
Effects of maturation on tympanometric wideband acoustic
transfer functions in human infantsa)

Chris A. Sanfordb�

Department of Speech and Hearing Sciences, University of Washington, Seattle, Washington 98105

M. Patrick Feeney
Otolaryngology, Head and Neck Surgery, Virginia Merrill Bloedel Hearing Research Center,
University of Washington, Seattle, Washington 98195

�Received 3 January 2008; revised 30 June 2008; accepted 8 July 2008�

Wideband acoustic transfer function �ATF� measurements of energy reflectance �ER� and
admittance magnitude ��Y�� were obtained at varying static ear-canal pressures in 4-, 12-, and
27-week-old infants and young adults. Developmental changes in wideband ATF measurements
varied as a function of frequency. For frequencies from 0.25 to 0.75 kHz there was as much as a
30% change in mean ER and �Y� with changes in static ear-canal pressure between 4 and 24 weeks
of age. From 0.75 to 2 kHz, the effects of pressure produced a small number of significant
differences in ER and �Y� with age, suggestive of a developmentally stable frequency range.
Between 2 and 6 kHz, there were differential effects of pressure for the youngest infants; negative
pressures caused increased ER and �Y� and positive pressures caused decreased ER and �Y�; the
magnitude of this effect decreased with age. Findings from this study demonstrate developmental
differences in wideband tympanometric ATF measurements in 4-, 12- and 24-week-old infants and
provide additional insight on the effects of static ear-canal pressure in the young infant’s ear. The
maturational effects shown in the experimental data are discussed in light of known age-related
anatomical changes in the developing outer and middle ear.
© 2008 Acoustical Society of America. �DOI: 10.1121/1.2967864�
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I. INTRODUCTION

Acoustic ear-canal measurements are dependent on the
physical properties of the external and middle ear, properties
that undergo developmental changes in human infants over
the first several months of life. Some of these changes in-
clude �1� an overall increase in the size of the ear canal and
middle-ear space, �2� a decrease in the length of the carti-
laginous portion of the ear-canal wall due to growth of the
bony portion of the canal wall, �3� changes in ossicular bone
density due to loss of residual mesenchyme and ossification,
and �4� changes in the orientation of the tympanic membrane
and ossicular chain �Ikui et al., 1997; Ruah et al., 1991;
Saunders et al., 1983�. These anatomical changes in infant
ears are thought to contribute to conventional single-
frequency tympanometry patterns that are not adultlike over
the first 6 months of life �Holte et al., 1991; Hunter and
Margolis, 1992; Paradise et al., 1976�. The general conclu-
sion from these developmental studies is that the overall im-
pedance characteristics of infants’ ears at low frequencies are
dominated more by the effects of mass, in contrast to the
middle-ear system in children and adults which is dominated
by the effects of stiffness �Holte et al., 1991; Meyer et al.,
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1997; Roush et al., 1995�. However, the extent to which
specific developmental changes in the infant external and
middle ears contribute to specific variations in acoustic
middle-ear measurements is not fully understood. A multifre-
quency approach to middle-ear assessment would be ideal
for infants in the neonatal to 7 month age range in light of
the shifting maturational gradient of acoustic ear-canal-
response properties �Feeney and Sanford, 2005; Holte et al.,
1991; Keefe et al., 1993; Meyer et al., 1997�.

From both research and clinical perspectives, it is impor-
tant to distinguish between variations in middle-ear measure-
ments attributable to developmental effects and those attrib-
utable to dysfunction or pathology. Furthermore,
understanding how developmental changes influence acous-
tic response properties of the infant ear have important im-
plications for interpretation of middle-ear assessment mea-
sures as well as behavioral and physiologic measures of
infant hearing �Holte et al., 1991; Keefe et al., 1993; Roush
et al., 1995; Holmer, 20011�. While more recent studies re-
port normative data for 1 kHz probe-tone tympanometry for
infants younger than 7 months of age �Alaerts et al., 2007;
Baldwin, 2006; Calandruccio et al., 2006; Kei et al., 2003;
Margolis et al., 2003�, a complete definition of what consti-
tutes a normal or disordered infant middle ear is currently
lacking.

Wideband acoustic transfer function �ATF� measure-
ments, such as energy reflectance �ER� and acoustic admit-

tance, are emerging as attractive alternatives to traditional
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admittance tympanometric measurements �Feeney et al.,
2003; Keefe et al., 2000; Keefe et al., 1993; Keefe et al.,
2003; Piskorski et al., 1999; Voss and Allen, 1994�. ER is the
ratio of sound power reflected from the middle ear to the
incident sound power presented by a probe stimulus in the
ear canal. ER at ambient ear-canal pressure has been used to
examine normal and disordered middle-ear function �Allen et
al., 2005; Feeney et al., 2003�, the acoustic stapedial reflex
�Feeney and Keefe, 1999; Feeney and Keefe, 2001; Feeney
et al., 2004�, neonatal middle-ear function �Keefe et al.,
1993; Keefe et al., 2000�, and middle-ear development
�Keefe et al., 1993; Keefe and Levi, 1996; Keefe and Ab-
dala, 2007�. Specifically, Keefe et al. �1993� investigated the
effects of middle-ear maturation on wideband ATF measure-
ments in adults and in five groups of infants and children �1,
3, 6, 12, and 24 months of age�. Age-related variations in ER
over a frequency range of 0.125–10.7 kHz were reported by
Keefe et al. �1993�, with ER patterns changing most signifi-
cantly between 1 and 6 months of age. The greatest changes
in ER occurred at frequencies below 0.5 kHz where ER in-
creased by up to 30% between 1 and 6 months of age. Keefe
et al. �1993� concluded that significant resonant amplifica-
tion of ear-canal wall motion occurred for lower frequencies
in young infants and that these effects may account for vari-
ability encountered with 226 Hz admittance tympanograms
in infants.

Additional studies have expanded the use of wideband
ambient pressure ATF measurements to include measure-
ments made over a range of static ear-canal pressures �ATF
tympanometry� �Keefe and Levi, 1996; Keefe and Simmons,
2003; Margolis et al., 1999�. Margolis et al. �1999� obtained
conventional multi-frequency-admittance tympanometry and
wideband ATF tympanometry results from 20 adults. At fre-
quencies above 2 kHz, multifrequency admittance tympano-
grams did not follow an orderly pattern, unlike ER tympano-
grams, which progressed in an orderly fashion as a function
of frequency from 0.25 through 11.3 kHz. The authors sug-
gested that this orderly behavior might prove useful for the
assessment of pathologic ears. Of particular clinical interest
were data presented by Margolis et al. �1999� from one
10-year-old boy with recurrent otitis media. The boy pre-
sented with a unilateral 35 dB conductive hearing loss, nega-
tive tympanometric peak pressure �TPP� �−250 daPa�, and
normal 226 Hz static acoustic admittance �SAA�. Otoscopy
revealed a retracted tympanic membrane, but no evidence of
middle-ear effusion. ATF measures at ambient pressure re-
sembled ER typically observed in normal ears under pressur-
ized conditions. However, when the ear canal was pressur-
ized to compensate for the negative middle-ear pressure, an
abnormal ER pattern was obtained, indicating the possibility
of an additional middle-ear disorder, concurrent with nega-
tive middle-ear pressure. Margolis et al. �1999� concluded
that due to its apparent sensitivity to middle-ear disorders,
ER tympanometry could be a useful tool for clinical middle-
ear assessment.

Keefe and Simmons �2003� investigated the test perfor-
mance of 226 Hz tympanometry, energy transmittance
�which they defined as 1 minus ER� at ambient ear-canal

pressure, and energy transmittance at static ear-canal pres-
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sures as predictors of conductive hearing loss in children
10 years of age and older. Data were obtained from 42
normal-functioning ears and 18 ears with conductive hearing
loss. For a fixed specificity of 0.90, the sensitivity of these
measures to detect conductive hearing loss was 0.28 for SAA
�226 Hz�, 0.72 for ambient pressure transmittance, and 0.94
for pressurized transmittance �ATF tympanometry�, suggest-
ing that wideband ATF tympanometry may be a useful diag-
nostic tool.

Based on these results which demonstrate high sensitiv-
ity of wideband ATF measurements to changes in middle-ear
characteristics due to middle-ear pathology, it is hypoth-
esized that maturational effects of the infant ear canal and
middle ear may be better characterized using wideband ATF
measurements. Investigation of these responses in young in-
fants is of interest in light of the need for better understand-
ing of infant middle-ear development and for a valid test of
middle-ear function for young infants. However, to date, no
published studies have described young infant middle-ear
characteristics using wideband ATF responses under pressur-
ized ear-canal conditions. The current study was designed to
further investigate developmental changes in acoustically
based middle-ear measurements in infants and to character-
ize wideband ATF tympanometry results in infants of 4, 12
and 24 weeks of age.

II. METHOD

A. Subjects

One hundred and one infants were recruited for the
present study. Cross-sectional data are reported for 60 infants
�one ear from each infant�, with 20 infants in each age group
�4, 12, and, 24 weeks�. Mean age and standard deviation
�SD� and gender distribution �F=female, M=male� for each
age group are as follows: 4 weeks: 4.5 �SD=0.34� weeks, 8F
and 12M; 12 weeks: 12.0 �SD=0.34� weeks, 6F and 14M;
and 24 weeks: 24.1 �SD=0.31� weeks, 14F and 6M. Infant
participant selection criteria included �1� full term birth
�40 week gestation, �2 weeks�, �2� birth history free of
complications, �3� good health on the test date, �4� no risk
factors for hearing loss, �5� no history of otitis media, and �6�
clear entrance to the ear canals assessed by visual examina-
tion. An approximately equal number of left �L� and right �R�
ears were included for each age group �4 weeks: 9 R, 11 L;
12 weeks, 9 R, 11 L, and 24 weeks: 12 R and 8 L. Assign-
ment of right and left ears for data analysis was counterbal-
anced, alternating with each subject. Because data were not
obtained from all ears of every infant, proportions of left and
right ears were not equal. Infants were recruited with the
assistance of a database maintained at the University of
Washington and funded through a grant from the National
Institutes of Health.

Screening of infants for inclusion in the study consisted
of distortion product otoacoustic emissions �DPOAEs� and
1 kHz admittance tympanometry. DPOAE �2f1-f2� levels
for f2 frequencies of 2, 3, and 4 kHz needed to meet criteria
of �6 dB signal-to-noise ratio and an absolute level of
−10 dB sound pressure level �SPL� or higher. At the time

data were collected for the present study, two published stud-
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ies reported normative data for infants using 1 kHz tympa-
nometry �Margolis et al., 2003; Kei et al., 2003�. Based on
the 10th–90th percentiles for positive tail peak-compensated
SAA reported by these studies, a SAA criterion of
�0.3 mmho was used as an infant inclusion criterion. Data
from 41 infants were not included in the final analysis due to
failure to obtain a complete data set. Reasons for not obtain-
ing a complete data set included cooperation issues such as
fussiness or excessive movement �27 infants�, failure to meet
tympanometric criteria �7 infants�, failure to pass DPOAE
screening �3 infants�, or experimenter error in data acquisi-
tion �4 infants�. A complete data set was obtained in as short
as 20 min if the infant was cooperative. However, additional
time was often required for the infant to go to sleep, be fed,
or become settled. It was not required that the infant be
asleep for testing, and many infants were tested while awake.

Twenty-one adult participants were recruited using fly-
ers posted at various locations on the University of Washing-
ton campus. The final adult data set included a total of 20
adults �15 female, 5 male� with a mean age of 24.6 �SD
=2.9� years. Adult participation selection criteria included
�1� good general health, �2� a negative history of chronic
middle-ear disease, �3� 226 Hz tympanometric criteria within
normal limits �Margolis and Heller, 1987�, �4� hearing within
normal limits �air conduction thresholds �15 dBHL and air
bone gap �10 dB�, and �5� having ear canals free of wax and
tympanic membranes free of scarring as assessed using otos-
copy. One subject was excluded due to history of a middle-
ear disorder, which was revealed after testing was completed.
All screening and experimental measurements were obtained
from subjects while seated in a double-walled sound treated
booth.

B. Instrumentation and signal processing

Experimental measurements were made using a Welch
Allyn prototype diagnostic middle ear �DME� analyzer sys-
tem. A similar PC-based prototype system had been used for
conducting ATF measurements in adults and children �Keefe
and Simmons, 2003�. The PC housed a multichannel digital
signal processor, with one channel providing the wideband
probe signal output and the other channel digitizing the re-
sponse from the probe microphone. A second output channel
from the DME system was connected to a modified Grason
Stadler immittance instrument �GSI-33� enabling the static
ear-canal pressure to be controlled via the DME system.

The DME probe consisted of a custom made receiver/
microphone assembly leading to a probe tip with three sepa-
rate ports for receiver output, microphone input, and pressure
adjustments. Modified �shortened length� GSI tympanometry
ear tips were placed on the end of the probe tip to allow for
a pressure seal when placed in the participant’s ear canal.

The broadband stimuli were output from a digital-to-
analog converter at a 24 kHz sampling rate. The broadband
acoustic chirps used for infant measurements had a duration
of 40 ms with a frequency bandwidth extending from
0.25 to 8 kHz. The stimuli used with adults were acoustic
clicks with bandwidths of 0.25–8 kHz. The broadband click

stimuli were presented at a rate of 11.7 per second. The out-
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put levels of the clicks and chirps were 57 and 60 dB SPL,
respectively, as measured in a 2 cm3 coupler. The differences
in stimuli used for infants and adults were based on conven-
tions of the DME prototype �separate probe calibration pro-
cedures existed for adults and infants using click and chirp
stimuli, respectively�. Differences in ER measurements aris-
ing from using different stimuli were not expected as long as
adequate calibrations were obtained �see Sec. II C for de-
tails�. The microphone signal was digitized at a 24 kHz sam-
pling rate using an analog-to-digital converter, high-pass fil-
tered to eliminate low-frequency noise below 0.25 kHz and
stored for data analysis. The software incorporated a noise-
rejection algorithm, such that only ear-canal-response levels
that were at or below a specific criterion were included in the
signal averaging. A time-averaged-waveform response �an
average of eight stimuli� for each individual pressure condi-
tion was obtained and stored for analyses.

C. Calibration procedure and reflectance calculations

The ER and admittance measurements were made based
on a calibration procedure in which the Thevenin source im-
pedance and source pressure of the DME probe were calcu-
lated. For a detailed review of the calibration procedure
theory for ATF measurements see Keefe and Simmons
�2003�. Calibration procedures were performed only at am-
bient pressure. This decision was based on previous work
that confirmed that only slight changes in calibration results
occurred under pressurized conditions �Keefe and Simmons,
2003�. The daily calibration procedure for the DME probe
involved calculating the Thevenin source impedance and
pressure by modeling the acoustic wave propagation inside
two rigid-walled cylindrical calibration tubes. Each tube was
open at one end and closed at the other end with a steel plug.
During calibration measurements, the DME probe was
coupled to a given tube using a modified GSI rubber ear tip.
With the probe placed in the tube opening, the broadband
stimuli were presented, and the response was fitted to a
model of acoustic wave propagation for each smooth-walled
cylindrical tube. This method estimated the Thevenin equiva-
lent parameters of the probe system. The DME software ex-
ecuted all calculations involved in the calibration procedure.
Sets of “small” and “large” calibration tubes were used to
obtain Thevenin equivalent parameters for infant and adult
wideband ATF measurements, respectively. The infant cali-
bration tubes had lengths of 236.7 and 61 mm, each with a
diameter of 4.8 mm, which is a close approximation to ear-
canal diameter in infants. The adult calibration tubes had
lengths of 296.2 and 84 mm, each with a diameter of
7.9 mm, which is a close approximation to ear-canal diam-
eter in adults. To assess the validity of the calibration proce-
dure, a software-implemented root mean squared �rms� re-
flectance error function was generated to determine the error
in the acoustical estimate of the length of each cylindrical
tube relative to the acoustic wave propagation model. A rms
reflectance error of �0.01 was required for a successful cali-
bration. A successful calibration measurement was com-

pleted within 2–3 min.
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The DME software used the source impedance and pres-
sure from the calibration procedure and subsequent ear-canal
measurements to calculate the pressure reflection coefficient
�Rp�. Rp was calculated as

Rp = �Z − Zc�/�Z + Zc� , �1�

where Z is the impedance measured in the ear canal and Zc is
the characteristic impedance of the ear canal �Keefe et al.,
1992�. The characteristic impedance of the ear canal is
needed to calculate Rp and is equal to

�c/S , �2�

where � �rho� is the density of air, c is the phase velocity of
sound in air, and S is the area of the ear canal. Since an
actual area measurement of the ear canal was not practical,
the DME system utilized an estimate of ear-canal area equal
to that of each calibration tube to calculate Zc. The squared
magnitude of the pressure reflectance,

�Rp�2, �3�

was used to calculate ER.

D. Wideband tympanometry measurements

External-ear-canal pressure changes were accomplished
using the GSI-33 pressure pump, controlled by the DME
system. Measurements with the DME system were made at
static pressures of −200, −100, −50, −25, 0, +25, +50, +100,
and +200 daPa relative to TPP values obtained during
screening measurements with 226 Hz or 1 kHz tympanom-
etry for adults and infants, respectively. For instance, if a
participant presented with a TPP of −10 daPa, the extreme
static pressures were set to −210 and +190 daPa, with in-
terim static pressures adjusted accordingly. An ambient pres-
sure ATF measurement was obtained before making the
static pressure measurements. Following placement of the
ear tip and during the initial ambient ATF test, the DME
system performed an acoustic leak check. An acoustic leak
was determined by an estimation of an appropriate ear-canal
volume. If a leak was detected, which was usually the result
of an inadequate probe fit in the ear, the experimenter was
prompted by the DME software to check the probe fit and
run the test again. When an appropriate fit was obtained, all
ambient and static pressure conditions were then run. Mea-
surements from the single ambient and nine ear-canal pres-
sure conditions constituted one “trial” and took approxi-
mately 1 min to complete. However, if an infant was
sufficiently noisy, averaging would be suspended by the
DME system’s artifact rejection algorithm; therefore, some
trials with infant participants took longer to complete. The
probe was kept in place for the entire trial. In the event a
probe seal was lost during a particular trial, the entire trial
was repeated.

E. Coupler measurements

Over the course of five months of data collection, wide-
band ER measurements were made periodically �11 times� in
a Zwislocki coupler �Knowles Electronics, DB-100 with DB-

050 canal extension� to ensure consistency of stimulus pre-
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sentation and response characteristics. These measurements
were made in a sound treated booth, with the probe inserted
into the Zwislocki coupler, terminated by a 1

2 in. micro-
phone, and placed on a foam rubber pad. Table I presents ER
SD values by frequency for 11 coupler measurements. Small
SD values �all less than 5%� suggest minimal change in
probe calibration characteristics over the course of the study.

III. RESULTS

Multiple acoustic variables may be derived from wide-
band ATF measurements and examination of more than one
variable is useful when interpreting wideband ATF results.
ER and acoustic admittance measurements, including admit-
tance magnitude ��Y��, admittance phase, and conductance
�G�, are examined in the following sections.

A. Wideband energy reflectance

Figure 1 �left panel� illustrates one-third-octave aver-
aged ER results for each age group at nine ear-canal pres-
sures �−200, −100, −50, −25, 0, +25, +50, +100, and
+200 daPa, relative to TPP�. In addition, ER pressure differ-
ences are presented in Fig. 1 �right panel�. ER pressure dif-
ferences are defined as ER at a given static pressure condi-
tion �ERSP� minus ER at TPP �ERTPP�. Therefore, a positive
value on the y axis for Fig. 1 �right panel� indicates an in-
crease in ER at a given static pressure relative to ER at TPP,
while a negative value indicates a decrease in ER relative to
ER at TPP.

Ear-canal pressure generally resulted in increased ER
relative to TPP. Examination of 0.25 kHz in Fig. 1 �right
panel� for each age group shows that the degree of change in
ER with pressure steadily decreased as age increased, with
an approximately 30% change in ER at 0.25 kHz for
4-week-old infants and less than a 10% change at the same
frequency for adults. ER difference patterns for 4-week-old
infants exhibited a multipeaked effect across frequency, with
maxima in the ER difference functions occurring near 0.25
and 1.5 kHz. This multi-peaked pattern became less distinct
for the 12- and 24-week-old infants and shifted to a single-
peaked function in the adult data. The greatest pressure in-
duced increases in ER for all age groups occurred at frequen-
cies between 0.75 and 2 kHz �see Fig. 1, right panel�. For
4-week-old infants, between 2 and 6 kHz, and to a lesser

TABLE I. Energy reflectance �ER� standard deviation �SD� values at octave
frequencies for 11 ER measurements made with the same probe over the
course of five months in a Zwislocki coupler �Knowles Electronics, DB-100
with DB-050 canal extension�.

Frequency
�Hz� ER SD

250 0.016
500 0.026
1000 0.011
2000 0.026
4000 0.013
8000 0.046
extent 8 kHz, the effects of positive and negative ear-canal
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pressures of the same magnitude �i.e., �25, �50, etc.� were
opposite in nature, with negative pressures causing increased
ER and positive pressures resulting in decreased ER. This
effect was generally limited to more extreme ear-canal pres-
sures �i.e., �200 and �100 daPa� for frequencies greater
than 5 kHz for the two older infant age groups. For adults, on
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similar ER increases. However, some positive pressures, for
frequencies above 2 kHz, resulted in decreased ER while
negative pressures had minimal effects.

As a measure of variability, ER SDs were calculated
�see Fig. 2�. Overall, across frequency and pressure condi-
tions, the adult data showed the smallest SDs. With the ex-
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as frequency increased. For the infant groups, negative ear-
canal pressures tended to cause SDs to increase, relative to
SDs at TPP. Some pressure conditions �mostly positive�
caused SDs to decrease for the infant groups while nearly all
pressure conditions for the adult group resulted in either no
change or decreases in SD relative to SDs at TPP.

1. Statistical analyses

Separate two-way analyses of variance �ANOVAs� were
calculated at 16 one-third-octave center frequencies to exam-
ine the effects of age and pressure on ER pressure differ-
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FIG. 2. Energy reflectance �ER� standard deviations �SDs� as a function of
frequency for all age groups. The parameter is ear-canal pressure.
ences. An alpha level of 0.05 was used for all analyses. Age
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and pressure were significant factors at all frequencies. Post
hoc analyses �Tukey tests� were computed to test for signifi-
cant differences between age groups. Statistically significant
differences in changes to ER as a result of ear-canal pressure
were observed between infants and adults. Table II shows the
ages and frequency/pressure conditions for which infant ER
pressure differences were significantly different from adults.
At frequencies below 0.5 kHz ER pressure differences for
the youngest infants were significantly different from adults,
with most differences found at extreme ��200 daPa� ear-
canal pressures. For this same frequency region, no signifi-
cant differences in ER pressure differences were found be-
tween 24-week-old infants and adults for any pressure
condition. Significant age and pressure effects were more
prevalent at frequencies between 0.63 and 1.26 kHz with
more significant differences detected between infants and
adults. At frequencies from 1 to 6.35 kHz there tended to be
greater differences between adults and infants for negative-
pressure differences than for positive-pressure differences.

Next an analysis was made of significant ER differences
between infant groups using post hoc analyses �Tukey tests�.
Table III shows ages �in weeks� for which there were signifi-
cant differences in ER for different frequency/pressure con-
ditions. The majority of significant age and pressure effects
were found between 4-week-old infants and the two older
infant groups. Specifically, below 0.5 kHz, significant differ-
ences were found across nearly all frequency/pressure con-
ditions. At frequencies between 0.79 and 1.58 kHz, age and
pressure were found to be significant factors in only three
frequency/pressure conditions. However, this is a frequency
region where there were many adult-infant differences. For
the frequency region from 2.5 to 6.35 kHz, the effects of
pressure for 4-week-old infants were significantly different
from the effects of pressure for 12- and 24-week-old infants.
In contrast, across this same frequency range �with the ex-
ception of 6.35 kHz�, there were no significant differences
for the effects of pressure between 12- and 24-week-old in-
fants. In fact, for all frequency/pressure conditions, only nine
conditions exhibited significant differences between 12- and
24-week-old infants, with approximately half of them occur-
ring below 0.8 kHz for pressures at +100 and +200 daPa and
the other half at 6.35 kHz.

B. Wideband admittance

One-third-octave averaged wideband admittance magni-
tude ��Y�� values in mmhos are presented in Fig. 3 �left
panel�. Like ER pressure differences in Fig. 1, �Y� pressure
differences were also calculated and are presented in Fig. 3
�right panel�. It should be noted that, unlike ER measure-
ments which are relatively unaffected by probe position in
the ear canal, admittance measurements are affected by the
immittance qualities of the air space between the probe and
the tympanic membrane �Stinson et al., 1982�. Therefore,
some of the absolute admittance differences observed be-
tween groups are due to differences in ear-canal volumes
�Keefe et al., 1993�. Figure 3 �left panel� shows double-
peaked �Y� transfer functions for infants in the 1.5–6 kHz

range compared to a single-peaked transfer function for the
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adults. Also, as age increased, �Y� increased, with as much as
a 27 mmho increase in peak �Y� between 4-week-old infants
and adults. Negative pressures, with few exceptions, created
decreased �Y� in the infant groups. The most pronounced ef-
fect of pressure on �Y� for the infant groups was for positive
pressures �mainly 100 and 200 daPa� from 1.5 to 4 kHz,
with as much as a 6 mmho increase in magnitude across this
frequency range. Especially for the 24-week-old infants, this
pressure induced increase in �Y� created a transfer function
similar in shape to the adults.

As a measure of the variability in �Y�, SDs were calcu-
lated across subjects for each pressure condition and at each

TABLE II. Results of post hoc analyses �Tukey tests� indicating the ages �i
pressure minus ER at TPP� were significantly different from adults ��=0.05
any of the infant groups and the adult group.

Frequency
�Hz�

Static ear-canal pressure �da

−200 −100 −50

250 4 12 4 4
315 4 12 4 4
397 4 12
500 4
630 4 12 24 4 12 24
794 4 12 4 12 24 4 12 24
1000 4 12 4 12 24 4 12 24 4
1260 4 12 24 4 12 24 4
1587 12 24 4 12 24 12 24
2000 12 24 12 24 12 24
2520 12 24 12 24
3175 12 24 12 24
4000 4 4 4
5040 4 12 24 4 24 4 24
6350 4 24 4 4 24
8000

TABLE III. Results of post hoc analyses �Tukey tests� indicating the ages �
pressure minus ER at TPP� were significantly different from each other ��
between any of the infant groups.

Frequency
�Hz�

Static-ear-canal pressure �daP

−200 −100 −50

250 4–12 4–24 4–12 4–24 4–12 4–24 4–1
315 4–12 4–24 4–12 4–24 4–12 4–24 4–1
397 4–12 4–12
500
630
794
1000
1260
1587 4–12
2000 4–24
2520 4–12 4–24 4–12 4–24 4–12 4–24 4–1
3175 4–12 4–24 4–12 4–24 4–12 4–24 4–1
4000 4–12 4–12 4–24 4–12 4–24 4–1
5040 4–12 4–12 4–12 4
6350 4–12 4–12 12–24 4–12 12–24 1
8000
2112 J. Acoust. Soc. Am., Vol. 124, No. 4, October 2008 C. A.
frequency �see Fig. 4�. Overall, there was a nonmonotonic
increase in SD as frequency increased. Gradually increasing
SDs, with similar values across pressure conditions, were
found for all age groups for frequencies from
0.25 to 1.5 kHz. Infant groups exhibited a double-peaked SD
function for frequencies between 2 and 6 kHz similar to
mean �Y� values. While the lower-frequency SD peak for
4-week-old infants showed similar variability across pressure
conditions, the lower-frequency SD peak for 12- and
24-week-old infants was dominated by positive ear-canal
pressures.

eks� at which infant ER pressure differences �ERat a given static ear-canal
lank space indicates the lack of a statistically significant difference between

elative to tympanometric peak pressure �TPP�

25 50 100 200
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d adu
1. Statistical analyses

Separate two-way ANOVAs and post hoc analyses
�Tukey tests� were calculated at 16 one-third-octave center
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frequency/pressure regions where changes in �Y�, relative to
TPP, were statistically significant. Table IV shows results for
comparisons between adult and infant groups and Table V
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The patterns of significant differences for �Y� are similar to
those of ER �see Table II�, with the midfrequency region for
both ATF measures showing fewer significant differences be-
tween ages. However, more differences between 12- and
24-week-old infants were found for �Y� pressure differences
compared to ER pressure differences, especially at 1.58 and
2 kHz. Compared to ER pressure differences between infants
and adults shown in Table II, significantly different �Y� pres-
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sure differences shown in Table IV tend to group more to-
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ward frequencies ranging from 1.26 to 5.4 kHz.

2. Admittance phase

Mean one-third-octave admittance phase is illustrated in
Fig. 5. The phase at TPP �solid line� for the infant groups
revealed a general negatively directed monotonic shift from
stiffness to mass controlled phase as frequency increased
from 0.25 to 2 kHz, with nonmonotonic changes in phase for
frequencies from 2 to 8 kHz. Adult phase followed a similar
pattern out to 5 kHz, and then shifted toward a positive di-
rection out to 8 kHz. At frequencies below 1 kHz for the
4-week-old infants, admittance phase at TPP was near +45°,
indicating equal contributions of conductance and suscep-
tance components. Admittance phase angle shifted in a posi-
tive direction with increasing age at frequencies below
1 kHz for the infant groups, indicating increased stiffness
with increasing age. Data in Fig. 5 illustrate differences in
the effects of ear-canal pressure on phase, relative to phase
measurements at TPP. Positive ear-canal pressures created
the greatest change in phase for the infant groups, with the
largest changes occurring between 1 and 3 kHz. The most
common effect of static ear-canal pressure changes for the
infants was an increase in phase, indicating an increase in the
stiffness component. Ear-canal pressure had smaller effects
on phase for the adult group, with positive and negative ear-
canal pressures effecting similar changes in phase.

3. Conductance

Mean one-third-octave conductance �G�, the real com-
ponent of admittance, is presented in Fig. 6. Four-week-old
infant G values from 0.5 to 2 kHz were reduced ��3 mmho�
with the introduction of either negative or positive ear-canal
pressures. At frequencies greater than 2 kHz for the
4-week-old group, positive pressures created the greatest
changes in G, but only by amounts no greater than 3 mmho.
The effects of positive pressures were larger �up to 5 mmho�
in the 12- and 24-week-old infants. In contrast, both positive
and negative ear-canal pressures had similar effects across
frequency for the adult group.

4. Wideband admittance tympanograms

Mean wideband �Y� tympanograms are plotted at octave
frequencies from 0.25 to 4 kHz in Fig. 7. The tympanograms
for the adult group �bottom panels� were single peaked from
0.25 to 1 kHz, followed by a 2 kHz tympanogram with a
“notch” �an abrupt decrease in admittance followed by an
increase as a function of pressure�, and then returning to
single-peaked functions at 4 kHz. �Y� tympanograms for 12-
and 24-week-old infants were similar in morphology to the
adult tympanograms with respect to the absence of notching
up to 2 kHz. In contrast, the 4-week-old infant data showed
a single-peaked tympanogram at 0.25 kHz with broad notch-
ing appearing at 0.5 kHz and a single-peaked tympanogram
at 1 kHz. The tympanograms at these frequencies were con-
sistent with previous research in infants �Holte et al., 1991�.
Wideband admittance tympanograms for 4 week old at 2 and

4 kHz exhibited different patterns than those observed in
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adults. Compared to the adult tympanograms, infant tympa-
nograms were less symmetrical around TPP and the negative
�Y� tails exhibited lower �Y� values relative to positive �Y�
tails.

IV. DISCUSSION

A. Wideband energy reflectance

1. Ambient pressure conditions

As ER measurement methods evolve, it is important to
compare results and identify similarities and differences
across studies. Mean one-third-octave ambient ER data for
1-, 3-, and 6-month-old infants and adults from Keefe et al.

TABLE IV. Results of post hoc analyses �Tukey tests� indicating the ages �
a given static ear-canal pressure minus �Y� at TPP� were significantly dif
significant difference between any of the infant groups and the adult group.

Frequency
�Hz�

Static ear-cannal prassure �d

−200 −100 −50

250 4 12 24 4
315 4 12 24
397 4 4
500 4 4
630 4 4 12 24
794 4 12
1000 4
1260 4 12 24 4 12 24 4
1587 4 12 4 12 4 12
2000 4 12 4 12 4 12
2520 4 12 4 12 4 12 24
3175 4 12 24 4 12 24 4 12 24
4000 4 12 24 4 24 4 12 24
5040 4 12 24 4 12 24 4 12 24 4
6350 4 24
8000

TABLE V. Results of post hoc analyses �Tukey tests� indicating the ages �i
a given static ear-canal pressure minus �Y� at TPP� were significantly differ
significant difference between any of the infant groups.

Frequency
�Hz�

Static ear-canal pressure �daP

−200 −100 −50

250 4–12 4–24 4–12 4–24 4–12 4–24
315 4–24 4–12 4–24
397 4–12
500 4–12 4–24 4–12 4–24 4
630 4–24
794
1000
1260 4–12 4–24
1587 4–12 4–24 12–24 4–24 12–24 4–24 12–24 4
2000 4–12 4–24 12–24 4–24 12–24 4–24 12–24 4
2520 4–12 4–24 4–12 4–24 4–12 4–24
3175 4–12 4–24 4–24
4000
5340
6350
8000
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�1993� and for adults from Feeney et al. �2003� are plotted
along with mean one-third-octave ambient data from the
present study in Fig. 8 �error bars indicate �1 standard de-
viation from the mean�. The ambient ER measurements from
the present study illustrated in Fig. 8 were obtained prior to
the ER measurements obtained at static ear-canal pressures.
While there are some overall magnitude differences in ER
results between the different studies at each age, the patterns
of the ER responses from the present study are consistent
with data from Keefe et al.�1993� and Feeney et al. �2003�.
The largest differences between ER results for the two older
infant groups and adults are mostly found below 2 kHz. The
differences at lower frequencies may have been influenced

eks� at which infant admittance magnitude ��Y�� pressure differences ��Y� at
from adults ��=0.05�. A blank space indicates the lack of astatistically
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by different methods used to estimate ear canal area. Keefe
et al. �1993� used an acoustic estimate, while data from the
present study were calculated using a set value based on the
diameter of the calibration tubes �see Sec. II C�. Variation in
ER measurements can occur if the ear canal is of a different
diameter than the calibration tubes. The diameter of the cali-
bration tubes used for infant measurements was 4.8 mm,
close to the ear-canal diameter of 1-month-old infants
�4.4 mm� as reported by Keefe et al. �1993�; this age group
had the best ER agreement between studies. The same ear-
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canal diameter �4.4 mm� used in measurements made in 12-
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and 24-week-old infants, with larger ear-canal diameters,
could contribute to the lower ER results, relative to data from
Keefe et al. �1993�.

2. Static pressure conditions

Results from the present study illustrate maturational ef-

-4

-2

0

2

4

6

8
4 weeks

5

-4

-2

0

2

4

6

8

C
on
du
ct
an
ce
(m
m
ho
s)

12 weeks

20

-4

-2

0

2

4

6

8

0.1 1.0 10.0

24 weeks

Frequency (kHz)

-20

-10

0

10

20

30

-200
-100
-50
-25
TPP

200
100
50
25

0.1 1.0 10.0

C
on
du
ct
an
ce
(m
m
ho
s)

Adults

Frequency (kHz)

Ear Canal Pressure (daPa)

FIG. 6. Group mean one-third-octave conductance values �mmhos� plotted
as a function of frequency for all age groups �N=20 for each group�. Note
the difference in scales on the y axes for infants and adults.
fects on acoustic ear-canal measurements made under pres-
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surized ear-canal conditions. ER results for 4-week-old in-
fants, especially in the frequency regions below 0.75 kHz
and between 2 and 6 kHz, are evidence of a middle-ear sys-
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tem that responds differently to changes in ear-canal pressure
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than older infants and adults. The magnitude of ER change
with positive and negative ear-canal pressures at and below
0.5 kHz was greatest for the 4-week-old infants. This effect
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may be the result of a more compliant energy absorbing ear-
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canal wall �Keefe et al., 1993�, which becomes stiffer with
the introduction of ear-canal pressure and in turn reflects
more acoustic energy. The gradual decrease in magnitude of
this effect with age may reflect the developmental change
from a cartilaginous to ossified infant ear canal �Saunders et
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panel also includes young adult ER data �N=40, 75 ears� from Feeney et al.
�2003�. Error bars indicate �1 SD from the mean. Note that to avoid over-
lapping error bars in the lower panel, adult SD data are plotted for alternat-
ing frequencies for the present study and Feeney et al. �2003�.
al., 1983�. The decrease in ER in response to positive pres-
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sures between 2 and 6 kHz for the 4-week-old infants is
evidence of a more energy-absorbent infant ear under
positive-pressure conditions. The effects of pressure on ER
for 12- and 24-week-old infants were similar to each other
and, while still different than adults, were more adultlike
with respect to their overall patterns than those of the
4-week-old group.

In general, the results observed in the adult group were
similar to wideband ATF data presented in previous work
�Keefe and Simmons, 2003; Margolis et al., 1999�, showing
increases in ER with pressure up to approximately 3 kHz,
with a slight decrease in ER with positive pressures above
3 kHz. In fact, for all age groups, there were only minimal
decreases in ER with the introduction of negative ear-canal
pressures.

B. Wideband admittance

Changes in �Y� at TPP with age in the present study are
consistent with previous work in infants that has shown a
general trend of increasing �Y� as a function of age �Holte et
al., 1991; Meyer et al., 1997�. With regard to changes in �Y�
resulting from changes in static ear-canal pressures, positive
pressures had the greatest effect on �Y�, with similar overall
response patterns across infant groups �see Fig. 3�. Positive
pressures for frequencies from 1 to 4 kHz created more
adultlike �peaked� �Y� functions. Negative ear-canal pressures
had a different effect for the infant groups when compared to
the adult group, especially between 2 and 4 kHz. For ex-
ample, in the infant groups, negative pressures always
caused �Y� to decrease, whereas positive pressures caused
both increases and decreases in �Y� depending on frequency.
This differential pressure effect suggests that the characteris-
tics of young infant ears are different than the ears of older
infants and adults. Possible explanations for these differences
are discussed further below.

Admittance phase results at TPP from the present study
are in general agreement with data from Keefe et al. �1993�
and Holte et al. �1991�. The youngest infants in Keefe et al.
�1993�, Holte et al. �1991�, and the present study �Fig. 4�
present with nonmonotonic changes in admittance phase as a
function of frequency. This pattern is suggestive of ear-canal
and/or middle-ear resonance effects, possibly due to vibra-
tion of the ear-canal wall and/or immature tympanic mem-
brane or middle-ear characteristics. Increased ear-canal wall
compliance may partly explain the multiple resonances ob-
served in the infant groups, and the gradual decline of the
resonance at 0.5 kHz with increasing age may reflect devel-
opmental changes in ear-canal compliance properties. The
phase function zero crossing, indicative of equal contribu-
tions of outer and middle-ear compliance �� phase� and
mass �� phase� components, increases with age, shifting
from 2 kHz for the 4-week-old infants to 4 kHz for the
adults. The larger adult ear-canal volume �resulting in in-
creased compliance� is the most likely contributor to the
higher-frequency �Y� phase zero crossing in adults. However,
increased middle-ear or ear-canal stiffness in adults could

also contribute to this upward frequency shift.
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Conductance values �G� are of interest inasmuch as they
play a part in the power �P� input into the middle ear, as
shown through the relationship

P = 1
2G�p�2,

where p represents sound pressure amplitude. Adult conduc-
tance values, obtained using a similar calibration technique
�Thevenin source parameters�, presented by Keefe et al.
�1993� and Neely and Gorga �1998� are similar to those ob-
tained in the present study. Examination of conductance val-
ues at TPP in Fig. 6 reveals increases in conductance as age
increases, with the largest increases occurring above 2 kHz.
Based on evidence showing behavioral threshold differences
between infants and adults �Olsho, 1988�, Holmer �2001�
examined the relationship between middle-ear conductance
measured at ambient ear-canal pressure and behavioral
thresholds in 11- and 24-week-old infants and adults. While
Holmer found large changes in behavior thresholds �up to
30 dB SPL� she reported only small changes in conductance
between infants and adults at 0.5, 1, and 2 kHz. At 4 kHz,
however, Holmer observed that as age increased, conduc-
tance increased, but behavioral thresholds decreased, sug-
gesting a relationship between improved behavioral thresh-
olds and increases in middle-ear conductance. Specifically,
Holmer reported that between 11-week-old infants and
adults, conductance increased by a mean of 8 dB �ranging
from approximately 2 to 10 dB re: 1 mmho� and thresholds
decreased by 27 dB. Holmer noted that while the develop-
mental changes in conductance do not account for all of the
infant/adult differences in behavioral thresholds at 4 kHz,
they appear to be responsible for part of them. Conductance
values at TPP for 4 kHz in the present study also showed
age-related increases, in particular, conductance values in-
creased from 4 mmho at 12 weeks to 20 mmho for adults.
These conductance values at 4 kHz, converted to decibels in
the same manner as the data from Holmer �10 log10 g re:
1 mmho�, were 6 and 13 dB for 12-week-old infants and
adults, respectively. This 7 dB difference in conductance at
4 kHz between 12-week-old infants and adults for the
present study is within 1 dB of the mean differences reported
by Holmer, suggesting consistency in results across studies
for these ages.

ATF for G and �Y� each exhibited multipeaked struc-
tures. Similar multipeaked structures were obtained by Keefe
et al. �1994� for diffuse-field pressure transfer functions from
a reverberant field to the infant ear canal and for diffuse-field
absorption cross-section levels �DACLs�. Keefe et al. �1994�
calculated the DACLs using their diffuse-field pressure
transfer function data along with G data from Keefe et al.
�1993�. The DACLs, defined as a quantitative measure of the
acoustic response of the external ear and power transfer into
the middle ear, were compared across infants and adults �see
Keefe et al., 1994, Fig. 14�. Conductance ATFs from the
present study �Fig. 6� are similar in shape to DACL functions
shown by Keefe et al. �1994� and also follow similar transi-
tions with age. Functions from both studies for 4-week-old
infants had two peaks �at 2 and 5 kHz�, and as age increased,
the higher-frequency peak gradually shifted downward in

frequency, possibly representing a downward shift in the ear-
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canal or middle-ear resonant frequency. In addition, the over-
all level and magnitude of the functions increased as age
increased. For the infant groups, with few exceptions, only
positive pressures created increased G or increased power
transfer into the middle ear. However, both positive and
negative pressures resulted in increased G for the adult
group, mainly around the peak of the G transfer function.

1. Wideband admittance tympanograms

Wideband �Y� tympanograms constructed from the
present data showed increases in absolute �Y� with age �see
Fig. 7�. Holte et al. �1991� reported similar developmental
changes in multifrequency admittance tympanograms for in-
fants less than 5 month old. Holte et al. �1991� investigated
changes from 0.226 to 0.9 kHz and found increasing �Y� as a
function of age for frequencies above 0.226 kHz. Examina-
tion of tympanometric shape in the present study reveals a
broad notch in the 4-week-old admittance tympanograms at
0.5 kHz. This is consistent with infant admittance tympa-
nometry patterns presented by Holte et al. �1991�, which
were suggestive of canal-wall resonance in the low-
frequency region hypothesized to be related to the more
compliant nature of the infant ear-canal wall. While tympa-
nogram notching at low frequencies is not observed for the
12- and 24-week-old infants �see Fig. 7�, there is some evi-
dence of notching at 2 kHz. The adult group also exhibited a
notch in the tympanogram at 2 kHz. The frequency region
where admittance notching is observed in adults is consistent
with previous research, showing the 10th–90th percentile
range for adult middle-ear resonant frequency of 0.8–2 kHz
�Margolis and Goycoolea, 1993�.

Differences between �Y� at extreme positive and negative
ear-canal pressures ��200 daPa� have been reported in pre-
vious studies in young infants for 226 Hz and 1 kHz tympa-
nograms �Kei et al., 2003; Margolis et al., 2003�. Results
from the present study show similar results and present new
data that show a continuation of this pattern up to 4 kHz. If
the negative tails of the 12- and 24-week-old infants’ 2 kHz
tympanograms were adjusted upward to be equal in magni-
tude with the positive tails, they would appear fairly similar
in shape to the adult 2 kHz tympanogram, including the
broad notching around TPP �see Fig. 7�. The cause of this
differential pressure effect is unclear, but Margolis et al.
�2003� suggested that decreased admittance at the negative
tympanogram tail could be due to a partial “collapse” of the
ear canal under negative pressure, resulting in reduced ear-
canal volume, while positive ear-canal pressure could effec-
tively increase the canal volume, resulting in increased ad-
mittance. Supporting this assumption is data from Holte et
al. �1991� who obtained video recordings of the effects of
pneumatic otoscopy pressure pulses �approximating
�250–300 daPa� presented to infant ears. They reported
mean changes in ear-canal diameter �relative to resting diam-
eter� of 18.3% and −28.2% in 1–7 day old infants for
positive- and negative-pressure pulses, respectively. These
effects decreased with age and were negligible in infants of
51–66 days old. Holte et al. �1991� did report asymmetrical
monotonically increasing tympanograms �from negative to

positive decapascals� in some infants but did not specifically
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investigate any relationships between tympanometric sym-
metry and degree of change in ear-canal diameter. It is also
possible that the mass characteristics of the young infant
middle ear �e.g., tympanic membrane and ossicles� are more
easily manipulated with changes in static ear-canal pressure
compared to older children and adults and that shifts in mass
with negative pressure could possibly explain this sloping
pattern in admittance tympanograms, especially since the ef-
fects of mass are manifested at higher frequencies and the
positive/negative admittance differential seen in these young
infants’ becomes more pronounced as frequency increases.

C. Hypotheses of anatomical effects

Based on anatomical changes in the infant ear and
knowledge regarding the effects of mass and stiffness on
acoustic ear-canal measurements, inferences can be made as
to what anatomical changes might account for some of the
developmental differences observed in the present study. The
large mean ER increase with age below 0.7 kHz seen in the
infant groups, especially for the extreme pressure conditions,
may be due to the stiffening of the compliant infant ear-canal
wall. As age increased, the effect of static pressures for fre-
quencies below 0.7 kHz decreased and was small in adults
�see Fig. 1�. While specific points in the timeline of infant
ear-canal development have not been fully described, the de-
creasing effect of pressure with age could reflect the effects
of a maturing �ossifying� ear canal, which becomes more
resistant to changes in pressure with age �Saunders et al.,
1983�. Qi et al. � 2006� developed a nonlinear finite-element
model of the newborn �22 days old� ear-canal wall to inves-
tigate the effects of static pressures on infant ear-canal vol-
ume. Their model predicts a nonlinear elastic behavior of
ear-canal wall displacement in response to high static pres-
sures. Based on their model, maximal displacement plotted
as a function of positive and negative ear-canal pressures
would result in an asymmetrical sigmoid shaped tympano-
metric function. �Y� tympanogram data for frequencies above
2 kHz from the present study for all infants generally agree
with the model prediction �Fig. 7�. However, at frequencies
below 2 kHz, the result would be a symmetrically shaped
tympanometric function. It is possible that pressure induced
changes in infant ear-canal volume, as modeled by Qi et al.
�2006�, could account for the sigmoid shaped �Y� tympano-
grams seen at frequencies above 2 kHz in 4-week-old in-
fants. A strict comparison between the model from Qi et al.
�2006� and data from the present study is limited since the
experimental data are not measurements of ear-canal wall
effects alone and include tympanic membrane and middle-
ear effects. Qi et al. �2006� acknowledge their model as a
beginning step and that further work is needed to include the
tympanic membrane and middle ear to better understand de-
velopment of the complete infant conductive system.

Because of the substantial contribution of the ossicles to
the mass effects in middle-ear function, it would follow that
acoustic effects at high frequencies could be due to changes
in the properties of the ossicular chain �Saunders et al.,
1983�. Eby and Nadol �1986� reported that while the neona-

tal ossicles have obtained adult dimensions, they are histo-
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logically immature and composed mostly of cartilage. In ad-
dition, temporal bone data suggest that mass loading of the
ossicles could be due to residual mesenchyme adhering to
the ossicular chain. This residual embryonic tissue has been
observed in infants as late as 5 months of age �Spector and
Ge, 1981� and could influence the high-frequency ATF re-
sponses observed in young infants. This developmental time-
line is consistent with data from the present study that show
a differential pressure effect at frequencies above 2 kHz for
4-week-old infants, which lessens in magnitude for 12- and
24-week-old infants.

Age-related changes in the distance from the tympanic
membrane to the footplate of the stapes have also been re-
ported and are thought to be due to a change in orientation of
the ossicular chain as the tympanic membrane rises from a
nearly horizontal position, relative to the axis of the ear ca-
nal, to a more vertical adultlike position �Eby and Nadol,
1986�. This change in ossicular chain orientation may also
contribute to the markedly different high-frequency ER re-
sponses �above 2 kHz� in 4-week-old infants from the
present study.

It is possible that the result of negative ear-canal pres-
sures in 4-week-old infants may be to lessen the efficiency of
the middle-ear system by functionally disarticulating the os-
sicular chain as the tympanic membrane is pulled outward
into the ear canal. This effect could account for the increased
ER with increasing negative pressure. The coupling of the
ossicular chain is thought to be less rigid in young infants
and may be affected more by the outward or perhaps more
downward pull of negative ear-canal pressure on the infant
tympanic membrane than in the adult �Saunders et al., 1983�.
Conversely, positive ear-canal pressure may enhance ossicu-
lar coupling due to the ossicles being “pushed” more closely
together, creating a more acoustically efficient middle ear,
resulting in decreased ER for frequencies from 2 and 6 kHz
�see Fig. 1�.

V. CONCLUSIONS AND CLINICAL IMPLICATIONS

Data from the present study provide insight into the ef-
fects of ear-canal pressure on acoustic measurements in adult
and infant ears. Both infant and adult ATF measurements
were influenced by the introduction of ear-canal pressure.
While ATF results for all infants at ambient and pressurized
conditions were different from adult measurements, data
from 4-week-old infants were the least adultlike, showing
the greatest changes in ER across frequency. The different
effects of positive and negative ear-canal pressures on wide-
band ATFs may be a reflection of functional differences in
the infant ear canal and middle-ear system and could poten-
tially serve as a marker for maturation of the infant ear canal
and middle ear.

The range of frequencies from 0.8 to 2 kHz, where few
significant differences for ATF tympanometry were found for
the three infant age groups, may be a frequency region of
interest in future studies due to its apparent maturational sta-
bility. In addition, Feeney and Sanford �2005� reported that
robust acoustic reflex responses and good signal-to-noise ra-

tios were found for young infants in this same general fre-
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quency region. For frequencies between 2 and 4 kHz, posi-
tive pressures usually resulted in decreased ER and
conversely increased �Y�, effectively creating a more efficient
middle-ear transmission system perhaps due to a better cou-
pling of the ossicles in the pressurized infant middle ear and
thus more closely matching the impedance of the ear canal.
This hypothesis could be tested by examining changes in
otoacoustic emission �OAE� levels or auditory brainstem re-
sponse �ABR� thresholds with changes in ear-canal pressures
as a function of infant age.

Because of the large differences in wideband ER and �Y�
between 4- and 12-week-old infants, measurements taken at
additional ages could be used to more closely define middle-
ear maturation between these two ages. Results from the
present study demonstrate that the effects of ear-canal pres-
sure on ATF measurements are different for infants than
adults. The maturational changes in middle-ear characteris-
tics observed in the present study may explain much of the
previously reported variability in 226 Hz immittance charac-
teristics in infants. �Hunter and Margolis, 1992; Paradise et
al., 1976; Sprague et al., 1985�. A wideband approach to
infant middle-ear assessment would provide a broader “win-
dow” with which to observe differences due to middle-ear
development and possibly differences due to middle-ear pa-
thology. While ambient ATF data from Keefe et al. �1993�
show increasingly similar ER for infants above 6 months of
age and adults, differences, especially between approxi-
mately 1.5 and 6 kHz, still exist, and ATF tympanometry
studies for infants above 6 months of age may reveal addi-
tional developmental information. Ear-canal and middle-ear
development might also be studied by conducting a longitu-
dinal study to examine individual differences in the develop-
mental time course.

Additional work is also needed to determine normative
data sets for disordered ears of young infants since age-
related differences in ambient and pressurized ER and admit-
tance have been observed in a population with normal
middle-ear status. Based on data from Keefe and Simmons
�2003�, which demonstrated that pressurized transmittance
accurately predicts conductive hearing loss, investigations of
pressurized transmittance in disordered infant ears would be
an appropriate next step.

Results from the present study confirmed the findings of
Holmer �20011�, showing increases in conductance with age.
This information is beneficial in terms of improving our un-
derstanding of infant auditory development and for future
studies of auditory development. Investigations in young in-
fants employing objective measures of auditory sensitivity,
such as ABR or OAEs should take into account the possible
effects that external- and middle-ear developments may have
on the results. Since universal newborn hearing screening
programs employ one or both of these procedures �ABR/
OAE�, potential middle-ear influences are important factors
to consider �Keefe et al., 2003�. In addition, a valid middle-
ear test for neonates and young infants could potentially help
identify false-positive hearing screening results, which are
often attributed to middle-ear or ear-canal factors �Keefe et
al., 2000; Vander Werff et al., 2007�. It would also be of

interest to obtain wideband tympanometric ATF measure-
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ments in a neonatal population to identify possible develop-
mental differences in these very young infants. Since the age
at which infants are seen in early hearing detection and iden-
tification programs varies, having an accurate age appropri-
ate tool for identification of middle-ear status would prove
useful over the course of rescreening and follow-up as well
as provide more accurate interpretation of OAE and ABR
test results.

Based on results from the present study, which showed
developmental effects across the frequency range from
250 to 8000 Hz in infants, a wideband ATF approach to in-
fant middle-ear assessment is advantageous. However, there
are several challenges facing new and evolving wideband
ATF measurements. First, since wideband ATF technology is
still evolving, new equipment and techniques are being up-
dated and changed. While it appears that results from differ-
ent studies using different equipment/techniques have been
consistent, methodological variables need to be considered
as future investigations reference past experimental evi-
dence.

From a clinical standpoint, if wideband ATF measure-
ments are to be useful, data analysis and interpretation must
be relatively straightforward. Traditional multifrequency
tympanometry, which provides much more information than
single-frequency admittance tympanometry, has not enjoyed
widespread use. This possibly stems from an inability to
quickly and efficiently interpret the results �Fowler and
Shanks, 2002�. While research findings suggest that valuable
diagnostic information can be obtained using ambient and
pressurized wideband ATF measurements, quick and efficient
interpretation is important if it is to be used as an effective
clinical tool. From the large amount of data that can be ob-
tained with wideband ATF measurements, predictive vari-
ables should be identified in an effort to develop middle-ear
tests with appropriate sensitivity and specificity �Keefe and
Simmons, 2003�. Future studies of normal and disordered
middle-ears could address issues of improving sensitivity
and specificity of these emerging middle-ear tests, while also
achieving objectivity in test interpretation.
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