1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"% NIH Public Access

O
H%

Author Manuscript

Published in final edited form as:
J Acoust Soc Am. 2007 February ; 121(2): 978-993.

Theory of forward and reverse middle-ear transmission applied to
otoacoustic emissions in infant and adult ears

Douglas H. Keefe®) and
Boys Town National Research Hospital, 555 North 30th Street, Omaha, Nebraska 68131

Carolina Abdala
House Ear Institute, Los Angeles, California 90057

Abstract

The purpose of this study is to understand why otoacoustic emission (OAE) levels are higher in
normal-hearing human infants relative to adults. In a previous study, distortion product (DP) OAE
input/output (1/0) functions were shown to differ at f,=6 kHz in adults compared to infants through
6 months of age. These DPOAE 1/0O functions were used to noninvasively assess immaturities in
forward/reverse transmission through the ear canal and middle ear [Abdala, C., and Keefe, D. H.,
(2006). J. Acoust Soc. Am. 120, 3832-3842]. In the present study, ear-canal reflectance and DPOAES
measured in the same ears were analyzed using a scattering-matrix model of forward and reverse
transmission in the ear canal, middle ear, and cochlea. Reflectance measurements were sensitive to
frequency-dependent effects of ear-canal and middle-ear transmission that differed across OAE type
and subject age. Results indicated that DPOAE levels were larger in infants mainly because the
reverse middle-ear transmittance level varied with ear-canal area, which differed by more than a
factor of 7 between term infants and adults. The forward middle-ear transmittance level was —16 dB
less in infants, so that the conductive efficiency was poorer in infants than adults.

l. INTRODUCTION

This report evaluates the role of normal ear-canal and middle-ear functioning on the
interpretation of otoacoustic emission (OAE) responses produced within a healthy cochlea.
Based on the hypothesis that the cochlear mechanics are mature at birth and ear-canal and
middle-ear mechanics are immature, Abdala and Keefe (2006) used measurements of distortion
product (DP) OAE input/output (1/0) functions in infants and adults to calculate a relative
forward transfer-function level ALg and a relative reverse transfer-function level ALg between
the ear canal and the base of the cochlea. These levels assessed differences in acoustic ear-
canal and middle-ear transmission in infants compared to adults. Each level in infants from
newborn to 6 months of age was defined relative to an adult group. The ALg in term infants
was found to be —15 dB lower than adults and ALg in term infants was 13 dB higher than adults
for a DPOAE at 4 kHz. The higher ALg in infants is responsible for DPOAE levels being higher
in a healthy newborn relative to an adult ear. The goal of this report is to explain this 28 dB
relative difference between term infants and adults in their combined forward and reverse
transmission of sound.

A one-dimensional scattering-matrix theory of the acoustical-mechanical functioning of the
ear canal, middle ear and cochlea (Shera and Zweig, 1992b) is introduced and extended to
include ear-canal and maturational effects as well as incorporating the energy-reflecting
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properties of the ear-canal probe (Secs. Il A through Il 1). Theoretical predictions are
summarized in Section Il J for the reader specifically interested in the results concerning the
effect of immaturities in ear-canal and middle-ear functioning on DPOAEs. Using the above-
described results of Abdala and Keefe (2006), along with newly reported measurements of ear-
canal reflectance that were obtained in the same groups of subjects, the theory is applied to
analyze the effects of immaturities in ear-canal and middle-ear functioning on the forward and
reverse transmission of DPOAEs.

IIl. THEORY OF DPOAE GENERATION AND TRANSMISSION

A. General model and pressure variables

The DPOAE source model is based on a one-dimensional transmission-line model of
acoustical/mechanical signal flow in the external, middle and inner ears (see Fig. 1). A probe
consisting of one or more sound sources and a microphone is inserted into the ear canal a
distance ¢ from the tympanic membrane (TM). The pressure at a given location in the ear canal

or cochlea is the sum of a forward pressure signal Py (each forward signal denoted by a

superscript +) directed into the ear and a reverse pressure signal P« (each reverse signal denoted
by asuperscript —) directed away from the TM and towards the probe. The pressure P, measured

by the microphone is decomposed into Pe=Pe +P.. A reverse signal P directed toward the
probe leads to a reflected forward signal P . according to

P;,L:RS-P;, (1)

in which Ry is the source reflectance of the probe. The acoustic propagating mode in the ear
canal is coupled to the middle ear by the pressure Py=P;+P, acting over the TM. The middle-

ear energy is coupled into the cochlea, in which a pressure difference Py=P;+Py, acts across
the basal end of the cochlear partition.

In a DPOAE test, two sinusoidal tones are presented at frequencies f; and f, with f/f; = 1.2,
and the DPOAE is measured at frequency fpp=2f;—f,. The model of cochlear function is
assumed to be one-dimensional along the cochlear partition. For a low-level, sinusoidal
excitation at frequency fy, the forward traveling wave on the basilar membrane has its maximum
displacement at its tonotopic place. The cochlear model is decomposed into a set of connected
regions (see Fig. 1): (1) a basal region, in which the basilar-membrane displacement varies
approximately linearly with the stimulus amplitude, (2) af,-source region, in which the basilar-
membrane displacement varies nonlinearly with a stimulus amplitude at f5, and (3) an apical
region, which includes the tonotopic place of fpp, and more apical locations. A cochlear

pressure Pc=P ¢ +P; acts at the boundary between basal and fo-place regions, while a cochlear
pressure Pa=Pa+P, acts at the apical side of the f,-source region.

The theory of one-dimensional acoustic transmission lines to represent energy flow in the
external, middle, and inner ear can be formulated using a variety of equivalent representations.
One representation of one-dimensional transmission lines is the ABCD matrix approach. This
has the property that spatially connected regions are represented by matrices that are
concatenated together by the ordinary rules of matrix multiplication. Another representation
of one-dimensional transmission lines is the scattering (S) matrix approach used in the present
report. The S-matrix is advantageous for analyzing bidirectional energy flow in what can be
called forward and reverse directions through a transmission line. The bidirectional model in
terms of propagating signals in the forward and reverse directions is well suited to
understanding effect of middle-ear transmission on the process of OAE generation, because
the underlying parameters of a S matrix model, which are reflectances and transmittances, are
applied in a simple manner to each of the stimulus and OAE response signals. The ABCD and
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S-matrix representations are equivalent representations of the same system, i.e., results
obtained using a S matrix can also be obtained using an ABCD matrix.

It should be cautioned that neither the ABCD matrix nor the S-matrix representation is a
detailed model of middle-ear mechanics. What each representation provides is a frame-work
for relating measurements at the tympanic membrane to measurements at the oval and round
windows. A more detailed model of middle-ear mechanics would have the goal of explaining
the ABCD or S-matrix parameters in terms of variables related to middle-ear structures. Such
a goal was outside the scope of the present study.

B. Scattering matrix properties

Figure 1 shows a set of four networks drawn as boxes, with each network represented by a S
matrix that relates the acoustic pressure at locations on either side of the network. The S matrix
transforms the incoming waves into outgoing waves. For example, the forward and reverse
components of the ear-canal pressures P and P, are related by the S-matrix €S, in Fig. 1, which
represents sound propagation in the ear canal. For this network, the incoming waves are . .
from the left and F» from the right, and the outgoing waves are e to the left and P; to the
right. The incoming and outgoing waves are each represented by a two-element column vector,
and the ear-canal S matrix is a two-by-two matrix of complex coefficients:

Bt
e \p; | @

A general S-matrix 1S, relating location 1 on the left and location 2 on the right is written

1 o P 1 Pt o Pt
s ) () ()
I+ r P;r P2 er r P2 (3)
The r* is the (pressure) reflectance, and t* is the (pressure) transmittance of an incoming, or
incident, forward wave P} in the absence of an incoming reverse wave (PEZO). The r~ is the

(pressure) reflectance, and t~ is the (pressure) transmittance of an incoming reverse wave 2
in the absence of an incoming forward wave (PTZO).

A cascaded network is one in which the output from one network is the input to the following
network. Suppose that a S-matrix 1S3 is the cascade of scattering matrices 1S, followed
by 2S5, with 2S5 defined by

P
253=(R r )

Tt R @)

The 1S5 is calculated using a product operator ®, which is defined using Egs. (3) and (4) by
(Shera and Zweig, 1992b)

1532152 ® 2S3

o r* — R*det!S, T

TR T R~ — rdet’S; )

det'S,=rtr— —r*r-,

det’S3=R*R™ - T*T". )

The off-diagonal terms are simple products of the transmittances through the individual S
matrices, while the diagonal terms are complicated by the presence of reflection sites within
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each element. Fortunately, the present model has few such reflection sites so that the resulting
products remain relatively simple in form.

A one-dimensional transmission line can be represented using a pair of variables, one of which
is a generalized force and the other is a generalized velocity. For the acoustic transmission line
used herein, the acoustic pressure is the generalized force and the acoustic volume velocity is
the generalized velocity. This type of transmission line falls into the class of systems that satisfy
reciprocity (Strutt, 1873). Middle-ear functioning is reciprocal to the extent that it is adequately
described by such a system of generalized forces and velocities. Middle-ear mechanics has
been assumed to satisfy reciprocity in previous studies (Shera and Zweig, 1991; Shera and
Zweig, 1992a; Puria, 2003; Voss and Shera, 2004) as in this study.

Consider a general S matrix 1S, terminated on the left by an acoustic transmission line with
characteristic impedance Z; and on the right by a line with characteristic impedance Z».
Reciprocity in a one-dimensional S-matrix model implies (Shera and Zweig, 1992b)

_ 1
1 :m+, a=—=.
7 (6)

Reciprocity directly relates reverse and forward transmission with a coefficient o equal to the
ratio of the characteristic impedances at the ends.

C. S-matrix formulation of ear-canal/middle-ear/cochlear model

A time dependence of el27ft with unit imaginary number j, frequency f, and time t is used
throughout (the symbol t is frequently used elsewhere to denote a transmittance, but the
meaning is always clear from the context). The S-matrix between the ear-canal microphone
and the basal end of the cochlea for the model in Fig. 1 is €5.=¢S, ®°S,®PS,.. If the cross-
sectional area of the ear canal is slowly varying along its midline relative to its wavelength,
then any forward or reverse incident wave travels without reflection. The resulting ear-canal

S matrix over a distance £ is parametrized by the forward ( l;) and reverse ( /) ear-canal
transmittances
0 1,
e
;0 00

For constant ear-canal area, the transmittances satisfy
ti=t;=e ™, k=2nflc, 8)

in which c is the acoustical phase velocity. The ear-canal length ¢ is sufficiently short that
viscothermal wall loss in the ear canal can be neglected, although additional losses are likely
present due to motion of the ear-canal walls in young infants (Keefe et al., 1993).

The stimulus levels are assumed sufficiently low that middle-ear muscle reflex effects are
absent, so that the middle ear acts as a linear system. The middle-ear S matrix is parametrized
according to the general form of Eq. (3) by

og ( Rt T~ )
b= _
T" R )

It follows from Eq. (6) that
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T =a,T, a/Mzi, {=pc/A%,
Za, (10)

in which the acoustical characteristic impedance in the ear canal is { with ear-canal cross-
sectional area A®C and equilibrium density of air p. The characteristic impedance associated
with the cochlear traveling wave at the basal end of the cochlea is Z¢y,. If apy is real, then Eqg.
(10) predicts that T* and T~ have equal phase responses. Because the phase of Z¢, may differ
from zero, the reverse middle-ear transmittance phase is the difference in the forward middle-
ear transmittance phase and the phase of Z¢y,.

Because the basilar-membrane mechanics are linear in the basal end of the cochlea, the forward
and reverse pressure waves travel therein without reflection, so that PS; has the form

0

bg _

SC_(’+ 0 ) (11
Reciprocity implies that

M=a 1", a.=——,
Ze. (12)

in which the cochlear impedance at the cochlear vestibule Z¢y, and that at the basal boundary
of the f, source region (location ¢ in Fig. 1) in the cochlea is Z¢¢. The long-wavelength
approximation to cochlear mechanics is thought to be accurate in the basal region (Zweig,
1991).

For modeling DPOAEs, the S-matrix ©S, in the f,-source region is assumed to have the same
form as in Eq. (11), but in which the transmittances may vary with signal level (Shera and
Zweig, 1992b). The dependence on signal level is indicated here and elsewhere, where needed
for clarity, by a tilde over the variable. This S matrix is

csa:[fl ! ]
1 0 (13)

The S-matrix 85.=8S,®°S,®PS between the probe microphone and the basal boundary of the
f, source region in the cochlea is written using Egs. (5) and (7)—(12) as

Pe Y oo | Pi
(P: =5 o

e _( e~2jk['R+ e—jk[l—T~ )_( e—ij[R+ (Ye*jk[ll“’T‘f )
c= = s

ekt Rt e M T Rt
4
A=, .q,=5—.
M=z, (14)

This is the most general S matrix needed for subsequent analyses.

D. Forward transmission

The ear-canal source generates a forward incident pressure PZ(), 1ts forward transmission is
analyzed between the stimulus pressure Pg in the ear canal and the cochlear pressure P at the
basal end of the f,-source region.
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1. SFOAE effects on ear-canal reflectance and the forward cochlear wave—If the
stimulus frequency (SF) OAE source lies in the tonotopic region of the cochlea, a reverse
cochlear SFOAE source ¢ is related to the cochlear forward stimulus signal P and an apical
cochlear reflectance Rgg by

P.=R.P;. (15)
The coherent reflection emission theory predicts a specific form of Rgg (Zweig and Shera,

1995), but the representation in Eq. (15) applies to any source mechanism apical to node c in
Fig. 1. The &S, in Eq. (14) is analyzed with Eq. (15) to solve for the reverse ear-canal pressure

P, in terms of the ear-canal stimulus P- with the result

—2 jkt .—— + 4+
~+ e T R, Tt
P;=R, P: , Ry=e MR+ F
1 =R 1"1"Ry; (16)

The term Re (without a tilde) is the ear-canal reflectance in the absence of any SFOAE, and is
given by the first term on the right-hand side of the above

Bi=¢ MR, (7
This is the product of round-trip travel in the ear canal and the reflectance at the eardrum. It is
the commonly measured ear-canal reflectance, whose squared magnitude (called energy

reflectance) is also commonly interpreted as a middle-ear response by neglecting the OAE
contribution in Eq. (16).

The last term on the right-hand side of Eq. (16) represents the effect of SFOAES on the
reflectance measurement through its dependence on the apical cochlear reflectance Rgg. The
denominator describes the effect of multiple internal reflections of the SFOAE within the
cochlea. In the experiments to be described, the ear-canal reflectance was measured using a
wideband click, so that the OAE generated is a transient evoked (TE) OAE, which is spectrally
decomposed here into its SFOAE component at f. TEOAES in human ears are likely generated
through the process of coherent reflection emissions. Because of basilar-membrane
compression, the relative contribution of the TEOAE in Eq. (16) to the measured ear-canal
reflectance decreases with increasing stimulus level (Keefe, 1997;Burns and Keefe, 1998). The
effect of the TEOAE on the reflectance spectrum in the ear canal produces a ripple in the
response that is otherwise dominated by the middle-ear reflectance and the ear-canal phase
delay.

The F;C is the cochlear pressure at the stimulus frequency that includes the effect of the SFOAE.
The S-matrix €S, is further analyzed with Egs. (15)—(17) to solve for P, in terms of the ear-
canal stimulus P, and the SFOAE (via Rsg) as follows:

I+Rg;

P.=P,

TRt _ _ ’
I+ [ -R+e KT~ T+ — R°RY)] 19

in which the cochlea pressure P in the absence of any SFOAE is

e~k
—LP, T,=t"T".

P,
PClRF*O 1+R+ (19)

The Tg(f) is the forward pressure transfer function through the middle ear and the basal region
of the cochlea to the location where P¢(f) is defined.
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2. Forward stimuli for DPOAEs—In a DPOAE test, the sinusoidal stimuli at primary
frequencies f1 and f, lead to cochlear pressures P¢(f1) and P(fy). If the SFOAES at the primary
frequencies are neglected, then the cochlear pressures P¢(f1) and P(f,) are found from Eq. (19)
to be

~ifitle T,

Pc(fl)_w Pe(f1),
BT ()
P )= Pe /2. 0

When testing at stimulus levels near the DPOAE threshold, the SFOAE contributions to
Pq(f1) and P¢(fp) in Eq. (18) may be relevant in interpreting the low-level DPOAE responses.
For example, DPOAE 1/0O functions recorded in individual ears with fo/f; = 1.2 are sometimes
nonmonotonic even when the signal to noise ratio appears adequate (Gorga et al., 1994), even
though the 1/0 functions averaged across ears may be monotonic. Aside from these low-level
effects near threshold, it suffices in the following to interpret the DPOAE using P(f{) and
P¢(fp) given in Eq. (20).

E. DPOAE generator source model

The resulting DPOAE source pressure P (/or) was calculated by Shera and Zweig (1992b) as

1-R;t 1 Ry (21)

in which each term on the right-hand side is evaluated at fpp. This equation represents a two-
source model of DPOAE generation. The first source P is generated within the f2 source region

and travels in the reverse direction towards the ear canal. The second source P is generated
within the f,-source region, and travels in the forward direction to the more apical DP tonotopic

place where it is reflected back. The Pa is multiplied by the apical cochlear reflectance RNa,

measured with respect to the most apical region in Fig. 1. This reflectance is defined by
~— ~ ~+

Py=RqP,-The t" is the reverse transmittance defined in Eq. (13) across the f,-source region.
The denominator of Eq. (21) includes R, and transmittances defined in Eq. (13) as well as

R: (i), which is described below.

~ta— ~
Equation (21) is analyzed in the limit of small internal reflections, i.e., |Rc’ ! Ra|<< I Each
reflectance and transmittance in this inequality has a magnitude between zero and one (ignoring
any spontaneous OAES present at fpp). The inequality is typlcally Sa'[ISerd so that Eq (21) can

be approximated using a first-order Taylor series as Pc (/or)= (P, +P Rai JI+RZ1 1 Ral The
first term in parentheses on the right-hand side is the two-source term and is independent of
middle- and external-ear functioning. The second term in brackets has terms representing
cochlear nonlinearity and R, which depends on middle-and external-ear functioning. Consider
averaging over a group of subjects, in which the effect of the total internal reflections would

tend to average out. The group mean of [ I+R "1 Ra) would be approximately equal to 1. It

follows that the group mean of the magnitude |Pc (f,,,,)|, which is denoted by G, is a function
only of the source terms as follows:

~— et ot
G=|P,+P,R,1 |
T (f)

T (
=G (fi:fo: I b PeU) s | b Pe() 1) .
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The DP source at fpp is created by a nonlinear function G of the cochlear overlap of the two
primaries [as described by Eq. (20)], and each primary input depends on the forward
transmittance and the ear-canal reflectance. The second row shows the explicit dependence of
G on fy and f,, which accounts for frequency-dependent variations in the DP source strength,
and on their corresponding cochlear pressure amplitudes.

F. Reverse transmission

The DPOAE pressure at the probe microphone is calculated using Eq. (14). The DPOAE
P.(foe) in the cochlea is specified as the driving source. The boundary condition at the probe
is that of Eq. (L), so that Pe (ie)=Rs(foe)Pe (o). At frequency fop, Eq. (14) becomes

P, \ [ ePMRT e KT \( RyP;
Pr |\ e¥eTt R pP; ) 23)

Using the top row of this equation and the fact that Pe(/up)=[ 1+R(/5p)1P¢ (/ip), the resulting
probe microphone pressure Pg is

1R (fyp)le M oe T (£ o
Pelfor)=—rrR,Gomzt e (oe):

R (fyp)=e ¥ op ICR¥(f,,,),
Tk(j;)p):’_(fDP)T_(./;)P)' (24)

The middle equation is that of Eq. (17) evaluated at fpp. The DPOAE pressure is proportional
to Tr(fpp), which is the reverse pressure transmittance at the TM. Using Egs. (14) and (19),
the reverse and forward transmittances at the TM are related by

TR (/;)p ):(Y(fnp )l+(j;)p)T+ (j;)P):(Y(j;)P )TF (fl)P)' (25)

The bottom row of Eq. (23) with Eq. (22) provides the traveling wave ratio R (/oe), which
occurred in the denominator of Eq. (21), i.e.

- Pi(fip) Tt e Mol leR T
RI(f,)= = Ry 5

_P;(fDP) 1- R;R-Y ' (26)

G. Predicting forward and reverse transmission

For analyzing a group set of DPOAE I/0 functions, the source term |P;| is replaced by its group
mean G. The magnitude of Eq. (24) is expressed as

[Pe(for)|=H oG
HR(po):ER(fi)p)|TR(fDP)|Z(ZER(fDP)|TF(fDP)

[1+R. ()]
Eellow)=rm T
< (Jop) |1_RS(/‘[)P)RI(/bP)| N

’

The reverse transfer function Hg is a product of the magnitudes of the reverse middle-ear
transfer function and a reverse ear-canal transfer-function Eg, which depends on the ear-canal
reflectance and the source reflectance of the probe.

The forward transfer function Hg is defined for use in Eqg. (22) by
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H.(N=E,(N|IT.(N|, E.(f)=———.
PEEAPIO £ T |1+R (1) (28)

The transfer function Eg varies with ear-canal reflectance. Magnitudes are converted to levels,
i.e., the defined levels are Ly and L, for stimuli, Lpp for DPOAES, Lg for forward transfer
function, Lg for reverse transfer function, and L, for the reciprocity factor:

—|P‘;‘,f | 1,=2010g —|P‘;§0’”| :

LDPZZOIng, LF(f):2010g|HI-‘ (f)|’

Le(fop)=2010g|H,(fi,p)]
=L,+20 1ogER(fDP)+2010g|TF(fDP)|,
L,=20log|a]. (29)

L1=20log

The reference pressure is Pg=0.000 02 Pa.
Using Egs. (22), (27), and (29), Lpp is expressed using a DPOAE source level g as

Lo (f1:/2.L1.L2) =Ly (fip)+ 8L f1./2.Li+ L (1), Lo+ L (/2)],
g=20 logﬁ’—o. (30)
This simplifies in measurements with fixed frequency ratio f,/f; and fixed level difference
AL =L41—L,. Because fo/f; =1.2is close to 1, the forward transmittance and ear-canal reflectance
are assumed to vary sufficiently slowly that Lg(f;) = Lg(f,). The resulting DPOAE level is the
same as in the model of Abdala and Keefe (2006)

L,p(L>)

— =L,(fop)+8L/2.La+ L (f2)]. 31)

The explicit dependence of g on f, may be omitted in the following because the DPOAEs of
Abdala and Keefe were measured at a single fy, i.e., g(f2, Lo+Lg(f2)) = g(Lo+Lg).

H. Cochlear maturity and external/middle ear immaturity

In testing the hypothesis that cochlear functioning is mature in infants, Abdala and Keefe used
a particular form of g in Eq. (31) to fit the mean adult DPOAE data in units such that the mean

. a., R a .,
reverse transfer-function level Lx in adults and the mean forward transfer-function L in adults
were each normalized to zero, i.e.

a __ -
LD"_LD"(LZ)lﬁxed hlfiAL =8(L2). (32)

A superscript a on any variable denotes the adult group and i denotes any infant group. The

infant DPOAE 1/0 functions Lor were fitted with the same function g as in adults (consistent
with the hypothesis of mature cochlear function), and their forward transfer-function level
AL and reverse transfer-function level ALg were calculated with respect to the adult level.

With Egs. (19) and (28), the forward transfer function is decomposed into
H,=|""T"|E,. (33)

The ratio AHg of the forward transfer-function magnitude in infants re: adults is
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H)ir_ |t+.iT+.i| E;-‘ ~ |T+.i| E;:

AHF:H_;I__ |I+AaT+Aa| Eg - |T+.a| E;l :

(34)

The hypothesis that cochlear functioning is adult-like was used in the above, so that the basal-
region cochlear transmittance [see Eq. (11)] is the same in infants and adults (t*! = t+?). The
term AHg is expressed as a relative level ALg by

AL,=2010gAH,=AL_ +AL,,,,

E! T
AL =20logzE, AL,,=20log 7] .
o

T+a

(35)

The relative forward transfer-function level ALf is expressed as a sum of a relative forward
ear-canal level ALgg and a relative forward middle-ear transmittance level ALgp. The
measurements of ear-canal reflectance in infants and adults provide a measurement of ALgg
via Eq. (28). Combining this measured ALgg with the measured ALg by Abdala and Keefe
(2006) provides an estimate of ALgp, which quantifies the effects of maturation on forward
middle-ear transmittance.

Concerning reverse transmission, reciprocity was expressed in Eq. (29) in terms of a=acop.
If cochlear functioning is mature in infants, then o in the basal cochlear region is the same in
infants and adults. Thus, AL, in infants re: adults is given using Eq. (10) by

AL, =20l0g,, % =20l0g,, ¥ =20l0g
PR TR 6)
in which A2 is the cross-sectional area of the ear canal in adults, and Al in infants. The above
used the fact that Z¢p, is mature in infants with the hypothesis of mature cochlear function in
full-term infants. The AL, varies with the ratio of the average ear-canal areas in adults and
infants. The relative reverse transmittance ALg in infants compared to adults is defined based
on the middle row of Egs. (27), (35), and (36):

. H,
AL, (f,,)=20log (H—g)
=ALgg(frp)+ALgy (_f;)l’ )+AL,,

N Ey, Upp)
AL (fpp)=20l0g Eg 2 (37)

The relative level ALgg is calculated using the ear-canal and source reflectances [see bottom
row of Eq. (27)]. The relative level ALR is a sum of relative levels involving the area, the ear-
canal and source reflectances, and the forward middle-ear transmittance.

The reverse middle-ear transmittance T~ is related by reciprocity in Eq. (10) to the forward
middle-ear transmittance T*. Converting that equation to a form showing the relative level
difference between infants and adults, the relative reverse middle-ear transmittance level
ALRwm is given by

—i

T
ALy, =20log |7 |=ALy, +AL,. )

The second row of the above is based on the assumed maturity of the characteristic impedance

Zcp in infant ears that occurs in Eg. (10), the bottom equation in Egs. (35) and (36). It follows
from Egs. (37) and (38) that ALgr(fpp) = ALRre(fop)+Lrm(fop), Which is the analog for reverse
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transmission to the top Eq. (35) for forward transmission. Thus, ALgrp is directly measured
using

ALRM(fDP):ALR(fDP) - ALR[E(-/;)P)' (39)

I. Acoustic estimate of ear-canal area

The ear-canal area needed to calculate AL, in Eq. (36) was acoustically estimated using the

following procedure. The reflectance R; in the ear canal was measured according to methods
described in Sec. 111 B, in particular, based on the area A of a calibration tube. Its
corresponding characteristic impedance was ¢¢@=pc/A. The ear-canal acoustic impedance

Z; [k at the probe tip was calculated in the kth frequency bin by
ZHTkI=¢ (R TKD/(1 = Rk (40)

The click response was recorded at a sample rate fs using N samples; the kth frequency was
f = (K/N)f (fs = 22.05 kHz, N = 1024). If the area A of a particular ear were measured, then
the characteristic impedance of that ear canal would be {= pc/A. Using this £, a new reflectance

R¢. can be defined such that the acoustic impedance takes the form
ZTKI=LAHRELKD /(1 = Re LKD) (41)

The in variance in impedance in Egs. (40) and (41) is possible because the plane-wave
impedances on opposite sides of an area discontinuity are equal (Morse and Ingard, 1968). This
expression can be rearranged into Ze [KI={+RE[K1((+Z; [k]), and expressed in the time domain
as a recursive function of sample number n by (Sondhi and Resnick, 1983; Mclintyre et al.,
1983)

2, [n]=¢8[ nl+re[n] = ([ nl+z; [n]). (42)

The asterisk denotes time-domain convolution and J[n] equals 1 for n = 0, and 0 otherwise.

The time-domain impedance Z [72] and reflectance "ec[ ] in Eq. (42) are defined using the N-
sample inverse discrete Fourier transform (DFT) by

N-1

_1 j27m/\/N
=N e

%z
=)

_l_ - e jZImA/N

N § (43)

The 7eel 1 is causal so that 7ec[ 01=0, It follows from Eq. (42) at n = 0 that Z [01={, Combining

this with the top equation of Eq. (43) at n = 0 leads to

lN—lz+[k]
=N k§0 ¢

N/2-1
:%(ReZ(f’[OHRer[N/ZHZ > ReZ![k]|.
k=1 (44)

The latter form of the above uses DFT symmetry properties for the case that (= pc/Aec is real.
Its right-hand side is expressed in terms of the real part of the impedance. The Z . [N/2]

converges to {at high frequencies, and Z;[0ljs approximated as { (an improved theory would
introduce a complex { at frequencies <0.25 kHz), so that
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N/2-1
> ReZ[kl=(Re (Z})).
k=1

- N/2-1 (45)

Thus, the ear-canal area A was calculated in terms of the frequency average of the real part of
the impedance (Re (Z,)) py

pc
A=
(Re (Z;)) (46)

Keefe et al. (1992) reported this relation with an incorrect coefficient, although this reference
and Keefe et al. (1993) used the correct equation (46) to calculate the area. Huang et al.
(2000) correctly reported this relation. Its practical application may be limited in that the

bandwidth of the averaging of (Re (Z,)) was limited to 0.25-8 kHz. Nevertheless, this finite-
bandwidth approximation gave accurate area estimates for calibration tubes to within a couple
of percent, so it is likely to be acceptable for area estimates in ears as well.

Any Re(Z.)<0 were reset to 0 but included in the average. Such negative values may have
occurred due to small inaccuracies in reflectance calibration, errors related to a probe-tip
placement close to the ear-canal wall, or by partial or complete blockage of the tip by cerumen.
This procedure differed slightly from that of Huang et al. (2000), who omitted frequencies

from the average at which Re(Z;)<0, The two procedures were compared across infant ears,
and the differences in area estimates were within 10% in 88 of 106 ears. The maximum
procedural difference for any ear was 44%, but this case involved a measurement with
significant artifact. The median difference in estimating the area was zero for infants and 1.3%
for adults. Thus, the acoustic area estimate was judged sufficiently accurate for use in
interpreting reverse middle-ear transmission differences across age. The within-ear area
differences attributable to choice of procedure were smaller than the between-ear differences.

This area estimation procedure assumed that the ear-canal walls were rigid. However, neonatal
ear canals have nonrigid walls that move in response to sound below 1 kHz (Keefe et al.,
1993), which would introduce some error. The fact that the average extended over a wider
frequency range (up to 8 kHz) would suggest that the contribution of nonrigid walls did not
have a major effect in data from young infants, but the size of this error is unknown.

J. Summary of model predictions

For interpreting the relative forward (ALg) and reverse (ALR) transfer-function levels derived
from measured DPOAE I/0 functions, the main result of the model is to partition these levels
in infants relative to adults into ear-canal and middle-ear components by

AL, (f2)=ALy (2)+ALy (f2), (47)

AL; (Jor)=ALge (fop)+ ALy (fp)+ALq
~ ALRE(.po)+ALFM (.fl)+ALa/, (48)

ALR (/I)P):ALRE (.fl)P)+ALRM (/I)P)' (49)
The ALg is determined in Eq. (47) from DPOAE measurements (Abdala and Keefe, 2006), and

ALgg from reflectance measurements, so that the relative forward middle-ear transmittance
level ALpp(f2) = ALE(f2)— ALge(f2) may be calculated at f,.

J Acoust Soc Am. Author manuscript; available in PMC 2008 June 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Keefe and Abdala

Page 13

The ALy in Eq. (48) is the predicted relative reverse transmission level, which is compared with
the measured ALg from DPOAE measurements (Abdala and Keefe, 2006). The ALre(fpp) was
calculated from reflectance data, and AL, from the ratio of the adult to the infant ear-canal
cross-sectional area, as estimated acoustically. Because forward transmission was measured
by Abdala and Keefe across the stimulus frequencies f; and f,, but not at fpp, ALgpm(fpp) in
Eq. (48) was approximated using ALgp(f1), i.e., it was calculated based on measurements at
the stimulus frequency fq closest to fpp. This ALgp(f1) was calculated using a relation similar
to Eq. (47) at fy, i.e., ALpm(f1) = ALE(f2)—ALgg. The level difference e in predicted and
measured relative reverse transmission levels was defined as

g(po vfl):AL;(po) - ALR(fDP)' (50)

The notation g(fpp;f1) means that the dominant difference is compared at fpp, but that the
prediction of ALr(fpp) depends on ALgp(f1) at f1. The level difference in g(fpp;f1)was judged
with respect to the reported 28 dB difference in terms infants between ALg and ALE.

By analogy with the above discussion of forward transmission, the ALg(fpp) is determined in
Eqg. (49) from DPOAE measurements (Abdala and Keefe, 2006), and ALrg(fpp) from
reflectance measurements, so that the relative reverse middle-ear transmittance level
ALrm(fop) = ALr(fpp) — ALRe(fpp) may be calculated at fpp.

. METHODS

A. Subjects

This section describes the methods used to measure ear-canal reflectance in the same set of
subjects in whom DPOAE responses were collected. DPOAE methodology and results for
infant and adult subjects are completely described in Abdala and Keefe (2006).

Ten normal-hearing adults and 35 normal-hearing infants participated as subjects in this part
of the study. The adults had a mean age of 27.5 years and audiometric thresholds < 15 dB HL
for frequencies from 250 to 8000 Hz. Of the infant subjects, 21 were term born and 14 were
infants born prematurely (mean age at birth=35 postconceptional weeks) but tested after they
reached term-like status, i.e., 37-41 postconceptional weeks. Infants had a mean birth weight
of 2920 g and mean apgar scores of 7.7 and 8.7. Other than premature birth, none of the infants
had high-risk factors for hearing loss; the hearing in all infant subjects was within normal limits.
Subjects included both males and females, and data were collected in one ear per subject. Each
age group included both right and left test ears.

Ear-canal reflectance was analyzed in a subset of these ears. Inasmuch as some data were
obtained longitudinally, data were dropped if the DPOAE in the same subject dropped by 10
dB or greater from one test session to another and parent reported the infant to be sick or
congested, which indicated a possible upper respiratory infection. Data were dropped if the
energy reflectance was close to zero and/or if the equivalent volume was extremely negative
at low frequencies (<1 kHz). The presence of either or both conditions indicated a likely leak
of the probe in the ear canal (Keefe et al., 2000). Data were dropped if the energy reflectance
at high frequencies (6-8 kHz) exceeded 1.2. In the absence of spontaneous OAEs, the energy
reflectance should not exceed 1.0, but data with energy reflectances between 1.0 and 1.2 were
retained in the data set, even though there was some artifact present in the measurement. We
preferred to retain data with modest amounts of artifact at some frequencies rather than to
discard all the subject’s data. This artifact may have been due to a partially blocked probe tip
by cerumen or resulting from placement near the ear-canal wall, or reflectance calibration errors
at high frequencies. The final numbers of subjects analyzed in each age group was seven term
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infants, eight of age 1.5 months, nine at each of ages 3, 4, and 5 months, 13 at age 6 months,
and ten adults.

B. Reflectance procedures

An Etymotic ER10C probe was used with two receivers and a microphone, with a
manufacturer’s modification to provide +20 dB additional gain to each receiver. This same
probe was used in Abdala and Keefe (2006). DPOAE and reflectance responses were acquired,
whenever possible, based on the same ear-canal insertion. Receiver 1 delivered a brief “click”
approximating a band-limited impulse from 0.25 to 8 kHz. Receiver 1 was driven by the output
of a digital to analog converter (DAC) of a computer sound card (CardDeluxe) using custom-
written software. The microphone output was synchronously recorded using an analog to
digital converter (ADC) on the sound card. The sample rate was 22.05 kHz using a DAC and
ADC buffer length of 1024 samples.

The response was a time average of eight ADC buffers in each infant’s ear and 16 ADC buffers
in each adult’s ear. The shorter test duration in infants provided a response when the infant
was judged by the operator to be quiet. Up to six responses were stored so that the operator
could acquire multiple responses and choose the “best” response afterwards.

The ear-canal reflectance Re was calculated based on the click response and a calibration
procedure performed before the subject was tested. The calibration used click responses
recorded in a long and a short cylindrical, rigid-walled tube, with each tube closed at its far
end. The calibration was based on a model of viscothermal wave propagation in each tube. The
two main outputs from the calibration were the incident pressure response and the source
(pressure) reflectance of the probe [see Eq. (1)]. The incident pressure was the acoustic click
response in the absence of reflections. The adult probe was calibrated using a pair of large-
diameter tubes (of nominal lengths 292 and 8.2 cm) with a diameter (7.94 mm) close to that
of the adult ear. The infant probe was calibrated using a pair of small-diameter tubes (of lengths
237 and 5.9 cm) with a diameter (4.76 mm) close to that of the infant ear canal.

Other calibration outputs, which are further described in Keefe and Simmons (2003), included
the root-mean-squared error AR in the calibration and a final estimated value of a dimensionless
parameter y, which equaled one if the actual viscothermal loss was the same as the model wall
loss, and otherwise slightly exceeded one, indicating that the measured loss exceeded the model
loss. A reflectance calibration was valid for the adult probe if AR <0.014 and <y <1.11, and
valid for the infant probe if AR <0.014 and 1 <y <1.09. These validity criteria were set after
analyzing preliminary results. After calibration, the ear-canal reflectance was calculated based
on the incident pressure, the source reflectance and the ear-canal pressure.

The procedure was similar to previous work except for the following. Keefe and Simmons
erroneously stated that ear-canal reflectance was calculated [in their Eq. (13)] using an
additional input, the “measured ear-canal area” based on the size of the probe tip. In fact, their
ear-canal reflectance results were calculated using their Eq. (8), in which the “nominal pressure
reflectance” was normalized to the area of the tube set used in calibration. This error was
fortuitous, because it is inaccurate to estimate the ear-canal area by the area of the probe tip
(Keefe, 2004). The present ear-canal reflectance results were calculated using Eqg. (8) of Keefe
and Simmons (2003). In Keefe and Simmons, the source reflectance was calculated as a
weighted average of the source reflectances measured in the short and long tubes. In the present
study, the source reflectance was that measured using the short tube. An iterative loop within
the calibration procedure was used to improve the model fit to the data by adjusting the
estimates of tube lengths and .
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Distributions of source reflectance measurements using adult and infant probes were collected
based on calibrations on different days, and are plotted in Fig. 2. The median source reflectance
magnitude of the adult probe exceeded that of the infant probe at all frequencies. This may be
due to the fact that the sum of the areas of the two receiver ports and of the microphone port
is the same for both probes, but their summed port area relative to the ear-canal area was smaller
in the adult than the infant probe. This would result in a larger reflection amplitude from the
adult probe. The median source reflectance phase remained within +35 degrees for both probes
at all frequencies. The median reflectance magnitudes of both probes were relatively high
across frequency except for minima near 2.6 and 5 kHz. If the probe functioned as an ideal
closed-end termination, its source reflectance would have a magnitude of 1 and a phase of 0°.
The R; of the adult probe was more similar than that of the infant probe to this idealized source
reflectance.

The source reflectance phase ¢ for the adult probe showed a positive slope that was repeatable
(see box and whiskers plot at 6 kHz for the adult probe in Fig. 2). The ¢4 of 35° at 8000 Hz is
expressed as a phase advance g by ps=2zfzs, with 7g=12 us. The source of the phase advance
may have been an effect of higher-order evanescent modes. These modes describe the
nonplane-wave coupling between source and receiver at the probe surface. Such evanescent-
mode effects should be more pronounced in the adult than infant probe, because, as described
earlier, there is a larger discontinuity for the adult-sized calibration tubes between the summed
port area compared to the calibration-tube area. At frequencies (such as in the present study)
for which the highest analysis frequency was much less than the lowest cuton frequency of any
higher-order mode (Morse and Ingard, 1968), the impedance measured at the probe tip is the
sum of the impedance of the plane-wave mode [as in Eq. (40)] plus an inertance that includes
the effect of all the evanescent higher-order modes. The inertance impedance is parametrized
as jCEka in terms of the ear or calibration-tube radius a and a dimensionless evanescent mode
factor E. The E depends on the specific geometry of source and receiver, but a typical value is
of order 1 or less (Keefe and Benade, 1981). This means that evanescent-mode effects on
acoustic pressure (e.g., inside the ear canal) are important only within an axial distance of order
Ea from the probe surface. Taking E=1 as an estimate and a~4 mm for the adult probe, the
corresponding characteristic time associated with this inertance is of order z,=Ea/c=7 us. This
is similar in magnitude to z;=12 us. The inertance would act as a perturbation in calculations
of the incident pressure signal, the acoustic estimates of the lengths of the calibration tubes,
and thus the source reflectance, but more study is needed.

Regarding the distributions of source reflectance data in Fig. 2, each box in a box and whiskers
plot includes the inter-quartile range (IQR) between the 25th and 75th percentiles of responses,
and each whisker above and below a box extends to the lesser of 1.5 IQR or the maximum data
range. Individual outliers outside the whiskers were plotted with a black + for the infant probe
and a gray * for the adult probe. The maximum number of outliers in magnitude or phase at
any frequency never exceeded 3 out of a population of N =20 adult-probe and N=25 infant-
probe calibrations. The variability in source reflectance was smaller for the infant than the adult
probe, as assessed by the narrower IQRs. This is likely due to the compressible foam eartip
used in the adult probe, which differed in compression for each calibration. Sometimes when
compressed, the foam was also slightly pushed out at its ends, which may have contributed to
the variability. The variability increased slightly (i.e., the IQRs were wider) with increasing
frequency. The particular f, and fpp frequencies from the DPOAE data set are indicated in Fig.
2, and the median source reflectance at fpp was used in calculating ALre(fpp).

The click stimulus to measure reflectance was delivered at a fixed voltage level to the receiver
in each adult ear, and at a slightly different fixed level in each infant ear. The click amplitude
in each ear was assessed in terms of the peak-to-peak pressure amplitude of the response. This
pressure amplitude had a mean and standard deviation (SD) of 640 £151 mPa in adults, and a
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mean and SD of 588 264 mPa in infants. The mean amplitudes expressed as peak sound
pressure levels (pSPLs) were 90.1 dB for adults and 89.4 dB for infants. These are slightly less
than the 85-95 dB pSPL click level used in typical measurements of a TEOAE using the
nonlinear differential stimulus method (Kemp et al., 1990). The pSPL does not adequately
characterize the stimulus: the bandwidth of the click in the present study was broader (up to 8
kHz) than that used in typical TEOAE tests (up to 5-6 kHz), and the input voltage wave form
was designed so that the acoustic stimulus was a band-limited impulse (Keefe and Simmons,
2003), whereas that used in typical TEOAE measurements is an electrical finite-duration
impulse. The resulting click level in reflectance measurements had slightly lower spectral
energy at frequencies where TEOAEs are typically measured. This emphasizes the fact that
the reflectance stimulus did elicit TEOAE responses, which show up as a ripple on the
individual-ear reflectance responses [see Eq. (16)].

C. Assessment of variability

Variability in measuring ALg and ALg from DPOAE 1/O functions and variability in measuring
the reflectance-based functions ALgg, ALgg and AL, produced variability in derived estimates
of AL\ and ALg. The effects of these sources of variability on estimating ALgy and ALg were
assessed by calculating a (bootstrap) standard error (SE) of the mean for each variable across
the population of responses using the methods of Efron and Tibshirani (1986).

The bootstrap method analyzed 1000 synthetic data sets (using the MATLAB Statistics
Toolbox), in which each synthetic data set was created by randomly sampling Ng observations
at a time with replacement from the actual Ng observations in each data set. This involved
independent sampling of the DPOAE and reflectance data sets. The DPOAE data set comprised
the set of DPOAE SPLs in each ear for each age group at each L,, and the reflectance data set
comprised the set of reflectances and impedances measured in each ear for each age group.

IV. RESULTS

A. Ear-canal reflectance

2
The distribution of ear-canal energy reflectance (|R: | ) and unwrapped R; phase responses is
plotted as 1/12th octave averages in Fig. 3 for the term-infant and adult groups. The energy

+ . . . .
reflectance was plotted rather than |Re | because it has often been reported in previous studies.

The averaging partially smoothed out the ripples in R; that were a signature of a TEOAE
response superimposed on the middle-ear reflectance, but some effects of OAE ripple
remained. The 1/12th octaves were chosen because they include 4.00, 5.04 and 5.99 kHz, which
are close to the DPOAE frequencies of fpp (4 kHz), f; (5 kHz) and f, (6 kHz), respectively.
Reflectance values at some of these frequencies were used in subsequent modeling.

The median energy reflectance was larger in adults than in term infants except at 4 kHz. The
median reflectance phase delay was much larger in adults than term infants, mainly due to the
larger distance between the probe tip and tympanic membrane in adults. The IQRs were more
variable in the reflectance of term infants than in adults, especially in the energy reflectance
at low (0.25 and 0.5 kHz) and high (6 and 8 kHz) frequencies. This increased variability in
term infants was likely a result of differing maturational rates of ear-canal and middle-ear
functioning. The variability in reflectance phase was small below 1 kHz in term infants and
adults. At high frequencies in term infants, some reflectance phase responses required
unwrapping and others did not, which increased the variability at 6 and 8 kHz. Each reflectance
phase response was unwrapped in the adult group.
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The median energy reflectance and unwrapped phase delay of R; were plotted in Fig. 4 for the
adult group (gray line) and infant groups ranging in age from full term to 1.5, 3, 4, 5, and 6
months. These reflectances were plotted as 1/3 octave averages to more fully remove the
TEOAE-induced ripple. Except for full-term infants, which differed from the older infant age
groups, the energy reflectance increased at low frequencies with increasing age. The energy
reflectance in adults and infants of 1.5 months age and older had a minimum near 2-4 kHz,
but the minimum energy reflectance was approximately 0.4 in adults versus 0.1 in infants. The

unwrapped phase of R; had increasing delay with increasing frequency from 0.25 to 1.2 kHz
in all age groups, with larger age variations above 2 kHz.

B. Ear-canal effects on forward and reverse transfer functions

The theory presented in Sec. | decomposed the forward and reverse transfer functions into ear-
canal, middle-ear, and cochlear components. The measurement of ear-canal and source
reflectances provided the ear-canal components of these transfer functions. Using Egs. (28)
and (33), a forward ear-canal transfer-function level Lgg (in dB) is

L, =20log E, = — 20 log|1+R}]|. 51)

Using Eq. (27), a reverse ear-canal transfer function level

1+R;
L, =201log E,=20log | ——— |.
RE g R g l—R‘R; (52)

The forward Lgg is relevant to interpreting ear-canal transmission in any hearing test that uses
an insert earphone to deliver sound, and is relevant to a DPOAE test at stimulus frequencies
fyand f,. The reverse Lgg is relevant to interpreting an OAE test outcome at the OAE frequency.
The median Lgg(f) and Lrge(f) are plotted in Fig. 5 for infant and adult groups.

The forward level Lgg in the adult group had a well-defined maximum at frequencies in the
range from 3 to 4 kHz—e.g., Lrg was 5 dB at 4 kHz, but only —2 dB at 2 kHz and —3 dB at 6
kHz. The Lgg in the adult and infant groups were similar at frequencies up to approximately
1.4 kHz. The full-term infant group had a relatively constant Lrg close to —5 dB at all
frequencies. The infant groups at ages between 1.5 and 6 months had relatively small
differences in Lgg. Their Lpg were between the adult and term-infant group levels between 2
and 4 kHz, and exceeded the adult and term-infant levels at and above 6 kHz.

The reverse level Lgrg decreased with a slope of approximately —3 dB/octave between 0.6 and
5 kHz. The Lgg varied only slightly with age in this mid-frequency range, except for a5 dB
boost in term infants relative to adults near 2.8 kHz. In a common DPOAE screening procedure
with f, of 4 kHz and fo/fy of 1.2, the corresponding fpp is 2.7 kHz. Thus, full-term infants
received a boost relative to adults in the DPOAE response at this frequency due to reverse ear-
canal transmission, while the adult received a larger boost relative to the full-term infant due
to forward ear-canal transmission. Above 5 kHz, Lrg increased rapidly with increasing
frequency up to approximately 7-8 kHz in adults. It remained approximately constant in
infants, except for a small increase at high frequencies in the 1.5 month group. Below 0.6 kHz,
Lre varied significantly with age; the level at 0.25 kHz in the adult group was approximately
9 dB larger than that in the term-infant group. This result may be related to the presence of ear-
canal wall motion at low frequencies in younger infants. This effect contributes with the
presence of their higher noise levels to the difficulties of measuring DPOAEs at low frequencies
in young infants. These forward and reverse ear-canal levels interact differently in a DPOAE
test in contrast to a SFOAE or TEOAE test. This is because forward transmission in a DPOAE
test occurs at the 5 (and f1) frequencies and the DPOAE returns at the fpp frequency.
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The round-trip effect of these ear-canal transfer functions in a DPOAE test with fo/f; = 1.2 (so
that fpp=2f,/3) was represented by plotting Lre(f2)+ Lre(fop) (see top panel of Fig. 6). The
most salient feature of this plot was that the adult group round-trip level had a maximum near
3.4 kHz. In a SFOAE test or a frequency-specific comparison in a TEOAE test, forward and
reverse transmission occur at the same stimulus frequency. The round-trip effect of these ear-
canal transfer functions in a SFOAE test was represented by plotting Lgg(f2)+ Lre(f,) at the
same stimulus frequency f; (see bottom panel of Fig. 6). The actual round-trip ear-canal level
for the SFOAE test was somewhat flatter across frequency than for the DPOAE test within
each age group (except for adults below 0.5 kHz, at which SFOAEs are rarely measured). It
should be cautioned that the respective OAE levels are not strictly proportional to these sums
of Lrg and Lgg, because the forward level is modified by cochlear non-linearity.

The age differences in forward and reverse ear-canal transmission are revealed by defining the
relative forward ear-canal transfer-function level ALgg and relative reverse ear-canal transfer-
function level ALRg in infants compared to adults by

ALy, :L:-‘E - L:-"lE’ ALRE:L;E - LﬁE' (53)
These definitions are equivalent to Egs. (35) and (37). These relative levels in the infant groups
are plotted in Fig. 7 in terms of the levels plotted in Fig. 5. The age effects in forward
transmission were less than 2 dB at frequencies up to 2 kHz and above 6 kHz, but infant groups
showed forward attenuation of up to 11 dB relative to adults at frequencies in the 3—4 kHz
range. The relative reverse level in infants was attenuated below 0.6 kHz, boosted between 1.4
and 5 kHz, and attenuated above 5 kHz by as much as —10 dB at 8 kHz.

The theory in the Introduction identified the cross-sectional area A of the ear canal as important
to reverse transmission of OAEs. The areas A? in adults and Al in infants were acoustically

estimated using Eq. (46). The distributions of these areas were plotted in Fig. 8 using box and
whiskers plots. The right vertical axis of the plot shows the approximate equivalent ear-canal

diameter (equal to V4A/7) for the area A labeled on the left vertical axis at each tick mark. The
median ear-canal area was only 8 mm? in the term-infant group and increased monotonically
with increasing age to 31 mm? in 6 month olds, a value that was approximately half the median
adult area of 58 mm?2. The IQR in each infant group was narrower than the adult IQR, although
the IQRs relative to their medians were more similar. No more than one outlier was present at
any age. The acoustic estimates of ear-canal area from Keefe et al. (1993) are also shown in
Fig. 8 (dashed line) at infant ages 1, 3, and 6 months, and in adults.

The relative area level AL,=20 log(A%/Al) introduced in Eq. (36) controlled the difference in
reverse transmission between infants and adults. The distributions of AL, in the infant groups
were plotted in Fig. 9 as a set of box and whiskers plots. These box and whiskers plots were
constructed for the distributions of infant ear-canal area relative to the median adult area (shown
in Fig. 8). The median area level was 17 dB for term infants (corresponding to an adult area
seven times larger than the infant area), and decreased with increasing age to 5 dB at 6 months.

The model-based decomposition of the relative forward level AL into an ear-canal component
(ALgg) and a middle-ear component (ALgp=ALE— ALgg) is shown in the top panel of Fig. 10.
The mean ALg results are derived from Abdala and Keefe (2006), and the mean ALgg is
evaluated at fy, (see corresponding median response in the top panel of Fig. 7). The mean
ALgpy at f showed an attenuation of 16 dB in term infants relative to adults; the attenuation
decreased with increasing age to 7 dB in 6 month olds. The variability in each estimate was
calculated as +1 SE. The variability in ALgg across reflectance measurements was small
compared to that in AL derived from DPOAE measurements, so that the variability obtained
in ALgp was similar to that in ALg. Forward middle-ear transmission was not yet adult-like at
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age 6 months, and, in fact, the ALrg was the least adult-like at the oldest age. This is evidence
that the processes of ear-canal and middle-ear immaturity are far from complete at age 6
months.

The relative reverse level ALg was compared with its ear-canal component ALgg and the

predicted AL, [see Eq. (48)] in the bottom panel of Fig. 10. The ALrg was 4 dB in term infants
and decreased to 0 dB in 6 month olds relative to adults. The variability in ALgg was smaller
than that of ALg However, the variability in the mean of the model AL’ was larger than either,
because its calculation was based in part on ALgp(f1), which had similar variability to that of
ALgp(f2) shown in the top panel of Fig. 10. The dominant contributor to variability was that
associated with the measurement of ALg in Abdala and Keefe (2006). The mean measured and
predicted relative reverse levels were within measurement variability at all ages except at age
5 months. However, the trend was that the g(f;f1)<0 at all ages [see Eq. (50)], with a mean
difference of —4 dB. The relative reverse middle-ear level ALgp(fpp) in the bottom panel of
Fig. 10 was calculated using Eq. (49), and its variability was only slightly larger than that of
ALg and ALRg. The 8Lgp(fop) had a gain of 9 dB in full-term infants, which decreased with
increasing age to 6 dB in six month olds. Reverse middle-ear transmission was not yet adult-
like at age 6 months, due mainly to immaturities in ear-canal area and in forward middle-ear
transmission.

V. DISCUSSION

A. Maturational effects

A model of acoustical and mechanical transmission through the ear canal, middle ear, and
cochlea was applied to interpret DPOAE and reflectance measurements in infants and adults.
This allowed the estimation not only of the relative forward and reverse transmission levels in
infants compared to adults, but also decomposed each of these forward and reverse levels into
ear-canal and middle-ear components. The model to account for maturational differences in
DPOAEs was based on the hypothesis that cochlear function and anatomy are adult-like in
term infants. If this hypothesis were false, then at least some of the resulting model predictions
would be expected to differ from measured data. Results from an analysis of human DPOAE
1/0 functions (Abdala and Keefe, 2006) suggested that cochlear function was, indeed, adult-
like in newborns. The present analyses added a more refined test and further supports this
hypothesis, inasmuch as the model assumed that several cochlear variables were adult-like in
infant ears. These variables included: (1) the cochlear DPOAE source level g [see Eq. (30)],
which was the cochlear variable that was assumed adult-like in infant cochleae by Abdala and
Keefe, (2) the transmittance t™ in the basal region of the cochlea [see Eq. (34)], and (3) the
characteristic impedances of the cochlea in basal and more apical regions [see Egs. (10) and
(12)]. Cochlear immaturity in any of these variables would have resulted in inaccuracies in
model predictions. No gross inaccuracies were observed; the residual inaccuracies were likely
due to assuming that each of ear-canal and middle-ear transmission were approximately
constant over the frequency range between fpp and f, (see below).

Regarding forward transmission near the stimulus frequencies of f; = 5 and f,=6 kHz, there
was a forward attenuation ALg of —15 dB of sound between a probe microphone in the ear
canal and the cochlea in term infants relative to adults (Abdala and Keefe, 2006). After
partitioning out the effect of ear-canal acoustics, the relative forward attenuation in middle-ear
transmission in term infants compared to adults was ALgp of —16 dB (see top panel of Fig.
10). This 16 dB of additional attenuation in the forward middle-ear transmittance of term infants
relative to adults affects not only DPOAE measurement, but any OAE measurement, and, in
fact, any hearing experiment in which sound is delivered through the middle ear to the cochlea.
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The presence of immaturity in middle-ear forward transmission has significance for the study
of hearing in young infants.

As described further in a brief review of middle-ear maturation in Abdala and Keefe (2006),
the observed age dependence of ear-canal area is unrelated to the size of the tympanic
membrane, which is of adult size in term infants. The plane of the tympanic membrane is more
horizontal in infants than in adults (Ikui et al., 1997), which accommodates the smaller ear-
canal area in infants. There were similarities and differences in the ear-canal area results
reported in the present study compared to those in Keefe et al. (1993). The average area in 1
month olds in Keefe et al. was consistent with the present median estimates at term and 1.5
months. The area in 3-month-olds in Keefe et al. (1993) was slightly elevated above the IQR
of the present study, and the results agreed in 6-month-olds. A large discrepancy in adult ears
was identified by Keefe et al, who reported an average area (and standard deviation) of 85+33
mm2. The median adult area in the present study was 58 mm? with an IQR from 43 to 63
mm2. The present results are in good agreement with measured cross-sectional areas in adult
ear-molds at a location corresponding to a 10-mm insertion depth into the ear canal: the average
earmold area was approximately 50 mm? with a range from 30 to 70 mm? (Stinson and Lawton,
1989). The adult area estimates of Keefe et al. (1993) were likely contaminated by either a lack
of accuracy in measuring the acoustic impedance or an atypical distribution of adults with
larger ear canals.

Regarding reverse transmission ALy at fpp=4 kHz, Abdala and Keefe (2006) reported a 13 dB
increase in total DPOAE level in newborn infants compared to adults (see bottom panel, Fig.
10), and this relative DPOAE gain decreased with increasing age. The increase in reverse
transmission in infants is what accounts for their large OAE levels compared to adults. The
reverse ear-canal component ALgg accounted for 4 dB of this increase in newborns, partitioning
the remaining 9 dB of ALg into ALgpm. The model explained most of this difference as due to
reciprocity in middle-ear mechanics, which predicts that the reverse middle-ear transmittance
is equal to the product of the forward middle-ear transmittance and the ratio of the ear-canal
characteristic impedance to the cochlear characteristic impedance [see Eq. (10)]. The reciprocal
relation between forward and reverse middle-ear transmittance appears helpful in
understanding the relationships between forward and reverse middle-ear transfer-function
measurements in human-cadaver temporal bones and in nonhuman mammalian ears in vivo,
but a review of this subject is outside the scope of this report. Nevertheless, maturation effects
have been reported in young postnatal gerbils in the form of an attenuation of forward middle-
ear transmission (Overstreet and Ruggero, 2002). Such effects are similar to those that were
observed noninvasively in the present study in human infants.

The fact that ALg and AL, agreed overall in Fig. 10 to within 4 dB confirmed the basic theory
that maturational differences in DPOAESs are controlled by maturation in external- and middle-
ear functioning. The additional discrepancy at 5 months was likely due in part to inaccuracies
in estimating ALg and ALg (Abdala and Keefe, 2006), which showed the least accurate fits in
the same 5-month and 6 -month age groups in which the largest magnitudes of ¢(f;f;) were
found. Other sources of this discrepancy might include error in the reflectance measurements
or model accuracy, and any difference in the effect of immaturity on forward transfer of energy
at fpp relative to that at f; and f,. These immaturity effects might be further investigated by
measurements in infants and adults over a broader frequency range.

The model accounted for approximately 24 dB of the 28 dB difference between ALy and
ALg in term infants relative to adults. The immaturity in ear-canal area (see Fig. 9) accounted
for 17 dB of this difference. Most of the remaining relative level was explained by reverse
transmission (ALrg=4 dB, bottom panel, Fig. 10).
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Consider the responses for newborns (i.e., the “Term” infant data in Fig. 10). The ALgp(f2) =
—16 dB (top panel, Fig. 10) and ALrp(fpp) = 9 dB (bottom panel, Fig. 10) represent an
attenuation in forward middle-ear transmission and a gain in reverse middle-ear transmission
in the ears of newborns relative to adults. The round-trip difference was ALgrm(fop)—
ALgm(fr) = 9—(—16) = 25 dB. While not plotted in Fig. 10, the difference using forward
transmission at f; was ALrpm(fop)— ALEm(f1) = 9—(—11) = 20 dB in newborns. If these were
measured at the same frequency, then the model would predict [see Egs. (37) or (48)] that
ALgm(fop) — ALgm(fop) = AL,=17 dB. It appears that the difference is converging towards
AL, as the frequency at which forward transmission is assessed moves towards fpp. Thus,
immaturity in middle-ear mechanics in infants results in the attenuation of the forward-directed
stimulus through the middle ear (at 5-6 kHz), while immaturity in the ear-canal area size results
in an overall gain in the reverse-directed DPOAE (at 4 kHz) measured in the ear canal. These
effects of immature function in infant ears are an attenuation of a sound stimulus to a lower
effective level on the basilar membrane, but a boost in the resulting OAE level in the small ear
canal of the infant.

The decomposition in Fig. 10 of forward and reverse transmission effects in infant ears relative
to adults strictly applies to only one particular set of DPOAE frequencies. Forward transmission
was assessed at fo=6 kHz and f; = 5 kHz primaries, and reverse transmission was assessed at
the 4 kHz DP frequency. The extent to which these results generalize to other frequencies is
unknown. It should be noted that the restriction in this study to a single DPOAE frequency was
required because a time-consuming DPOAE suppression protocol was implemented with each
infant subject. Because of the length of this protocol, it was not possible to collect DPOAE I/
O data at other frequencies. It would be useful to apply the procedures of the present study
across a wide range of DPOAE frequencies to assess maturational differences in DPOAES in
terms of maturational differences in ear-canal and middle-ear functioning.

The results in Fig. 10 show that the 6 month old is not yet adult-like in terms of both ear-canal
and middle-ear functioning. An unexpected finding from the ALgg results (Fig. 10) is that
ALgg in older infants up to age six months was more different from adults than ALFE in younger
infants. While this is only a 5 dB effect, it helps make the point that maturation of DPOAES
due to ear-canal and middle-ear development continues in infants older than 6 months. This is
consistent with the reports that ear-canal and middle-ear functioning, as assessed by acoustic
reflectance and impedance measurements, is not yet adult-like at age 24 months (Keefe et al.
1993), and ear-canal impedance is not yet adult-like even at age 11 years (Okabe et al. 1988).
It may be that the remaining maturation after age 11 years and through puberty is related to
increases in ear-canal area and the distance from the probe-tip location from the tympanic
membrane (which might involve both area and ear-canal length changes), but more study in
older children is needed.

B. Ear-canal transfer functions for different OAE types

Ear-canal reflectance and probe source reflectance measurements were used to calculate
forward and reverse ear-canal transfer-function levels in adults and infants, and forward and
reverse levels were combined to simulate the linear-systems effect of round-trip ear-canal
transmission in a DPOAE measurement, and ina TEOAE or SFOAE measurement. In addition
to their significance for understanding maturational effects, these ear-canal transfer function
measurements have significance for interpreting differences in OAE type. The dominant effect
of ear-canal acoustics occurred for adults in DPOAE measurements for f, in the range of 3—4
kHz in the forward ear-canal transfer-function level in Fig. 5, and in the round-trip level shown
in Fig. 6. This effect was not undone by the reverse ear-canal transfer-function level. This
increased stimulus transmission in a DPOAE measurement near a f; of 4 kHz in adults is shown
in the frequency dependence of Lge(f,) in Fig. 5. This increase may explain why DPOAES
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were better able than TEOAEsS to classify a population of test ears of adult and older children
(=3 years of age) as having normal or a sensorineural hearing loss at 4 kHz (Gorga et al.
1993). This advantage also may explain why SFOAEs in adult ears had a similar test
performance to DPOAEs for predicting sensorineural hearing loss at octave frequencies from
1 to 8 kHz, except at 4 kHz where DPOAES had better test performance (Ellison and Keefe,
2005). There is no such pronounced effect of ear-canal acoustics in newborns on DPOAEs for
f, in the range of 3—4 kHz or at other frequencies in the range from 0.5 to 8 kHz compared to
TEOAES or SFOAEsS (see Figs. 5 and 6). This is consistent with the finding of no difference
in test performance of DPOAEs and TEOAEs at any frequency in classifying infant ears as
normal or hearing impaired (Norton et al, 2000). The longer ear-canal length in adults is one
important factor in this effect. Thus, the predicted effect of differences in ear-canal and middle-
ear functioning on OAE signal levels is consistent with differences observed in test
performance across OAE test type in adult ears, and with the absence of an effect of OAE test
type in infant ears.

VI. CONCLUSIONS

Using a one-dimensional scattering matrix model of energy transmission in the ear canal,
middle ear and cochlea, the forward and reverse transfer functions describing bidirectional
sound transmission between the ear canal and cochlea were decomposed into ear-canal and
middle-ear components. This decomposition was based on DPOAE and ear-canal reflectance
responses measured in the same infants and adults.

The reflectance was sensitive to frequency-dependent effects of ear-canal and middle-ear
transmission that differed across subject age groups and between DPOAE and SFOAE test
types. A notable outcome in adult ears was that the frequency dependence of forward
transmission appears to account for the better performance at 4 kHz of DPOAES compared to
TEOAESs and SFOAEs in classifying ears as normal or as having a sensorineural hearing loss.

Regarding the main goal of the study, the immaturities in DPOAE 1/O functions observed by
Abdala and Keefe (2006) in infants ranging from newborn to 6 months of age were explained
in terms of immaturities in ear-canal and middle-ear functioning. For the 2f; — f, DPOAE
measured at f; =5 kHz and f,=6 kHz, the results show a relative attenuation (in infants
compared to adults) of 16 dB in the forward-transmitted stimulus energy through the middle
ear. The results provide evidence that DPOAEs are larger in infant than adult ears, mainly
because of the effect of ear-canal area growth, which contributes a 17 dB increase in the
DPOAE measured in the newborn compared to the adult ear. Neither ear-canal nor middle-ear
functioning were adult-like at age 6 months.
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FIG. 1.

Signal flow diagram in external, middle, and inner ears. On pressure variables and S matrices,
a superscript + denotes wave in forward direction, and superscript — denotes wave in reverse
direction.
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FIG. 2.

The median source reflectance is shown for the probe used in infant (black solid line) and adult
measurements (gray dashed line), while the distribution of source-reflectance responses is
shown by the corresponding box and whisker plots spaced an octave apart. Box and whiskers
plots are also shown at each of the fpp and f, frequencies. The magnitude of the source
reflectance is shown in the top panel and the phase of the source reflectance is shown in the
bottom panel. The distribution of responses was based on N=20 calibrations of the adult probe
and N=25 calibrations using the infant probe, with each calibration performed on a separate
day.
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FIG. 3.

The median ear-canal reflectance (average in frequency over each 1/12th octave) is shown for
the adult group (gray line) and the full-term infant group (black line). The distribution of ear-
canal reflectance responses in each group is also shown by box and whisker plots spaced an
octave apart. Box and whiskers plots are shown at each of the fpp and f, frequencies. The ear-
canal energy reflectance is shown in the top panel and its unwrapped phase is shown in the
bottom panel.
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FIG. 4.

The median ear-canal reflectance (average in frequency over each 1/3 octave) is shown for the
adult group (gray line) and six infant groups (black lines). The magnitude of the ear-canal
reflectance is shown in the top panel and its unwrapped phase is shown in the bottom panel.
The line style and line thickness for each age group is listed in the legend.
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The absolute level of the median forward ear-canal transfer function is shown in the top panel
for the adult group (gray line) and six infant groups (black lines). The line style and line

thickness are listed in the legend for each infant age group. The corresponding absolute level
of the median reverse ear-canal transfer function is shown in the bottom panel.

J Acoust Soc Am. Author manuscript; available in PMC 2008 June 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Keefe and Abdala Page 30

Absolute LFE(f2)+LRE(fDP) for DPOAEs
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FIG. 6.

Top panel: a round-trip ear-canal transfer function for a DPOAE test with f,/f; = 1.2 is plotted
vs f, as the sum of the medians of the forward ear-canal transfer function level Lgg(f,) and the
reverse ear-canal transfer function level Lre(fpp). Bottom panel: a round-trip ear-canal transfer
function for a SFOAE test is plotted vs its stimulus frequency (denoted f,) as the sum of the
medians of the forward ear-canal transfer-function level Lgg(fo) and the reverse ear-canal
transfer-function level Lrg(f2). Results are shown for differing age groups with line styles as
in Fig. 5.
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Relative Forward Ear—Canal Transfer Level in Infants
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FIG. 7.

Top panel: the level of each infant group relative to the adult group of the median forward ear-
canal transfer function is plotted. The line style and line thickness are listed in the legend for
each infant age group. Bottom panel: The corresponding level of each infant group relative to
the adult group of the median reverse ear-canal transfer function is plotted.
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FIG. 8.

The median of the acoustic estimate of the cross-sectional area of the ear canal is plotted as a
function of age for infants and adults (solid line). Box and whisker plots show the distribution
of measured areas in the present study with asterisks denoting an outlier in the term-infant
group and in the 5 month group. The right-hand axis expresses this area as the diameter (in
mm) of the equivalent circular cross section. The acoustic estimate of the ear-canal area from
Keefe et al. (1993) are shown in a dashed line with circles as markers.
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Relative Area Level (infant re: adult)
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FIG. 9.

The box plots of the median and 1QR of relative area level AL, (in dB) are plotted as a function
of age based on the ratio of the median adult ear-canal area to the distribution of ear-canal areas
in each infant age group.
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Top panel: the relative forward transfer-function level ALg data of Abdala and Keefe (2006)
(dashed line, upwards triangle marker) and the ear-canal component ALgg (solid black line,
circle marker) are used to estimate the relative forward middle-ear transmittance level ALgp
(solid gray line, downwards triangle marker) at f,=6 kHz as a function of infant age. Bottom
panel: the relative reverse transfer-function level ALg data of Abdala and Keefe (2006) (dashed
line, upwards triangle marker) are plotted as a function of infant age at Lpp=4 kHz, as is its
ear-canal component ALRg (solid black line, circle marker), and its middle-ear component
ALREg (solid gray line, downwards triangle marker). The ALg is compared to the model estimate

AL, plot (dashed-dotted line, x marker). The error bars in each estimate are shown as +1 SE.
Some data are slightly offset horizontally to improve clarity in viewing error bars.
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