, coupled to four types of pathologic ears, an@ar, the largest dimension of the ear is much larger than with
incorporating acoustic leaks between the supra-aural eathe insert earphone: the ear-canal length plus the distance
phone and the ear. Our goal is to use these models to test of#pm the ear canal to the earphone is about 50 mm. Here, the
understanding of the acoustic mechanisms that are importafequency at which the largest dimension is 15% of a wave-
in determining the ear-canal sound pressure generated undehgth is only 1050 Hz. Thus, with the supra-aural earphone
these different conditions. In the next secti@@ec. Il) we  the lumped model becomes inaccurate at lower frequencies
use these models to make predictions for the ear-canal souflan with the insert earphone.
pressure in each of the configurations.

We plot our model predictions for a frequency range of
100-4000 Hz, which contains the important audiologic fre-
guencies. The lumped-element analog model is accurate only The lumped-element model for the normal middle ear
when the dimensions of the ear canal and ear are small rel@Fig. 5(A)] consists of three impedance&:¢ represents the
tive to the wavelength of sound. With the insert earphoneexternal-ear EE) air space between the tympanic membrane

A. Goals and approach

B. The normal ear

1552 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000 Voss et al.: Theory of ears’ effects on earphone pressure 1552



impedanceZNSRMAL is well approximated by the parallel

combination ofZgg andZoc. Since|Zgg|<|Z1od for both
M, earphone configurationZgg plays an important role in de-
termining Zear. The impedance values fatrer " are
R, plotted in Fig. %B) and(C). Because the external-ear volume
is much larger with the supra-aural earphone than with the
T=C, insert earphone, the driving-point impedance magnitude of
the normal ear|Z}SRMAY(, is much smaller with the supra-
aural earphone than with the insert earphone.
FIG. 6. Lumped-element model that represents _the middle-ear cavity imped- Figure §B) and(C) allows comparison of the Thenin-
anceZqay (Voss, 1998 Element values determined by Vo998 from . .
measurements 0Z..,, made on temporal bones ar€;—4.2x10-2F, |mpedaqce magnltu.de_s for each source to that of thg normal
where C, has an equivalent volum¥, of 0.6 cn¥; M,,=722H: R,,  €ar. Neither Theenin impedance meets the condition re-

=0.05< 1P\, wheref is frequency(in Hz); andC,=V, /(pc?), where  quired for a nearly ideal pressure source, namely [Ba|

V, is the volume of the antrum and other mastoid air cells. Here, unIes%|ZEgRRMAL| (Sec. C of the Introduction In fact, for both

noted otherwisey,=5.9 cn? (C,=42x 10 *2F), which when added to the earphone configurationtZ > | ZNORMALl for frequencies

. . . . . EAR
tympanic-cavity volume of 0.6 cfnresults in the total middle-ear cavity
volume of 6.5 cr as measuretaverage by Molvaeret al. (1978. In cases above 700 Hz. Thus, for ear-canal pressures to be nearly

where the middle-ear cavity volume is varied, the tympanic-cavity volumeindependent of the attached ear, pathologic chang&s4p

remains constant at 0.6 énand the volume of the antrum and other mastoid must be small relative to the normal value g, Subse-

air cells,V,, is varied. quent sections of this paper determine whether this condition
is met for either earphone configuration with ears having

and the earphone and is modeled as a complifireeZz ~ Middle-ear pathologies and earphone-ear connections with

=1/(jwCgg)] with a value appropriate for the external-ear acoustic leaks.

air space(i.e., Ceg=Vee/(pc?), wherep is the density of

air, cis the speed of sound in air, aMgg is the external-ear C. Pathologic ears

air volume. External-ear air volumes for the insert earphone; gcope

and the supra-aural earphone are selecteMis=0.5 crf To create models for three pathologic conditions
dVee=12.0cn? tively’ [Zg is plotted in Fig. 5B . )
andvee onf respectively”. Zee is plotted in Fig. §8) (mastoid-bowl ear, tympanostomy-tube ear, and tympanic-

and (C) for both case§.The impedance that represents the b foration eaand dition that .
external-ear air volume is assumed constant for all middle™¢Morane-perioration aan 'one“cc.)n fion tha app,r’oxr
ates pathological ears with “high-impedances,” we

ear conditions and is placed in parallel with the impedanceE1 . .
that represent the middle ear to represent the portion of thgOOIIfy the IL_lmped-eIement model for the normal ¢&ig.
volume velocity generated by the earphone that compress éA)] by adding elements.
the air in the external-ear; the rest of the volume velocity
represents movement of the tympanic membrane. We wil
see that the external-ear volume plays an important role in  The effect of the mastoid boWFig. 1(D)] is represented
the ear's impedance; the difference between the insert eaby an added impedanagsoy, in parallel with the ear-canal
phone’s smaller external-ear volume and the supra-aural eagir space and the normal middle-ear compongfit. 7(A)].
phone’s larger external-ear volume is partially responsibleZgow, is @ compliance, with an equivalent volume equal to
for earphone-linked differences in the effects of alteredthe physical volume of a mastoid bowl, which can range
middle-ear impedances on ear-canal pressures. from about 1 to 6 crh(Merchant, 199¥. The additional air

Our lumped-element model represents the middle ear byolume acts to decrease the magnitude of the ear’s driving-
two impedances in serieZi;oc andZcay - Z1oc represents  point impedance; the greater the bowl’s volume, the more
the tympanic membran@), ossicular chairfO), and cochlea the impedance magnitude decreases relative to normal. The
(C), and theZoc we use[see Fig. 8B) and(C)] is the mean impedance magnitudes for the driving-point impedance of an
from temporal-bone measuremerfigoss, 1998; Fig. 42  ear with a mastoid bowZss, with bowl volumes of 1 crh
Zcay represents the middle-ear cavity. The model we use foand 6 cni are compared to the Thenin impedances of the
Zcay (Fig. 6) is the same topology used in Kringlebotn’s two sources in Fig. (B) and(C).
(1988 middle-ear model, but some of the element values For the insert earphondZyas| <|Zyem"At| for both
were determined from measurements Zf,, on human bowl volumes, and the impedance of the mastoid bowl is
temporal bone¢Voss, 1998, pp. 168—17.3n this model C, approximately the driving-point impedance of the E%ER.
represents the compliance of the tympanic cavity, viith Moreover, the condition that variations iizag must be
=V,/(pc?), M4 andR,q represent the “tubelike” aditus ad small relative toZ}or"" (Sec. C of the Introductionis
antrum that connects the tympanic cavity and the mastoigrossly violated for the insert earphone; with the larger mas-
cavity (Voss, 1998, pp. 168—-189and C, represents the toid bowl the ear's impedance magnitu|d¥ER| decreases to
compliance of the antrum and other air cells, wi@,  about 1/7 the value for a normal ear.

N
£
<
Q

3|

/1

12. Mastoid-bowl! ear

=V,/(pc?), whereV, is the total volume of the antrum and The relative impedance magnitudes are somewhat dif-
other mastoid air cells. The impedanZe,, is plotted in  ferent with the supra-aural earphone. In this case, the addi-
Fig. 5B). tional volume introduced by the mastoid bowl is less than the

In a normal ear|Ztod>|Zcay| so that the ear's input 12-cn? air volume between the source and the tympanic
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— '/ FIG. 7. (A) Lumped-element model

0 — ZCAV for an earphone with Thenin source
characteristic§shaded grayP;y and
O | Z:y that is connected to an ear with a
:_l; mastoid bowl(MB). The white blocks
= are identical to the normal middle ear
of Fig. 5(A). The striped box labeled
Zgow IS a compliance with an equiva-

lent volume equal to the volume of the
Insert Earphone Supra-aural Earphone mastoid bowl.(B) Impedance values
. . . . . for the model ofA with the insert ear-
109 ' E 107 ' E phone.Z¥2, the driving-point imped-
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membrane in the normal ear. Therefore, the effect of a maswill represent the external edice., Zgg) by several lumped
toid bowl, though it still reduces the driving-point impedanceelementgSec. Il B).

magnitude, is much smaller with the supra-aural earphone.

With a mastoid volume of 6.0 cinthe impedance magnitude

decreases by less than a factor of 2 relative to the normal eaf Tympanostomy: “tube ear

Thus, the condition required for constant ear-canal The tympanostomy tube is modeled as a lossy tube, with
pressures—that variations Kxag must be small relative to  impedanceZrgg, connecting the ear-canal air space to the

ZNORMAL__is more closely approximated with the supra- middle-ear cavity spacFig. 8A)J; the volume velocity
aural earphone. throughZge contributes to the volume velocity int-,y -

The frequency range for which the lumped-element  The impedanc&rygg is calculated from the lossy equa-
model is valid depends on the largest dimensions of the eations of Egolf (1977, with the length of the tubel
A mastoid bowl modifies the ear canal and increases the=2.1 mm and the diameter=1.27 mm corresponding to the
external-ear and ear-canal dimensions relative to normatlimensions of a Baxter™ tympanostomy tube. To compute
With the insert earphone and a normal ear the largest dimerZrge, we reduce Egolf's two-port network model of a tube
sion was identified as the effective ear-canal length of abouo a one-port element by computing the input impedance of
13 mm; a mastoid bowl may increase this dimension andhe two-port network terminated with an impedance of zero.
thus reduce the upper valid frequency limit of 4000 Hz. WithZ1ge IS approximately a mass in series with a small resis-
the supra-aural earphone, the largest dimension of about 3ance[|Z gl as plotted in Fig. 8)].
mm probably does not increase much with the addition of a  The impedance magnitudes for an ear with a tympanos-
mastoid bowl, and the upper limit for our model probably tomy tubez3EF are plotted for both earphone configurations
remains at about 1000 Hz. As we will sé8ec. Il O, the [Fig. 8B) and(C)]. Here, because of the tube’s connection
“simple” lumped-element model of Fig.(A) fails to cap- to it, the middle-ear cavity impedan@g , becomes an im-
ture pressure extrema that occur in the experimental data gbrtant element in the model. At the lowest frequency plot-
frequencies above 1000 Hz with the supra-aural earphone. tied (100 H2, |Ztygel<|Ztod and |Zryge| <|Zcayl, inde-
order to increase the valid frequency range for the model opendent of earphone configuration; thus, the driving-point
a supra-aural earphone coupled to a mastoid-bow! ear, wienpedanceZg g is essentially the parallel combination of
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— Zeopy (PERB. ZIYEE is the driving-point im-
pedance of the ear with a tympanos-
O— T tomy tube, andZEER™ is the driving
-; point impedance of the ear with a per-
- foration, where the percent of
tympanic-membrane area covered by

the perforation is indicated. The white
© blocks are identical to the normal
Insert Earphone Supra-aural Earphone middle ear of Fig. BA). The box with
t t . + t - stripes is an approximation for a lossy
] Zmw L ] C tube that represents a tympanostomy
| I 1 I tube Zryge) Or a circular orifice with
108 4 3 negligible thickness that represents a
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two compliance-dominated impedanc@g: and Zcay - AS  pressures—that variations #ag must be small relative to
frequency increaseZ oc remains relatively unimportant; Zpsm - —is not met at some lower frequencies for ears
Ztuge, Which can be approximated by an acoustic massyith tympanostomy tubes.
M+uge. increases in magnitude; and a series resonance be-
tween the acoustic mass of the tube and the “effective”
compliance of the middle-ear cavityoccurs between 300
and 400 Hz. This resonance results in an impedance- The model for a tympanic-membrane perforation is
magnitude minimum at frequendy,,, which depends on identical in topology to the tympanostomy tube; the perfora-
the dimensions of the tympanostomy tube and the middle-edion’s impedanceZpere is placed between the external-ear
cavity volume and is independent of the type of earphonevolume and the middle-ear cavity, and the impedanggsr
(i.e., insert or supra-aunalThe depth of the impedance mini- is calculated using equations from Morse and Ingdi@68,
mum does depend on the earphone type because the drivingp. 480—483for a circular orifice with negligible thickness,
point impedanc&g,r depends oiZgg, which changes with  whereZpgre= j wM peret Rpegrris the series combination of
earphone type. As frequency increases further, a peak at fréd per= p/d with p the density of air and the perforation’s
quency f ., occurs as a result of a parallel resonance bediameter, andRpgre=1/[47(d/2)?]\2pww In (d/h) with h
tween the compliance of the external-ear volume and th¢he larger of two quantities{l) half the thickness of the
effective middle-ear cavity compliance and the mass of thédympanic membrane, where the thickness of the tympanic
tube. The frequency,. depends on the external-ear volume membrane equals 0.1 mthim, 1970, or (2) the thickness
and is thus different for the two earphones. of the viscous boundary layet,=\2u/(pw), whereu is
Large variations oZAE" relative toZNer " occur in  the absolute viscosity of air. The calculatitberd with a
ears with tubegFig. 8B) and(C)]. The magnitude variations 1-mm-diameter perforation is included in FigB3.
are larger for the insert earphone than for the supra-aural Impedance magnitudes for the ear with two different
earphone, but the supra-aural earphone variations can be sudized tympanic-membrane perforatiofiSsn (covering 1%
stantial near the resonant frequencies. Thus, the conditioand 4% of the tympanic-membrane abeare plotted for
(Sec. C of the Introductionrequired for constant ear-canal both earphoneffig. 8 B) and(C)]. The impedance’s behav-

4. Tympanic-membrane perforations
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ior is similar to the condition with the tube. At the lowest ance: with the impedance magnitude at the tympanic mem-
frequencies, the driving-point impedance magnitlfigsz|  brane infinite® the earphone’s load impedance is that of the
is essentially the parallel combination of the compliance-ear-canal air spacggg [Fig. AA)].

dominated impedanceZge and Zcay. As frequency in- In Fig. 9B) and (C), the effect of the “infinite-
creases, a minimum and maximum occutZg5z1, as with impedance” middle ear is shown for each earphone. The

the tymanostomy tube. A serigs resonance betwgen the PSHpedance magnitude that the earphone must diE.g,
foration’s mass and the effective middle-ear cavity compll-increases relative tszESMAH with both earphones, but not

ance results in an impedance minimum, and a parallel resq- 2 larae factor. For the insert earphone. the impedance
nance between the external-ear volume and the effective Y 9 ) P ' P

middle-ear cavity compliance and the perforation’s mass re!l'Cf€aS€s by less than a factor of 2 at all but the lowest

sults in an impedance maximum. Thus, as in the case witfreguencies, and for the supra-aural earphone, the impedance
the tube, the frequency of the impedance minimum is indelncreases by an indistinguishable amount. The reason for
pendent of the earphone, and the frequency of the impedand&@ese small impedance changes is that the external-ear vol-
maximum depends on the earphone. The condit®ec. §  ume limits the driving-point impedance. With this external-
of the Introduction required for constant ear-canal ear “buffer,” the impedance that the earphone must drive
pressures—that variations KEar must be small relative to  can never exceed the impedance of the external-ear volume.
Zgar"—is not met at some lower frequencies. For example, with the insert earphone, at 1000 Hz, the sec-
ond term of EQ.(2) is (AZgar/ZEaRM™M)(1+ Zear! Z11)
~0.45, so tha{Pgc/PraR~MA|~1.45, and the sound pres-
5. “High-impedance” ear sure in the ear is only about 3 dB greater than the assumed

include otosclerosis and a fluid-filled middle-ear cavity. Ancrease the impedance magnitude, variation§Zg| rela-
“infinite-impedance” middle ear represents an upper limit tive to|ZEag""| are small and the condition that variations

for the effect of pathologies that increase the ear's impedin Zg,g must be small relative t@Nor A" is met.

1556 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000 Voss et al.: Theory of ears’ effects on earphone pressure 1556



Earphone Acoustic leak between earphone-ear coupling
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FIG. 10. (A) Model for a normal ear with a leak between the earphone and the ear. The impedapc@soc, andZq,y are identical to the normal middle

ear of Fig. 3A). The impedance labelef] cp« (striped represents the leakB) Model for the acoustic leak. The striped annular region represents the cushion
of a supra-aural earphone, across which there are several small pathways that connect the air in the center of the cushion to the surroundsighdir. Here,
independent air pathways are represented, each by a frequency-dependent acoustic mass in series with a frequency-dependent acoustie résistance. T
dots between each air pathway indicate the possibility of more elements in the array. The calculations shown here use 150 total pathways,so that
=(1/150] R gax (f) +joM gak(f)]. (C) Model predictions for the driving-point impedance magnitude for the normal ear with and without the leak shown
here|ZEoRMA| [array of 150 “tubelike” leaks as iiB)] and the driving-point impedance magnitude for a mastoid-bow] 24| with an additional larger

leak described in the text.

D. Acoustic leaks between the earphone and the ear a normal ear. For no leaks to occur, around its entire periph-

As demonstrated latéFig. 11(B) and Fig. 13, our mea- ery the earphqne cgshion must abut the pinna. H'ere, we pro-
surements with the supra-aural earphdivess et al, in pose a model in which gaps occur between the pinna a_nd the
presg are consistent with acoustic leaks occurring at thecushion in the normal ear. We represent these connections to
earphone-ear connection. Here, we propose circuit model§€ Space around the earphone as an array of small tubes
for the supra-aural earphone configuration with an acousti€N=150), indicated schematically in Fig. (), each with a
leak in the earphone-ear connection with a normal ear antngthliea=2.5cm, which corresponds to the distance from
with an ear with a mastoid bowl. We do not know the spatialthe central hole of the earphone cushion to its outer edge,
configuration of the leaks, which probably differ among ears@nd a radiusre,=0.0125cm (for a total leak area of
our models for the normal and the mastoid-bowl ears reprel50mr ., =0.08 cnf). The impedance for each tube in the
sent possible leak configurations. array is calculated from the lossy equations of Egafi77)

To motivate the configuration of our mod#lig. 10A)],  with a terminating impedance of zef&ach tube in the array
consider the connection between a supra-aural earphone aisdindicated schematically in Fig. ®) by a frequency-
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A. Insert earphone B. Supra-aural earphone
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FIG. 11. Normal ears: Ear-canal pressure relative to the/diia equivalenP for the insert earphon@\) and the supra-aural earpho(®. Solid lines are
model predictions for the normal ear using the model of Figh)5 Gray-shaded regions are the means plus and minus one standard deviation from
measurements on populations of subjects with normal ears. The vertical scale isd®lag/ P4|).

dependent mass in series with a frequency-dependent residz), increased relative to normal for frequencies between

tance. These leak-model parameters were chosen becals@ and 1500 Hz, and nearly unchanged for frequencies
they produce an ear-canal pressure that matches averagkove 1500 Hz.

measurements made on normal ears with the supra-aural ear-

phone. Other leak configurations that match the measurgy \ODEL PREDICTIONS

ments can also be found, as there are several free parameters

in this model(i.e., Feax, leak, N). With the leak configura- A Plan

tion proposed here, Fig. 10) shows that the ear’s driving- In this section, we use the models to predict the ear-

point impedance magnitudeith a leak is reduced for fre-  canal pressure generated in each of the two earphone con-
quencies below 500 Hz, slightly increased for frequenciesigurations in normal and pathologic ears. We are particu-

between 500 and 1000 Hz due to a parallel resonance bggrly interested in showing how the ear-canal pressures

tween the mass Of the Ieak a.nd the Compliance Of the norm%lhange from norma' When the ear's impedance Changes due
ear, and roughly normal for frequencies above 1000 Hzg pathology or when an acoustic leak exists between the ear
where the leak’s impedance magnitude becomes muchnd the supra-aural earphone; thus, we plot ear-canal pres-
greater than the ear’s normal impedance magnitude and assgres relative to those in normal edir., Eq.(2)]. We in-

result the leak is effectively plugged. clude measuremeni®/oss et al, in pres$ with the model
Our measurements of ear-canal pressures generated Byedictions where possible.

the supra-aural earphone show the largest low-frequency re-
ductions in ear-canal pressure in ears with mastoid bowls
suggesting that larger leaks occur with mastoid-bow! ear
than with other types of ear6Reasons for these larger leaks In Fig. 11 measurements are compared to the model pre-
are discussed below in Sec. ll)DVe model the additional dictions(with no representation of a leak at the earphone-ear
leak as a single pathway between the air space under tlennection for normal ears. For an earphone that acts as an
earphone cushion and the atmosphere. This pathway, whidbeal pressure source, the rati:/P+4| would correspond

is larger than any of the single pathways for a leak with ato 0 dB(i.e.,Pgc=Pyy). In Fig. 11, the measurements show
normal ear, is represented by an acoustic mdbs.  that with either earphongPec/Pry|<—5 dB for most fre-
=pul/ANS  whose impedance is calculated a8y  quencies, and thus neither earphone approximates an ideal
=jwM|'\é'fk. Figure 1QC) shows the predicted driving-point pressure source. The model predictions for the insert ear-
impedance for an ear with a 3-¢mmastoid bowl, an array of phone approximate the mean of the measurements and are
small leaks identical to those shown for the normal ear, andavithin one standard deviation of the mean at most frequen-
an additional leak with}12=1 cm andA}/2=0.2 cnf thatis  cies; thus, the model predictions are consistent with the mea-
placed in parallel with the leak for the normal ear. Figuresurements. In contrast, the model predictions for the ear-
10(C) shows that with the given configuration, the mastoid-canal pressures generated by the supra-aural earphone are
bowl ear’s driving-point impedance magnitude is reduced forconsistent with the measurements above 250 Hz, but below
frequencies below 500 Hg@y nearly a factor of 100 at 100 250 Hz the measurements and model differ by about 10 dB.

. The normal ear
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FIG. 12. Model predictions for the ear-canal pressures generated in ears with middle-ear pathologies with the insert(e&fhpoaad the supra-aural

earphong RIGHT). Pressures are in dB relative to the pressure generated in a norm{&igat). All model predictions are in black lines. Gray shaded
regions(lines) indicate the rangévalue of measurements made on subje@tssset al, 1999. (A) Mastoid-bow! ears(B) Tympanostomy-tube ears. The
measurement ranges summarize measurements on ears with Baxter™ tympanostomy tubes. Model predictions are shown for three choices of middle-ear
cavity volumeV,y - (C) Perforations of the tympanic membrane. The perforation diameter was estimated visually, using an otoscope, for the human subjects,
and the model's middle-ear cavity volurig , was selected to fit the measurements. The 100% perforation refers to a case with no tympanic mébjbrane.
“High-impedance” ear. No measurements were made for this condition. In the niidel9) |Zoc+ Zcav| Was made infinite.

An explanation of this difference in terms of a leak betweenC. Pathologic ears

the earphone’s cushion and the ear will be discussed further

in Sec. Il D below. As measurements made by SHa@866, 1. Mastoid bow!

Fig. 2) with the TDH supra-aural earphone show a similar ~ a. Model predictions. The model predictFig. 12A)]
low-frequency difference between pressures generated in that a mastoid bowl reduces the ear-canal pressure generated
coupler and pressures generated in normal ears, this restily both the insert and the supra-aural configurations and that
seems to be representative of other measurements. the pressure reduction increases as mastoid-bowl volume in-
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creases; the reduction is much greater with the insert eations shown here. The gray shaded regions of FigB12
phone than with the supra-aural earphone. With the inseiihdicate the range of measurements on a small population of
earphone and a mastoid bowl of 6 Erthe reduction is be- subjects (insert earphoneN=4; supra-aural earphonBl
tween 15 and 20 dB, whereas with the supra-aural earphone3). Because the model predictions are highly dependent
it is only 2—3 dB. This difference is a consequence of theon the middle-ear cavity volumes, which are unknown in the
impedances shown in Fig. 7: The volume of the mastoidpatient population, it is impossible to compare an individual
bowl has dramatic effects on the driving-point impedancemeasurement to the model. With anatomically reasonable
Zear With an insert earphone because the insert earphoneolume variations, the supra-aural earphone model predicts
faces an external-ear volume of only 0.5%mddition of the  the measured range, and the insert-earphone model predicts
6-cnT bowl increases the total volume by a factor of 12.the measured range for frequencies below about 1000 Hz and
Conversely, with the supra-aural earphone the external-eqaressures that are 5—10 dB greater than the measurements for
volume of 12.0 criis increased by only a factor of 1.5 by frequencies above 1000 Hz. One explanation for this 5—10
the 6-cni bowl, which changes the impedance magnitudedB difference between the model predictions and the mea-
|Zearl by a factor of about 0.7or —1 dB) at all frequencies. surements involves the choice of the model parameters. In
b. Comparison to measurementdleasurements of ear- the model, the componenZ;oc is determined from
canal pressures made on human subjects are generally caemporal-bone measurements on normal égig. 5. How-
sistent with the model predictiofEig. 12A)]. For the insert  ever, the measurements in Fig.(B2 are from ears with
earphone, the measurement range is very close to the motistories of middle-ear disease, which can reduce the stiff-
el's range for volumes of 1 cito 6 cn?. With the supra- ness of the tympanic membrafigngeet al, 1995. In fact,
aural earphone, the range of the measurements is much largeducing the moddlZod does result in a reduced ear-canal
than the model predictions, with both a systematic reductiompressure that more closely approximates the measurements in
in pressure below about 500 Hz and increases in pressutke 1000—4000 Hz range. Variations Bfoc from normal
between 500 and 1000 Hz; these features could result frorare also likely in ears with tympanic-membrane perforations,
acoustic leaks between the earphone cushion and the ear; thist the issue is less important in ear’s with mastoid bowls
possibility is discussed in Sec. Il D. because with a mastoid bowl, the additional ear-canal vol-
Differences between the measurements and the suprame dominates the ear’s input impedance to frequencies
aural earphone model predictions also occur at frequenciggreater than 4000 Hz.
above 1000 Hz. Here, the ear-canal pressure measurements Measurements with both an insert earphone and a supra-
(individual measurements are shown in Fig) $#ow sharp aural earphone were made on three subjects with Baxter™
pressure extrema that differ by at least 15 dB from the ranggympanostomy tubes. As the model predicts, low-frequency
of pressures measured in the normal ears; these extrema amessure minima occurred at the same frequencies with both
not predicted by our simple lumped model, whose validity atearphonegFig. 4 of Vosset al, in press.
these frequencies was questioned earl@&ec. 11 A). These
extrema are further discussed in Sec. Il E below in terms of?

. Tympanic-membrane perforations
a more complex model. ymp p

a. Model predictions. According to the model, the
2. Tympanostomy tube changes in the ear-canal pressure generated with a perforated
tympanic membrane depend on both the middle-ear cavity
a. Model predictions. The model predicts that a tympa- volume and the diameter of the perforation. Model predic-
nostomy tube introduces a low-frequency minimum in ear+ions are plottedFig. 12C)] for perforations of two extreme
canal pressurérelative to a normal eawhich depends on sizes for which we also have measurements: 1% and 100%
the volume of the middle-ear cavity as well as the tube’sof the tympanic-membrane area. As we do not have measure-
dimensiongFig. 12B)]. For frequencies above 1000 Hz, the ments of the middle-ear cavity volumes in individual sub-
changes from normal are less than 5 dB in both earphongcts, volumes were chosen to make the model prediction
configurations. Model predictions are plotted for an averag@and the measurement simifam general, the smaller perfo-
size middle-ear cavity of 6.5 chrand two extreme volumes ration behaves similarly to the tympanostomy tube: A low-
that correspond to the range of anatomical measurements infleiequency pressure minimum occurs at the sépefor both
population of normal temporal bones: 2.0tend 20 cmi  earphones, and the pressure minimum is smaller with the
(Molvaeret al, 1978. The changes in ear-canal pressure ard@nsert earphone than with the supra-aural earphone. The
again larger for the insert earphone than for the supra-aurddrger perforations behave more like mastoid bowls with a
earphone, but the general behavior is similar for the twaelatively constant loss as a function of frequency.
earphones. As the middle-ear cavity volume increases, both b. Comparison to measurementgzigure 12C) com-
the frequency and the level of the pressure minimum depares model predictions for two perforations with measure-
crease. For the same middle-ear cavity volume, the two eaments of ear-canal pressure in ear canals with the same size
phone configurations have pressure minima at the same frgerforations(1% and 100% perforationsHere, we plot in-
guency. dividual measurements instead of measurement ranges, be-
b. Comparison to measurements&/leasurements of the cause the perforation diameter, which is a parameter in our
ear-canal pressures made on human subjects with Baxtertata, has a large effect on the ear-canal pressure. Just as with
tympanostomy tubes are consistent with the model predicthe tympanostomy-tube case, model predictions using
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middle-ear cavity volumes consistent with the normal range Supra-aural earphone: Normal ear

of anatomical measurements are similar to the measured val- 10 + —
ues. An exception occurs with the supra-aural earphone at Mean = 5.d. (N=10)

. . Voss et al. (1999)
the lowest frequencies where the measured pressure with a 54

1% perforation is substantially below tlieo leak model.

o

4. High-impedance ear

'
[&]
1

Figure 12ZD) shows model predictions for a “high-
impedance” ear. The predicted ear-canal pressure generated
by either earphone is no more than 3 dB greater than in the
normal ear. As described aboy8ec. 11 C 5, the maximum

i
o
1

.15

IPNORMAL| / |p, | (dB re 1)

driving-point impedance magnitud&g,g| is limited by the pRCAMAL

volume of the external ear. Thus, with either earphone, the -20 (model prediction with 0.08 cm? leak) B
terminating impedance magnitufi&-,g| can only increase a 55

small amount whenZ oc+Zcay| goes to infinity and the i
ear-canal pressure remains nearly unchangeat. the high- 30, ) B
est frequencies shown, 2000—4000 Hz, there is a slight re- 100 2 3 4567 8190'00 2 3 4
duction in pressure with the insert-earphone configuration v FREQUENCY (Hz)

attached to the “high-impedance” ear because at these fre-
guencies the magnitude of the impedance of the external-e&tG. 13. Model predictions for ear-canal pressuesative to the ear-

space is less than the magnitude of the normal ear impedanﬁgone's Theenin pressurd,) generated in a normal ear when there is a
eak between the cushion of the supra-aural earphone and the pinna. Model

(Fig. 9).] . . . for the leak has an arrayN(=150) of “tubelike” leaks, each with
Our conclusion that a high-impedance ear has only small,,=0.0125 cm and .,,=2.5 cm. Also shown is the model prediction for

effects on ear-canal pressures depends on the volume of tki@ normal ear with no leak. The gray shaded region is the mean plus and
external ear. i.e.. the conclusion assumes that the extema|_éai|nus one standard deviation from the measurements on 10 normal ears
. ’ . ol (Vosset al, in press.

volume is that of a normal adult-sized ear wit.g
=0.5cn? for the insert earphone ovge=12cn? for the
supra-aural earphone. Here we consider the effects of exhan predicted by our model, and measurements of ear-canal
treme changes in these volumes on ear-canal pressures. Fgessure in ten ears made by ShéM66, Fig. 2 were all
example, consider the case of a smaller volume, as may beduced relative to the pressure measured in a coupler.
appropriate for a young child with a shorter and narrower ear  Our measurements of ear-canal pressures in ears with
canal than an aduliKeefeet al, 1993. As Ve approaches mastoid bowls show large reductions at low frequencies that
zero, the ear-canal pressure will be determined by the impedire also not accounted for by our model of a mastoid-bowl
ance of the middle ear. In the limiting case, with a high-cavity [Fig. 1XA)]. These pressure reductions are consistent
impedance middle ear, the earphone’s terminating impeawith larger acoustic leaks in the earphone-to-ear connection
ance will be high and the ear-canal pressure will approacithan the leaks proposed for a normal ear. Effects of the sur-
the Thevenin pressurd . As shown in Fig. 11, the pres- gery might lead to larger leaks with mastoid-bowl ears. The
sures generated in normal ears are only 5-10 dB belowurgery includes an incision in the skin behind the pinna. As
Pty thus, a smallVge coupled with a high-impedance the incision heals, the scar can pull the posterior portion of
middle ear can never increase the ear-canal pressure by mdfee pinna flange closer to the skull. This “bent” configura-
than about 10 dB. tion may introduce a larger leak between the supra-aural ear-
phone cushion and pinna flangderchant, 1999

Figure 14 compares the ear-canal pressures generated by

At frequencies below 250 Hz, the ear-canal pressurethe supra-aural earphone in three ears with mastoid bowls to
generated by a supra-aural earphone in normal ears weoair model prediction for a leak in the earphone-to-ear con-
smaller than those predicted by oleak free model[Fig.  nection of a mastoid-bowl ear. The model includes two types
11(B)]. Figure 13 compares these results of FiglB)Xo the  of leaks: the array of small “tubelike” leaks that accounts
model prediction with the array of small “tubelike” leaks for the normal ear’'s earphone-to-ear connecfigig. 10B)]
(Sec. 11D between the pinna and the supra-aural earphonand one larger leak that might occur in a region where the
cushion. The model predictions with this array of small leaksearphone cushion does not parallel the pinna. The model has
is consistent with the measurements and with the hypothesfeatures that are generally consistent with most of the mea-
that the supra-aural earphone is diffic(iftnot impossible ~ surements: the pressure reductions are greatest at the lower
to seal acoustically around the pinna and as a result there afiequencies and increases with frequency until a maximum is
low-frequency pressure reductions in ear-canal pressure. Weeached around 500 Hz. It is possible to predict ear-canal
conclude that there are always small acoustic leaks betwegiressures with features consistent with each measurement by
a supra-aural earphone and a pinna that result in reducegbsociating an appropriate “leak area” and “leak length”
ear-canal sound pressures at frequencies below about 280th the measurement; measurements with the larger low-
Hz. In support of this conclusion, we note that our measurefrequency pressure reductions have larger leak areas and
ments on ten subjects all showed smaller ear-canal pressuresasurements with the smaller low-frequency pressure re-

D. Acoustic leaks between the earphone and ear
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Supra-aural earphone: Mastoid-bowl ear =12 cn? [i.e., as in Fig. 7A)], we separate this total air
10 ¢ " - volume into three regions: 1. The air volume within the con-
cha and under the supra-aural earphone cushMfg (
= =11 cn?) is represented bgLg; 2. The ear canal itself is
represented as all” network where two compliances—

- each equal to 0Gg¢c and representing one-half of the ear-
canal volume—are connected by an acoustic Mdgsg that

is determined by the ear-canal dimension$/gc

=pl Ecl(wréc), wherel ¢ is the ear-canal length amg is

the ear-canal radius; and 3. The air volume of the mastoid-
- bowl cavity is represented by the compliarn€gow, -

Here, we choose model-element values for the distrib-
- uted modelFig. 15A)] of the external ear with a mastoid

S L \
o o u o o
1 I 1 1 1

MB
'20 = PEC

PYE |/ IPRI™MAY (dB re 1)

(model prediction with 0.20 cm? leak) bowl. Values forC.g andCgoy, are obtained from equiva-
259 3 representative measurements| | lent volumes defined in the preceding paragraph. The ear-
from N=10 measurements canal dimensions determine the values for khge and the
-30_: : T [ 7 M
100 N N 2 3 4 0.5Cgc of the “II” network. After mastoid surgery, the ear
FREQUENCY (Hz) canal is often wider-than-normal, and the canal is shorter-

than-normal because the “tubelike” part of the canal is ter-
FIG. 14. Model predictions for ear-canal pressures generated in ears whefinated by the mastoid-bowl cavity. To defirMaEc for a

there is a leak between the cushion of the supra-aural earphone and tl . —
pinna of a mastoid-bowl egbowl volume 3 crm) with both the same array ?ﬁaStOId_bOWI ear, we use an ear-canal ledﬁ‘vﬁ_ 1.0cm

of “tubelike” leaks shown in Fig. 13 and one additional larger lsae ~ and an ear-canal radiug'é =0.56 cm. These dimensions
tube-shaped leak with area 0.12 Tand length 1 crf). Also shown are  also define O-BECZO-E’VECI(PCZ), whereVegc=1.0 cnt is
three measurements selected from a total of ten measurements made = aqr-canal volume, which is equal to the ear-canal volume

mastoid-bowl eargthin black lines; these three measurements are represen- df | . . ..
tative of the total range and general shape of all measurerfosset al,, computed for a nggg]w?-ALear with average dimensioes, an_
in press. ear-canal length ¢ =2.5cm and an ear-canal radius

rEoRMAL=0.36 cm).

ductions have smaller leak areas associated with them. we For frequencies below 1000 Hz, the “distributed
conclude that most of our measurements made on mastoidPodel” [Fig. 15A)] and the “simple” model[Fig. 7(A)] |
bow! ears are consistent with larger-than-normal leaks in th&'ake the same predictions for the ear-canal pressure with a

earphone-to-ear connection of the supra-aural earphone. Mastoid-cavity bowl[Fig. 15B)]. Only as frequency in-
creases above 1000 Hz do spatial variations become signifi-

. cant and the “distributed” representation of the ear canal has

E. Sharp pressure extrema with a supra-aural large effects on the model predictions compared to the
earphone and a mastaid-howl ear “simple” model [Fig. 15B)]. In particular, the distributed

Our measurements of ear-canal pressures generated bgr-canal model leads to sharp pressure extrema, with a pres-
the supra-aural earphone coupled to ears with mastoid bowlure minimum that results from a series resonance between
exhibit sharp pressure extrema that typically include a presthe mass of the ear canal and the compliance of the mastoid-
sure minimum near 2000 Hz of about20 dB (relative to  bowl cavity and a pressure maximum that results from a
norma) and a pressure maximum near 2500 Hz of about 1(arallel resonance between the mass of the ear canal and the
dB (relative to normal[Fig. 14 and Fig. 3 from Vosst al.  compliances of the external ear and the mastoid-bowl cavity.
(in press]. Such sharp pressure extrema are not seen in eAs indicated in Fig. 18), the volume of the mastoid bowl
ther (1) the measurements on normal efifig. 11(B) and  influences the frequencies of the model’s pressure extrema,
Fig. 2 from Vosset al. (in press] or (2) the model predic- with the larger mastoid-bowl volume producing extrema at
tions shown with our “simple” lumped-element model of lower frequencies. Since these pressure extrema are similar
Fig. 7(A). Here, we propose an amendment to the model thain magnitude and frequency to those measured on subjects
predicts these pressure extrema at the higher frequenci@gth mastoid bowls[Fig. 14 and Fig. 3 of Vos®t al. (in
without affecting the low-frequency behavior with the supra-press], we conclude that the pressure extrema result from
aural earphone and mastoid-bowl cavity configuration. resonances between the ear-canal and the air spaces of the

As discussed in Sec. IIC2, the “simple” lumped- external ear and the mastoid bowl.
element model with the supra-aural earphone and mastoid- Next, we test whether our “simple” model for the nor-
bowl cavity configuration becomes inaccurate at frequenciemal ear is adequate for the frequency range 100—4000 Hz
above 1000 Hz, where the dimensions of the external-ear athat we have considered. A distributed model for the external
volume approach the wavelength of sound. Here, we increasgar of a normal ear is similar to the model for the mastoid-
the model's frequency range by adding elements to allow dowl ear[Fig. 15A)] except the compliance that represents
pressure change along the ear canal between the air spate mastoid bowlCgow, , is removed, and the dimensions
under the earphone and the concha to the mastoid-cavityf the ear canal that defind - and 0.5 correspond to a
volume[Fig. 15A)]. Instead of representing the external-earnormal ear canali.e., an ear-canal lengttfe"™"A-=2.5 cm
air space as a lumped compliance with volurvge and an ear-canal radiu§2"™A-=0.36 cm). With a normal
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FIG. 15. (A) Modified representation
of the external-ear air volume in the

Earphone Mastoid-bowl ear model of the supra-aural earphone
TR . coupled to a mastoid-bowl ear. The
M v ear canal is modeled as al” net-
EC Zioc work with two compliances (0Ggc)
C'EE CBOWL connected by massMgc. The
—_— == o I external-ear air volume lateral to the
N A ear canal and the mastoid-bow! cavity
—_— O-SCEC ZCAV remain represented by compliances:

Cge and Cgoyy, respectively. (B)
Model predictions for the mastoid-
bowl ear with the ear-canal repre-
sented by both the simple model of
SUPRA-AURAL EARPHONE Fig. 7(A) (dotted line$ and the ‘11"
network defined abovesolid lines
@ with ear-canal dimensions for a

MASTOID-BOWL EAR NORMAL EAR mastoid-bow ear(i.e., lec=1.0 cm;
’ i rec=0.56 cm). Model predictions are

15 - 15 t
shown for two bowl! volumeg2 cnt
10 101 - and 6 cm). The model predictions for
5 | each bowl volumdindicated on plot
2cm?® overlap at the lowest frequencid<)
Model predictions for the normal ear
with the ear-canal represented by the
“II" network defined above relative
-10 - to the model predictions with the
simple model of Fig. BA). The solid
line are calculations made with ear-
-204 -20 1 - canal dimensions of a normal e@e.,
254 0 [ - *Simple" lumped model | o5 B lec=2.5cm; rgc=0.36 cm), and the
— "TI" Network model — dashed lines are calculations made
Ear-canal dimensions: "Normal" . . .
-304 - =80 |----. Ear-canal dimensions: "Mastoid-bowl like"| [~ with ear-canal dimensions of a
[ Measurement Range (N=10)| . . _ .
.35 - . mastoid-bowl ear(i.e., lgc=1.0 cm;
! i 2 3 4 56789 2 3 4 =
505 TR AR TR 2 3 4 100 000 rec=0.56 cm), V\_/here both_ sets of
ear-canal dimensions result in an ear-
canal volume of 1.0 cfn

(&)
1
T

o
1
T
o
N
T

-5 -5 -
-10 4

15 -15- -

IPeg |/ 1P RSFMAL | (dB re 1)

FREQUENCY (Hz) FREQUENCY (Hz)

ear, the two model topologie@.e., the “simple” lumped small external-ear volumérelative to the supra-aural ear-
model and the distributed modedredict nearly identical ear- phone results in a higher load impedance which can be
canal pressuredmig. 15C)]. Additionally, as shown in Fig. greatly reduced as a result of patholggyastoid bowl, tym-
15(C), the dimensions of the ear canal have little effect onpanostomy tube, tympanic-membrane perforgtiddn the
the model prediction as long as the total volume is constandther hand, when the ear's impedance magnitude increases
(i.e., | F2RMAL andrY2RMAL lead to model predictions that are relative to normal, the ear-canal pressure generally increases
nearly identical to model predictions made witﬁcB and by less than 3 dB relative to normal, because the impedance
reg). Thus, for a supra-aural earphone coupled to a normadf the air—space volume between the tympanic membrane
ear, the “simple” lumped external-ear compliance is ad-and the earphone generally places an upper limit on the load
equate and the distributed representation of the ear canal impedance on the earphone.
unnecessary for frequencies up to 4000 Hz. The earphone’s output can also be affected by acoustic
leaks between the ear and the earphone. Here, our supra-
aural earphone model predicts that such leaks lead to reduced
IV. DISCUSSION ear-canal sound pressures at low frequencies and slightly in-
A. Summary of results creased ear-canal pressures near the resonant frequency be-

. ween the mass of the leak and the compliance of the ear’s
Our lumped-element model explains how the soun

pressure generated in abnormal ears differs from normal.
These differences can lead to significant errors in hearing

tests, when it is assumed that the earphone produces the .
same sound-pressure level in all tested ears. B. Pressure in the ear canal versus pressure at the

Middle-ear pathology can both increase and decrease thtgmpamc membrane

ear’s impedance relative to normal. Both an insert-earphone  We have focused on variations in the ear-canal pressure
model and a supra-aural-earphone model predict that eaRgc generated at the output of the earphone. Inter-ear varia-

canal pressures will be altered when the impedance of th#ons in the pressure generated by the earphone—at the ear-
middle ear is reduced. In general, changes from normal arghone’s location—are important to quantify because they are

larger with the insert earphone because the insert-earphonesirrently assumed negligible when testing hearing.
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Another fundamental issue that remains to be addresseBiCKNOWLEDGMENTS
deals with determining whether generating a constant sound

pressure in the external ear leads to an a(.:curate test of .he?rr(_)m the NIDCD. We thank two anonymous reviewers for
ing acuity for all ears. For example, at higher frequencies
elpful comments.

standing waves can be generated in the ear canal, and the
pressure generated at the earphone may not be representatjve

h According to Sad€1982, tympanic-membrane perforations affect 0.5%—
of the pressure at the tympanic membrane. Neely and Gorgag, ¢ a%y Comnfunityz_ ymp P °

(1998 have recently suggested that sound intensity leved is estimated that 1.3% of American childréaged 8 months to 16 years

might provide a more useful measure than sound-pressurgave tympanostomy tubes at a given tifBzight et al, 1993.
level in these circumstances 3The ear canal has a length of about 28 mm and a diameter of about 7 mm

- . . . (Wever and Lawrence, 1954, pp. 41@he insert earphone assembly ex-
Another p0_55|b|I|_ty for mproved hearmg FeStmg would tends about 15 mm into the ear canal: the 12 mm length of the foam plug
be to test hearing with free-field sound. In this way, effects plus 3 mm for the probe-tube extension. Thus, the ear-canal volume be-

of ear-canal standing waves and external-ear filtering wouldween the probe tube and the tympanic membrane accounts for the external-

be included in the hearing test in a manner similar to real-*®" air VO'Umhe 0”&510-5 CnT- Thi Suzra-airil earphone couples to the |
. . . ear via a cushion that rests along the edge of the pinna. Here, we use a total

world hearing situations. external-ear air volume of2e=12 cn?, where 1.0 crhaccounts for the

ear-canal voluméShaw, 197% 4.0 cn? accounts for the concha volume

(Shaw, 1974 and 7.0 cr accounts for the air volume under the cushion

that is lateral to the concha, which we measured by filling the earphone

cushion with water from a calibrated syringe.

C. Insert versus supra-aural earphones “An “effective” middle-ear cavity compliance can be defined for conditions

in which Zc4y has an angle of approximately0.25 cycles. Because of the

Differences between insert earphones and Supra‘auraerffect of Moy, the “effective” middle-ear compliance depends on fre-

earphones have been discussed extensively in the IIteratur%uency. At the lower frequencies where the effeciMbf; is negligible, the
In general, supra-aural earphones are purported to have @ffective” compliance is the total complianc€,+C,. For frequencies
larger high-frequency dynamic range than many insert ear-much greater than the parallel resonant frequency between theNhgss
phones(Zwislocki et al,, 1988, while insert earphones pro- and the complianceS, andC;, the “effective” compliance isC; [see the
vide several advantages over supra-aural earphones, includlot of Zcav in Fig. SB)]. In general, when’ Zc,y~ —0.25(cycles, the
ing the reduction of leaks in the earphone-to-ear connectiop &ective” compliance Cey~1/(w|Zcav]) wherew=2sf.

di d int | att ticiill d Vilich Perforations that cover 1% and 4% of the tympanic-membrane area corre-
and increased interaural attenuatitillion an fichur, spond to circular perforations with diameters of 1 mm and 2 mm, respec-
1989. Our measurements and models show advantages anglely, assuming a tympanic-membrane area of 702maich is the me-
disadvantages for both the insert and the supra-aural eaian of the 55 mrhito 85 mnf range given by Wever and Lawren(t954,

- 416.
phones. The ear's Impedance has a Iarger effect on the SouE%possible complication might occur in the process of altering the imped-

pressure generated by the insert earphone than by the SUP&ce at the tympanic membrade,, from its normal value to an infinite
aural earphone. Variations in low-frequency pressures thamagnitude. We assume a process in which the impedangevaries such
result from leaks are a bigger problem with supra-aural ear-that |Z¥g"A"|<|Zy|< with the angle ofZy\ equal to the angle of
phones than with insert earphones. We also expect variationgy - . To simplify our discussion here, we consider admittances, where
in pressure along the ear canal to be larger with supra-aurdpr example,Yry=1/Zry, Ygg=1/Zge, andYry=1/Zy. For all cases
earphones than with insert earphones as a result of the larggPresented by Fig. 9¥nerl =Yy + Yeet Yry| decreases whef¥ry,|

: : fromYYoRMAL| ¢ theref [ St
distance between the earphone and the tympanic membrarﬁeecreases ronf¥y ™| to zero, and thereforgPe| increases. It is,
with the supra-aural earphone.

This work was supported by training and research grants

owever, conceivable that some valuesYgf, could occur which would
produce an increase if¥ g/, when|Yyy| decreases. For instance, if
Yee=jwBege and YYORMAL= — j»Bee=—jwBry, the sumYee+ Yoy
would be zero and a8yy—0, the sum would increase in magnitude.
Because the imaginary part of ), is generally positive(as is Bgg
=Cgp), this effect will not occur for most conditions. For conditiofesg.,
frequencies above 2000 Hwhere the imaginary part of ), can be nega-
Our model represents mechanisms that can cause sydgve (see, e.g., Rosowslit al, 1990, Fig. 10, the angles are rarely more
tematic ear-canal pressure variations of up to 35 dB in abpositive than 1/8 of a period, so the resonance will not produce a sharp
. . - increase inYygq| and any deviation from a uniform decrease|¥yg+|
normal ears relative to normal; in many cases, pressure Val‘lql-viII not be dramatic
tions are as much as 15 dB at several frequencies. To reducg terminating impedance that represents a radiation impedance results in
the problem of unknown variations in ear-canal sound- essentially the same tube impedance as the terminating impedance of zero.

pressure levels, a mlcrophone to monitor ear-canal pressure'gwe model predlcthn was compared visually tq the data Wlth different
L . . odel volumes until the model and data had similar magnitudes below
could be built into commercial audiometers, as suggestedf'000 Hz.
many years ag@Harris, 1978. The addition of such a mi-
crophone to an insert earphone would result in a system that
maintains all of the advantages of an insert earphone andf'e™ ; ; ;
9 P . Peripheral Auditory Mechanismsdited by J. B. Allen, J. L. Hall, A.
also controls ear-canal pressures close to the tympanic memy phard s, T. Neely, and A. TubiSpringer-Verlag, New York pp.
brane; such a microphone is also a necessary feature of am4-51.
audiologic system designed to measure the sound intensi§ery. Q. C., Andrus, W. S., Bluestone, C. D., and Cantekin, £1975.
level in the ear canal. The models presented here can be usegm;“?,azﬁ:‘g{:; gjtféfejass'f'ca“on in relation to middle ear effu-
to help define the range of ear-canal pressures such a systgjlon, T. E., Nolen, B. L., Luks, S. B., and Meline, N. (989. “Clinical

would need to correct. applicability of insert earphones for audiometry,” Audiolog, 61—70.

D. Conclusions

len, J. B. (1986. “Measurement of eardrum acoustic impedance,” in

1564 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000 Voss et al.: Theory of ears’ effects on earphone pressure 1564



Bright, R. A., Moore, R. M., Jeng, L. L., Sharkness, C. M., Hamburger, S.Rabinowitz, W. M.(1981). “Measurement of the acoustic input immittance
E., and Hamilton, P. M(1993. “The prevalence of tympanostomy tubes  of the human ear,” J. Acoust. Soc. A0, 1025-1035.
in children in the United States, 1988,” American Journal of Public Rosowski, J. J., Davis, P. J., Merchant, S. N., Donahue, K. M., and Coltrera,

Health 83, 1026—-1028. M. D. (1990. “Cadaver middle ears as models for living ears: compari-
Burkhard, M. D., and Corliss, E. L. R1954. “The response of earphones  sons of middle ear input impedance,” Ann. Otol. Rhinol. Laryndi8,

in ears and couplers,” J. Acoust. Soc. AR, 679—685. 403-412.
Egolf, D. (1977. “Mathematical modeling of a probe-tube microphone,” J. sade J. (1982. “Prologue,” in Proceedings of the Second International

Acoust. Soc. Am61, 200—-205. Conference of Cholesteatoma and Mastoid Surgedited by J. Sade
Harris, J. D.(1978. “Proem to a quantum leap in audiometric data collec- (Kugler Publications, Amsterdamp. 1.

tion and management,” Heart Vessels Supid, 1-29. ) Shaw, E. A. G.(1966. “Earcanal pressure generated by circumaural and
Keefe, D. H., Bulen, J. C., Arehart, K. H., and Burns, E. (#993. “Ear- supraaural earphones,” J. Acoust. Soc. /88, 471—479.

canal impedance and reflection coefficient in human infants and adults,” Jgp4 E. A. G(1974. “The external ear,” inHandbook of Sensory Physi-

Acoust. Soc. Am94, 2617-2638. ; ; ; ;
' ology, edited by W. D. Keidel and W. D. NeffSpringer-Verlag, Berli
Killion, M. C., and Vilichur, E. (1989. “Comments on “Earphones in Chgg 14, pp 155_490 fSpring 9 n
(afgcjé%r??tgy A[ZW'EEIOSCK' e;rilésJ.”A?%ouls;.mSoc. Am83, 1688-1689 Unge, M. von W. D., Dirckx, J., and Bagger-8fk, D. (1995. “Shape
Krin Iebé)tn ' Mc?igéa OSNetworI,( mod;I for .the human middle ear.” and displacement patterns of the gerbil tympanic membrane in experimen-
9 B ' ' tal otitis media with effusion,” Hear. Re®2, 184—-196.

Scand. Audiol.17, 75-85. . ) ) )
Kruger, B., and Tonndorf, J1977. “Middle ear transmission in cats with Voss, S. E(1998. I.Eﬁ?CtS of tympanic-membrane perforatlons on mldfile-
ear sound transmission: measurements, mechanisms, and models,” Ph. D.

rimentally in mpanic membran rforations,” J. A .
experimentally induced tympanic membrane perforations,” J. Acoust thesis, MIT.

Soc. Am.61, 126-132. " .
Kruger, B., and Tonndorf, J1978. “Tympanic membrane perforations in Voss, S. E., and Allen, J. B1994. “Measurement of acoustic impedance
" and reflectance in the human ear canal,” J. Acoust. Soc. @n372—

cats: Configurations of losses with and without ear canal extensions,

Acoust. Soc. Am63, 436-441. 384. _
Lim, D. (1970. “Human tympanic membrane an ultrastructural observa- Y0SS: S. E., Rosowski, J. J., Merchant, S. N., Thorton, A. R., Shera, C. A,
tion,” Acta Oto-Laryngol.70, 176—186. and Peake, W. T(in press). “Middle-ear pathology can affect the ear-
Lynch, T. J., Peake, W. T., and Rosowski, J(1B94. “Measurements of canal sound pressure generated by audiologic earphones,” Ear (ihear.
the acoustic input impedance of cat ears: 10 Hz to 20 kHz,” J. Acoust, Press. o o
Soc. Am.96, 2184—22009. Wever, E. G., and Lawrence, Ni1954. Physiological Acoustic&Princeton
Merchant, S. N(1997). Personal communication. University Press, Princeton, NJ o ‘
Merchant, S. N(1999. Personal communication. Wilber, L. A. (1994. “Calibration, puretone, speech and noise signals,” in
Molvaer, O., Vallersnes, F., and Kringlebotn, ¥1.978. “The size of the Han_dbook of Clinical Audiologyedited by J. KatZWilliams & Wilkins,
middle ear and the mastoid air cell,” Acta Oto-Laryng8s, 24—32. Baltimore, MD), Chap. 6, pp. 73-94. _
Morse, P. M., and Ingard, K. U1968. Theoretical Acoustic§McGraw- Zwislocki, J.(1962. “Analysis of the middle-ear function. Part 1: Input
Hill, New York). impedance,” J. Acoust. Soc. An34, 1514-1523.

Nadol, Jr., J. B.(1993. “Osseous Approaches to the Temporal Bone,” Zwislocki, J., and Feldman, A1970. “Acoustic impedance in normal and
Surgery of the Ear and Temporal Bgnedited by J. B. Nadol, Jr. and pathological ears,” American Speech and Hearing Association Mono-
Harold F. SchuknechtRaven Press, New YoykChap. 9, pp. 99-110. graph15, 1-42.

Neely, S. T., and Gorga, M. P1998. “Comparison between intensity and Zwislocki, J., Kruger, B., Miller, J. D., Niemoeller, A. F., Shaw, E. A., and
pressure as measures of sound level in the ear canal,” J. Acoust. Soc. Am.Studebaker, G(1988. “Earphones in audiometry,” J. Acoust. Soc. Am.
104, 2925-2934. 83, 1688-1689.

1565 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000 Voss et al.: Theory of ears’ effects on earphone pressure 1565



	Acoustic Mechanisms that Determine the Ear-Canal Sound Pressures Generated by Earphones
	Recommended Citation

	Using JASA format

