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A system with potential for middle-ear screening and diagnostic testing was developed for the
measurement of wideband energy absorbance (EA) in the ear canal as a function of air pressure, and
tested on adults with normal hearing. Using a click stimulus, the EA was measured at 60 frequencies
between 0.226 and 8 kHz. Ambient-pressure results were similar to past studies. To perform
tympanometry, air pressure in the ear canal was controlled automatically to sweep between —300
and 200 daPa (ascending/descending directions) using sweep speeds of approximately 75, 100, 200,
and 400 daPa/s. Thus, the measurement time for wideband tympanometry ranged from 1.5 to 7 s
and was suitable for clinical applications. A bandpass tympanogram, calculated for each ear by
frequency averaging EA from 0.38 to 2 kHz, had a single-peak shape; however, its tympanometric
peak pressure (TPP) shifted as a function of sweep speed and direction. EA estimated at the TPP was
similar across different sweep speeds, but was higher below 2 kHz than EA measured at ambient
pressure. Future studies of EA on normal ears of a different age group or on impaired ears may be

compared with the adult normal baseline obtained in this study.
© 2008 Acoustical Society of America. [DOI: 10.1121/1.3001712]

PACS number(s): 43.64.Ha, 43.64.Yp, 43.58.Bh [BLM]

I. INTRODUCTION

Tympanometry refers to the measurement of an acoustic
transfer function in the ear canal in response to a sound
stimulus while air pressure is varied in the ear canal. Most
commonly, the stimuli used in tympanometry are pure tones
and the transfer function is the admittance. A tympanogram
is often displayed as a plot of admittance magnitude as a
function of air pressure. Alternatively, the real part (i.e., con-
ductance) and the imaginary part (i.e., susceptance) of acous-
tic admittance are displayed. Tympanometric measurement
of acoustic admittance, using a 226-Hz stimulus, is a stan-
dard procedure in audiology to assess middle-ear functioning
(e.g., Margolis and Hunter, 2000). While differing in their
degree of diagnostic relevance, commonly evaluated tympa-
nometric measures include tympanometric peak pressure
(TPP), peak-compensated static acoustic admittance, acous-
tic equivalent volume, and tympanometric width (ASHA,
1997; Nozza et al., 1994; Shanks et al., 1988). Patterns in
conductance and susceptance tympanograms obtained at
678 Hz and 1 kHz can also be used to identify various
middle-ear pathologies (Vanhuyse, 1975; Margolis and
Hunter, 2000). At frequencies higher than 2 kHz, however,
admittance tympanometry becomes sensitive to probe inser-
tion depth due to the presence of standing waves in the ear
canal (Margolis et al., 1999).

The goal of the present study was to develop a clinically
useful system for the measurement of wideband
(0.226—8 kHz) aural acoustic transfer functions under both
ambient-pressure and tympanometric conditions, and to as-
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sess its performance in normal-hearing adult cars." A transfer
function of particular interest is energy reflectance (ER), de-
fined as the ratio of the reflected to the incident energy. Be-
cause ER is nearly independent of probe-insertion depth
(Stinson et al., 1982; Voss et al., 2008)—except for effects
due to spatial variation in the cross-sectional area of the ear
canal—it is interpretable in a wider frequency range than is
acoustic admittance obtained using standard procedures.

A system for wideband reflectance measurements, which
did not require changes in ear-canal pressure, was developed
for use in clinical studies (Keefe et al., 1992). At ambient
pressure, ER and other acoustic transfer functions have been
measured at the probe tip in normal-hearing adults (Keefe
et al., 1993; Voss and Allen, 1994; Feeney and Sanford,
2004; Shahnaz and Bork, 2006), children and infants (Keefe
et al., 1993; Vander Werff et al., 2007), and newborns (Keefe
et al., 2000). At ambient pressure, ER also demonstrated
systematic shifts in the presence of middle-ear disorders in-
cluding otitis media with effusion (Piskorski er al., 1998;
Feeney et al., 2003), as well as otosclerosis, ossicular dis-
continuity, and perforation of the tympanic membrane
(Feeney et al., 2003). The sensitivity of ear-canal impedance
to a perforation of the tympanic membrane has also been
described (Voss et al., 2001).

It has been demonstrated that wideband ER tympanom-
etry, which measures ER as a joint function of frequency and
air pressure (Keefe and Levi, 1996), reveals more informa-
tion than does an ER test at ambient pressure (Margolis
et al., 1999, Sanford and Feeney, 2008). In this paper, results
of ambient and tympanometric measurements are mainly
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presented in terms of energy absorbance (EA). EA is the
ratio of acoustic energy that is absorbed by the middle ear
and ear canal® to the acoustic energy of an incident sound
presented in the ear canal and directed towards the tympanic
membrane. In the limit that the walls or other structures of
the ear canal absorb no sound energy, the EA is the fraction
of incident energy absorbed by the middle ear. Given its
definition as a ratio, EA is dimensionless and varies between
0 and 1. Through conservation of energy, EA and ER are
related by EA=1-ER. Such a simple change in variable is
worthwhile because an EA tympanogram in a healthy adult
middle ear, like a 226-Hz admittance-magnitude tympano-
gram, has a single peak in its response across air pressure.
This makes EA clinically familiar and may contribute to ease
of interpretation.

Wideband EA tympanograms have been used to predict
the presence of a conductive hearing loss (Keefe and Sim-
mons, 2003), but the measurement system was unable to
track the accuracy of the air-pressure steps. In that and other
past studies, wideband tympanometry has been conducted at
fixed static-pressure steps; the pressure was controlled either
manually (Margolis et al., 1999) or via signals delivered by a
computer to an external pressure pump. Data-acquisition
time was typically 40 s for 15 steps between 300 and
—-300 daPa (Keefe and Simmons, 2003). This long measure-
ment time was inconvenient for clinical usage, and the sparse
sampling of static pressure limited the accuracy of wideband
tympanograms.

The present study aimed to: (1) shorten the data-
acquisition time for wideband tympanometry by sweeping
the air pressure; (2) include automatic feedback control of air
pressure in the ear canal; (3) examine the effect of pressure
sweeps that might affect the interpretation of results in rela-
tion to middle-ear mechanics (Decraemer et al., 1984;
Gaihede et al., 2000; Therkildsen et al., 2005; Dirckx et al.,
2006); and (4) maintain adequate resolution in both fre-
quency and ear-canal pressure. New measurement proce-
dures were developed, including new signal-processing and
artifact-rejection methods. Ambient and tympanometric mea-
surements were conducted on 92 adult ears with normal
hearing to provide a set of baseline responses to which sub-
sequent measurements in impaired middle ears can be com-
pared. The effects of pressure-sweep speed and direction on
the measurements were analyzed. The remainder of this pa-
per is organized as follows: System development, data analy-
ses, and subject inclusion criteria are described in Sec. II.
Results of ambient and tympanometric measurements are re-
ported in Sec. III. Effects of pressure sweeps are discussed in
Sec. IV. Conclusions are given in Sec. V.

Il. METHODS
A. Configuration of the instrument

A schematic diagram of the instrument is shown in Fig.
1. The sound card (CardDeluxe, Digital Audio Labs) sup-
ported two digital-to-analog (D/A) and two analog-to-digital
(A/D) channels. The D/A and A/D converters both had
24 bits of resolution. The sampling rate was 22.05 kHz, suf-
ficient to permit spectral measurements up to 8 kHz. The
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FIG. 1. (Color online) Schematic diagram of instrumentation.

custom ear probe (Interacoustics) had two receiver ports and
one microphone port. Only one receiver was used in the
present study for delivering the click stimuli. Acoustic re-
sponses were recorded by the probe microphone, amplified,
and digitized by the A/D converter. Between 0.226 and
8 kHz, the sensitivity of the probe microphone was within
*10 dB relative to the sensitivity at 1 kHz, according to the
manufacturer calibration. This calibration was applied to cal-
culations of sound-pressure level (SPL).

Air pressure was coupled from the pump residing in the
tympanometer (an AT235, Interacoustics, with modified
firmware by the manufacturer to permit computer control of
pressure sweeps) to the ear probe through approximately 2 m
of vinyl tubing (Fig. 1). A pressure sensor was located about
halfway between the pressure pump and the ear probe. The
vinyl tubing had an internal diameter of approximately
1.5 mm. Precision of air-pressure measurement was 1 daPa,
and the air pressure was measured with respect to atmo-
spheric pressure. Rubber tips of different sizes, ranging from
6 to 18 mm diameter, could be selected to mount on the ear
probe, so as to fit within the ear canal and achieve a pressure
seal. When recording acoustic responses, air pressure values
were read from the sensor every 25 ms by the digital signal
processor (DSP) and delivered to the computer via an RS-
232 serial port connection. The computer determined the de-
sired pressure-sweep speed based on the measured air pres-
sures, and sent commands to the DSP via the serial port to
adjust the pressure pump. The entire pressure-control system,
when terminated with a syringe of approximately 2 cm? and
pumped to 300 daPa initially, maintained more than 90% of
the air pressure (i.e., >270 daPa) for approximately 70 s
without the need to repressurize.

B. Energy absorbance measurements at ambient
pressure

Wideband clicks were delivered to the receiver (chl in
Fig. 1) repeatedly, responses were recorded, artifacts were
rejected, and sound-pressure reflectance and EA were calcu-
lated. The click rate was one click per 1024 samples, or
approximately every 46 ms. The total number of clicks was
16 for each trial. The pressure-control system was not used
for ambient measurements.
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FIG. 2. A typical result of probe calibration. (A) The incident sound re-
corded by A/D. (B) SPL spectra of the incident wave and the frequency
responses in the two calibration tubes.

1. Stimulus design and responses in calibration
tubes

The click stimulus was designed using a technique
adapted from Agullé er al. (1995) so that the magnitude
spectrum of the incident sound in the ear canal was approxi-
mately flat from 0.226 to 8 kHz and the effective waveform
duration was as short as possible. The incident waveform
was measured by recording its response in a long tube (di-
ameter 0.794 cm, length 292 cm), and then truncating the
response in the time domain prior to the onset of the first
reflection from the opposite closed end of the tube. This
incident voltage waveform recorded by the A/D converter is
plotted in Fig. 2(a). After calculating its discrete Fourier
transform (DFT) and applying the microphone sensitivity
calibration, the SPL of responses measured in the long tube
and in a short calibration tube (diameter 0.794 cm, length
8.2 cm) closed at its opposite end are shown in Fig. 2(b). The
incident click SPL was within 6 dB of 30 dB SPL from
0.226 to 8 kHz. The SPL spectrum in each tube had notches
close to frequencies at which the tube length was equal to an
odd multiple of a quarter wavelength. The measurements in
the calibration tubes along with a model of viscothermal wall
loss in each tube were used to calibrate the system for aural
acoustic transfer function measurements; in particular, the
incident pressure spectrum Q(f) and the source reflectance
Ry(f) of the probe were calculated according to procedures
described by Keefe and Simmons (2003). Calibrations were
performed daily during data collection.

2. Estimation of energy absorbance from sound-
pressure responses

After the probe was inserted, the click stimulus was re-
petitively output into the ear canal by a probe receiver.
Acoustic responses were synchronously recorded by the
probe microphone. Responses were averaged after excluding
the responses contaminated by artifact (as described below).
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The pressure reflectance R(f) at frequency f in the ear canal
is calculated using the following equation (Keefe and Sim-
mons, 2003),

_P(-0
Ro(NP() +0(f)
where P(f) denotes the mean of the sound-pressure spec-

trum. In this paper, results of experiments will be reported
and analyzed in terms of EA, defined as

EA=1-|R()P. 2)

R(f) (1)

Accuracy of the measurement of EA depended on the
signal-to-noise ratio (SNR), which could be improved by av-
eraging the responses to clicks. However, during the mea-
surement, transient noise produced by the subject or other
sources was also recorded by the probe microphone. Sources
of intermittent noise included, but were not limited to,
breathing, swallowing, and body contact with the vinyl tube.
The SNR was improved by identifying and rejecting such
artifacts before calculating the mean response.

3. Artifact rejection based on median-absolute-
deviation tests

To identify responses that contained artifacts, the fol-
lowing auxiliary variables were calculated for each response:

(a) Peak-to-peak amplitude, defined as yg;)zmax yO[n]
—min y®[n], where y®[n] (n=1,...,1024) denotes the

recorded pressure response to the kth click at sample n.
This peak-to-peak amplitude was sensitive to large-
amplitude intermittent noise spikes that might occur any-
where in the response buffer.

(b) Crest value, defined as C(k)=ygfix/ yfgs. Calculation of
the maximum value yfﬁx and the root-mean-squared
(rms) value yi’fn)s for the kth response was based on all
samples except for 200 samples (9 ms approximately)
surrounding the main response. This crest value was sen-
sitive to intermittent noise transients at times for which
the click response was expected to be essentially absent.

(c) Noise energy. After recording 16 responses, the noise
energy E in each response was calculated as the sum of
square errors,

1024

EW =2 (yW[n]-31n))?, (3)

n=1

where y[n] denotes the mean response across 16 clicks.
This noise energy was sensitive to a noise source that
was approximately stationary over the entire response
buffer.

The median y,, of yg;) was calculated across all buffers

(k=1,...,16), and the medians C of C® and E of E® were

calculated in a similar manner. For each response, absolute
deviations from the median were defined as Ay;?=|yg;)

, ACW=|cW-C|, and AE¥=|E®~E|. Then, medians
KC, and

_)_’pp

of the absolute deviations (MAD), denoted as Epp,

Liu et al.: Wideband absorbance tympanometry using pressure sweeps



A, were calculated across 16 responses. Finally, an indi-
vidual response was rejected due to artifacts if any of its
auxiliary variables was more than 5.92 times MAD away
from the median; in other words, if

Ayl =592 % A,
ACP =502 X A, or (4)
AEW =502 X A,.

The specific choice of criteria in Eq. (4) is such that,
were the data to be normally distributed, the probability that
an absolute deviation exceeds 5.92 times MAD would be
equal to the probability that a far outlier occurs according to
the definition of Tukey (1977). Thus, this choice of MAD
outlier criterion behaves similarly to the far-outlier test cri-
terion in exploratory statistical analyses using the boxplot
whenever data are normally distributed. The MAD test has
desirable properties for artifact rejection for measurements
that are not normally distributed; such distributions often oc-
cur in aural acoustic responses in human subjects.

C. Wideband absorbance tympanometry

1. Pressure-sweep settings and data-acquisition
protocols

The desired tympanometric pressure range was
—-300 to 200 daPa in this study. The enclosed volume in the
ear canal was initially pressurized to 220 daPa (for a de-
scending sweep) or —315 daPa (for an ascending sweep)
relative to the ambient pressure, before the pressure sweep
started. The initial pressure was chosen to be outside the
desired range so as to ensure coverage of the whole range
during the pressure sweep. The pressure pump could be set
to produce sweep speeds of approximately 400, 200, 100, or
75 daPa/s. Thus, the change in air pressure during each
46-ms interval of a click-response buffer was approximately
18, 9.2, 4.6, and 3.5 daPa, respectively. As is evident in Fig.
2(a), most energy of the response to the incident click was
localized in time to within a duration of 1 ms. At the default
sweep speed of 75 daPa/s, the air pressure varied by
3.2 daPa within the duration of a single click buffer. This
was sufficiently small to characterize the air pressure as
quasi-stationary over the interclick interval. Data were ac-
quired at higher sweep speeds to evaluate whether the quasi-
stationary assumption was still warranted.

During the sweep, air pressure and click responses were
recorded simultaneously until the pressure reached the end
target of the ascending or descending sweep, 200 or
—300 daPa, respectively. Then, the ear-canal pressure was
reset to 0 daPa. The actual pressure-sweep speed could de-
viate from the nominal speed, depending upon the goodness
of pressure seal in the ear canal and the characteristics of
individual ears. An instance of the descending sweep in-
tended at the speed of 75 daPa/s is shown in Fig. 3. The
dashed reference line was added manually to match the ini-
tial slope of the pressure sweep from about 1.0 to 3.0 s. The
reference line helps illustrate that the instantaneous rate of
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FIG. 3. Pressure sweep and automatic control. The thick line shows air
pressure at the time each click occurred. The dashed line was manually
added as a reference. The squares showed where click responses were re-
jected due to acoustical artifacts.

pressure change became slower toward the end of the sweep.
This indicates that the pressure seal in the ear canal was not
perfect.

A click spectrum was calculated using a 1024-sample
DFT for each click waveform. Sound-pressure reflectance
R(f) and EA were calculated for each response using Eq. (1)
and Eq. (2), respectively. Pressure readings were monitored
by an operator during data acquisition. If the sweep failed to
complete the desired pressure range, the operator was noti-
fied by a displayed message, the data were abandoned, the
probe insertion was adjusted, and the measurement was re-
peated.

2. Data processing

The acquired data were processed in the following man-
ner to calculate the wideband tympanograms. First, noisy
responses were identified based on calculation of a sample-
wise sum of sound pressure square; for each click-response
buffer, the sum of square (y[n])> was calculated outside of
a 9-ms period surrounding the main response. Upon the
completion of a sweep, the interquartile range (IQR) of
3.(y[n])? was calculated based on all the click-response buff-
ers within the sweep range. Those buffers with (y[n])?
higher than the 75th percentile+3 times IQR were consid-
ered noisy and excluded from further analyses. Figure 3 also
shows an example of this artifact rejection; during a sweep
that lasted for the duration of 186 clicks, nine responses were
rejected.

Note that the criterion for artifact rejection was different
from those for ambient-pressure measurements, in part be-
cause varying the air pressure changed the middle-ear char-
acteristics and made it inappropriate to calculate an average
response across clicks. The operator was notified during data
acquisition if more than 10% of the buffers were rejected. If
so, the operator had the opportunity to adjust the probe,
check the subject status, and acquire data again, if desired, or
continue to process the existing data.
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Air pressure was sampled every 25 ms but a click stimu-
lus was delivered every 46 ms. The pressure at the time of
the onset of each click buffer was estimated by linear inter-
polation. The spectrum of EA between 0.226 and 8 kHz was
partitioned into 62 bands of 1/12 octave each. Two bands at
low frequencies were discarded because they contained no
DFT components, so that the fractional-octave spectrum con-
sisted of 60 bands. The EA was averaged within each band
for each response.

For each test and every frequency, EA was smoothed
along the pressure axis by a three-point median filter, and
then resampled at every 5 daPa between —300 and 200 daPa
using linear interpolation. The same 5-daPa grid was used
for all sweep speeds, which constituted in some cases an
oversampling of the variation of EA with air pressure.

This procedure established a grid across frequency and
air pressure that was the same for each ear tested, indepen-
dent of the details of the pressure-sweep response that varied
across subjects.

3. Bandpass energy absorbance and tympanometric
peak pressure

A bandpass EA tympanogram averaged over a frequency
range from 0.38 to 2 kHz was used to define a bandpass
TPP. This TPP was then used to define a peak EA, which is
the EA spectrum measured from 0.226 to 8 kHz at the TPP.
The bandpass EA tympanogram was defined to provide an
analogy to a single-frequency tympanogram, and the peak
EA was defined to provide a generalization of the EA mea-
sured at ambient pressure.

The bandpass energy absorbance (EA(p)) at air pressure
p was calculated as

BAGY =3 (1= RGP, ©
i

where |R(f;,p)|*> denotes ER after the data processing de-
scribed previously, the summation index i runs over all fre-
quency bands centered at f; within the selected pass band
(0.38-2 kHz), and N, denotes the number of such bands.
Then, the bandpass TPP, denoted as p, was estimated by
quadratic interpolation at the top three points of (EA(p)),

A A1 — Qiy

b pk+Ap2(ak—1 =2+ agy)’ (©)
where p, denotes the pressure bin with the maximum
(EA(p)), Ap=5 daPa was the size of pressure sampling, and
ai_y, ai, and a;,, denote (EA(p)) evaluated at p,—Ap, p;,
and p;+Ap, respectively. Then, an EA measured at the TPP,
denoted as pEA, is defined by the EA tympanogram sampled

at py,

The present passband for adult tympanometry was se-
lected to be 0.38—2 kHz. The upper limit was chosen based
on the fact that the single-peaked structure of the EA tympa-
nogram remained present at least up to 2 kHz. The lower
limit might have been chosen as small as 0.226 kHz, which
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was the lowest analysis frequency of the overall acoustic
transfer function measurement. A slightly higher frequency
of 0.38 kHz was chosen as the lower limit for two reasons.
First, physiological noise is higher at low frequencies, and
this increased noise at lower frequencies was a potential con-
cern because the SNR for a click response at a single fre-
quency is less than if a single-frequency stimulus were used.
The second reason is that the tympanometric change in EA
with air pressure was larger at and above 0.38 kHz than be-
low. This choice of tympanometry bandwidth in adult ears is
preliminary, and may be further adjusted as more becomes
known about wideband tympanometry in ears with middle-
ear pathology or conductive hearing loss.

Estimating the TPP is important because some ears, for
example, may have a negative TPP in the absence of middle-
ear pathology. Under those conditions, the energy absorption
properties of the middle ear might better be assessed at the
TPP than at ambient pressure (Margolis ef al., 1999). This is
because the TPP estimates the static pressure within the
middle-ear cavities. The peak energy absorbance pEA would
assess middle-ear function in a condition in which pressure
difference across the tympanic membrane is minimized. In
the case of an ear with middle-ear pathology, the pEA may
provide additional information across frequency that is not
present in the EA at ambient pressure.

4. Calculation of other tympanometric variables

Other acoustic transfer functions may be calculated from
R(f) and the characteristic impedance Z, of the ear. For ex-
ample, the acoustic admittance Y(f) in an adult ear may be
calculated as

1 1=R(f)
Ze 1+R(f)’

Y(f) = (8)
in which Z. may be calculated in the frequency range of
interest as the ratio of the product of air density and phase
velocity to the cross-sectional area of the calibration tube.
This area is approximately equal to the cross-section area of
the ear canal in an average adult ear.

Applied to data in a wideband tympanogram, the use of
Eq. (8) provides a wideband admittance tympanogram de-
fined over the grid of air pressure and frequency. Results can
be extracted at a single frequency to calculate a single-
frequency admittance tympanogram. The details of this cal-
culation are as follows. First, for each response that was
recorded at air pressure pj 2 wideband acoustic admittance
Y(fi) was calculated at 1024 discrete frequencies f; using
Eqgs. (1) and (8). Then, the admittance magnitude at 226 Hz,
denoted as ¢y, was estimated by linearly interpolating
|Yj(fk)| in the frequency domain. After computing ¢, for all
responses, it was resampled every 5 daPa using linear inter-
polation. Finally, the result was smoothed by a denoising
technique3 based on median filtering and moving-window
averaging. The 1-kHz tympanogram was calculated simi-
larly. Tympanograms using the complex components of
acoustic admittance or of any other acoustic transfer function
can be calculated using the same signal processing tech-
niques, too.
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FIG. 4. EA measured at ambient pressure, plotted at 60 frequencies spaced
1/12 octave apart. Solid lines show 10th, 25th, 50th, 75th, and 90th percen-
tiles, respectively, of the normal hearing subjects (N=92 ears).

D. Subjects

Adult subjects participated in this study (N=48 subjects,
both ears tested) with a mean age* 1 standard deviation
(SD) of 33.8 = 10 years. The following inclusion criteria for
each ear were adopted:

(a) Air conduction thresholds <15 dB HL at each octave
frequency between 0.25 and 8 kHz.

(b) Air/bone gaps of <10 dB at each octave frequency be-
tween 0.25 and 4 kHz.

(c) Negative history of otologic surgery, excluding surgery
for placement of pressure equalization tubes.

(d) TPP between —83 and +50 daPa, based on the use of a
226-Hz probe tone.

(e) Equivalent ear-canal volume between 0.6 and 2.5 cm®.

(f) Peak-compensated static acoustic admittance at the posi-
tive tail between 0.3 and 1.4 mmbho.

The rationale for using inclusion criteria listed in items
d, e, and f for 226-Hz tympanometry data has been previ-
ously described (Ellison and Keefe, 2005).

Four out of 96 ears did not satisfy the above criteria.
Measurements were performed in the remaining 92 ears, in-
cluding EA at ambient pressure and wideband tympanometry
at a default sweep speed of —75 daPa/s, in which the “—”
sign denotes a descending sweep. To evaluate the effects of
pressure-sweep speeds and directions on measured tympano-
grams, the last 29 of 92 ears were also tested at seven other
sweep speeds and directions, *400, =200, =100, and
+75 daPa/s.

lll. RESULTS
A. Energy absorbance measured at ambient pressure

Figure 4 shows group results of EA measured at ambient
pressure as a function of frequency. The five lines, ordered
from bottom to top, show the 10th, 25th, 50th, 75th, and 90th
percentiles, respectively. As frequency increased, the EA
reached its maximum between 2 and 4 kHz, where the 10th
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to 90th percentile ranged from 0.50 to 0.90. The EA de-
creased as a function of frequency above 4 kHz until reach-
ing a minimum near 6.7 kHz. The EA increased again as
frequency approached 8 kHz. Similar trends in energy reflec-
tance have been observed in previous studies (Stinson, 1990;
Keefe et al., 1993; Voss and Allen, 1994; Feeney and San-
ford, 2004; Shahnaz and Bork, 2006).

B. Wideband energy absorbance tympanograms
1. Normal percentiles

Percentiles of EA are plotted in Fig. 5 as two-
dimensional functions of frequency and air pressure. Note
that below 2 kHz, EA had a single peak near 0 daPa, but at
higher frequencies, EA was more complex as a function of
pressure. At every pressure, EA reached its maximum near
4 kHz, where the 10th to the 90th percentiles ranged from
approximately 0.6 to 0.9. The peak location on the
frequency-pressure plane and the peak absorbance values
were similar to previously reported results on normal-hearing
subjects [e.g., Fig. 8(b) in Margolis et al., 1999; Fig. 9 in
Keefe and Simmons, 2003].

2. Occurrence of negative energy absorbance in
some ears

The minimum value of EA across all ears was calculated
at each frequency and pressure to provide a Oth percentile of
EA. The Oth-percentile EA was negative in 7.2% of all the
points on the frequency-pressure plane (Fig. 6, empty re-
gions). Also, negative EA was measured in 23 of 92 ears for
at least one frequency-pressure point. EA of more negative
than —0.02 occurred in 18 ears, with the most negative EA
=-0.076.

The largest region where negative EA occurred was near
7 kHz across all pressures. However, only three ears were
found to have negative EA there, with a minimum EA of
—0.064. The only place where 10th-percentile EA was nega-
tive was at 1.59 kHz between —260 and —300 daPa—this
region is somewhat obscured in Fig. 5, but the tendency for
low EA can be observed. The pattern of negative EA near
1.59 kHz was asymmetric with respect to air pressure; it
never occurred at any positive pressure. Possible causes of
negative EA are discussed in Sec. IV.

C. Bandpass TPP and peak pressure determined by
226-Hz tympanometry

In the present study, the bandpass TPP had a
mean* 1 SD of 2.8 16 daPa. Except for one ear with a
TPP of —93 daPa, the bandpass TPP ranged between —83 and
+50 daPa. This range is similar to the range of TPP reported
in studies using 226-Hz tympanograms (Ellison and Keefe,
2005). This similarity is not an independent result, inasmuch
as this TPP range for 226-Hz tympanograms was part of the
subject inclusion criteria. The 226-Hz TPP obtained during
the initial screening of these ears had a mean=*1 SD of
13.6 + 18 daPa. The correlation coefficient was 0.76 across
all ears between the bandpass TPP and the 226-Hz TPP.
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FIG. 5. (Color online) EA as a function of frequency and air pressure.
Sweep speed: =75 daPa/s. (a), (b), and (c): 10th, 50th, and 90th percentiles,
respectively, of adult normative data (N=92 ears).

D. Single-frequency admittance magnitude
tympanograms

Five randomly selected examples of admittance magni-
tude tympanograms at 226 Hz and 1 kHz measured in nor-
mal adult ears are shown in Fig. 7. Although these data were
extracted from wideband tympanometry, each tympanogram
has a shape typical of those that are clinically measured at
the nominal test frequency. The 1-kHz tympanogram is not
commonly measured in adult ears, but has been of recent
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FIG. 6. Minimum EA across subjects (N=92 ears). Empty regions indicate
where the minimum EA was found negative.

interest in measurements in children younger than 3 months
(Margolis et al., 2003; Kei et al., 2003; Baldwin, 2006).

IV. DISCUSSION

A. General comments on single-frequency and
wideband tympanograms

Wideband absorbance tympanograms measured using a
swept-pressure paradigm (Fig. 5) were similar to those mea-
sured using a sequence of fixed static pressures, as previ-
ously reported (Margolis et al., 1999; Keefe and Simmons,
2003; Sanford and Feeney, 2008). The Margolis et al. (1999)
measurements relied on a manual setting of air pressure,
which resulted in long measurement duration with known air
pressure at each setting. The Keefe and Simmons, and San-
ford and Feeney, measurements had no explicit measurement
of the air pressure in the ear canal during an automated re-
cording sequence in which the desired air pressure was var-
ied in discrete steps. The present measurement, using a

8.5

Admittance magnitude (mmho)
Admittance magnitude (mmho)

Bp—————
300 200 100 0 100 200

Pressure (daPa)

-300 -200 -100 O 100 200

Pressure (daPa)

FIG. 7. Examples of single-frequency admittance magnitude tympanograms
extracted from wideband tympanometry. Results from randomly selected
ears. (A) 226 Hz. (B) 1 kHz.
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swept-pressure technique with feedback control, allowed a
shorter measurement duration, which is an advantage for
clinical applications.

Despite the overall agreement between these various
measurements of EA tympanograms in adult ears, there has
been scant attention to inaccuracies that could be observed in
bounded regions of the frequency-pressure plane. In this
study, the negative EA that sometimes occurred was evi-
dence of a contamination due to some source of error. EA
should be non-negative in the absence of sound sources
within the cochlea, except for the possible small influence of
otoacoustic emissions, which are an unlikely source given
the predominant source region near 7 kHz.

In the present study, negative nominal values of EA near
7 kHz might be attributed to insufficient accuracy in calibra-
tion. Equation (1) shows that, if the source impedance R,
obtained during calibration deviates from the true source im-
pedance in a way such that the magnitude of RyP+Q is un-
derestimated, the magnitude of R will be overestimated.
Thus, when the true value of |R|? is close to 1, it is possible
that a calibration error could cause it to be measured larger
than 1, resulting in negative EA according to Eq. (2). Two of
the three ears that measured negative EA near 7 kHz were
the two ears of the same subject measured on the same day.
This indicates that the negative value might indeed be a re-
sult of a temporary condition in the probe at the time cali-
bration was performed.

Negative EA near 1.59 kHz might have been due to the
transducers’ sensitivity to air-pressure change, so that both
Ro(f) and Q(f) deviated from their calibrated values that
were determined at ambient pressure. Otherwise, the source
of this error is unknown.

Admittance tympanograms in normal adult ears have a
single-peaked structure at 226 Hz, but a more complex struc-
ture of maxima and minima occurs at 678 Hz and higher
frequencies. Techniques to classify such multifrequency ad-
mittance tympanometric patterns have been used to analyze
responses up to approximately 2 kHz (Colletti, 1977; Marg-
olis and Hunter, 2000; Vanhuyse, 1975). Nevertheless, use of
multifrequency tympanometry is not widely accepted in
clinical settings, largely due to the complexity of the re-
sponses (Fowler and Shanks, 2002). In contrast, the wide-
band EA tympanogram has a single pressure peak in normal-
hearing adults at least up to approximately 2 kHz (Fig. 5).
The multiple maxima and minima structure that occur in
admittance tympanograms below 1 kHz in healthy adult ears
do not appear in EA tympanograms.

Although wideband tympanometry provides more infor-
mation than either traditional tympanometry or ambient-
pressure reflectance measurement, it would be important for
a clinical device to provide a summary on the status of the
test ear. Keefe and Simmons (2003) reduced the two-
dimensional EA tympanogram into a set of one-dimensional
functions: pressure moments as a function of frequency, and
frequency moments as a function of pressure. There may be
a practical advantage in terms of simplicity in reducing the
two-dimensional EA tympanogram to a small number of
one-dimensional functions, but it is unknown whether sig-
nificant diagnostic information is thereby lost.
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FIG. 8. Frequency-averaged (0.38—2 kHz) EA as a function of air pressure.
Each panel shows results at a different sweep speed and direction, and traces
show responses from individual ears (N=29 ears).

The more narrowly focused goals of the present study
were to (1) demonstrate the feasibility of a wideband system
intended for middle-ear screening and diagnosis that includes
swept-pressure tympanometry, and (2) report baseline results
from a normal adult population. Feasibility was established
inasmuch as interpretable wideband acoustic transfer func-
tions were measured on every subject tested, and the results
(in Figs. 4, 5, and 7) were similar to those in previous wide-
band and single-frequency studies.

B. Effects of pressure sweep on estimation of TPP

Figure 8 shows (EA(p)) over the passband
(0.38—2 kHz) that was measured with the slowest and the
fastest sweeps (N=29 ears). Different traces show results
from individual ears. Note that (EA(p)) always had a single
peak, but the overall pattern shifted positively with ascend-
ing sweeps and negatively with descending sweeps. Also, the
shift was larger with the fastest sweep than with the slowest
sweep. The amount of shift was quantified in terms of a
peak-pressure difference (PPD) for each ear at each pressure-
sweep speed v (Therkildsen and Gaihede, 2005),

PPD(v) = p(+v) — p(-v), 9)

where p(*v) denotes TPP obtained with ascending (+) and
descending (—) sweeps, respectively. Figure 9 shows that
PPD increased as a function of v and was always positive.
Linear regression of PPD(v) yielded a slope of 0.27 s and an
offset of 6.8 daPa. Because PPD accounted for the difference
between ascending and descending sweeps at the same
speed, the slope of the regression line times 0.5 suggested a
constant delay of 0.14 s.

The PPD at 75 daPa/s was lower than reported in
Shanks and Wilson (1986) and Kobayashi et al. (1987), in
both of which PPD also increased as a function of the
pressure-sweep speed. However, Therkildsen and Gaihede
(2005) argued that any positive dependence of PPD upon
sweep speed must be due to instrumental delay, and it was
shown that, by minimizing such delay, PPD could be reduced
to 12 £ 10 daPa at a pressure-sweep speed of 400 daPa/s.
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The cause of large PPD at higher speeds in the present
study is not clear. Possible mechanisms include air pressure
difference between the ear canal and the pressure sensor dur-
ing the sweep, signal processing delay in pressure sensing
circuitry, and any unknown software delay due to communi-
cation between the DSP and the desktop computer.

Nevertheless, the offset of the regression line at 6.8 daPa
provides evidence of middle-ear hysteresis that might not be
eliminated by further reducing the sweep speed. This pres-
sure offset is of the same order of magnitude as the mean
PPD=12 daPa at 50 daPa/s, found by Therkildsen and
Gaihede (2005), and the mean PPD=9 daPa at 8 daPa/s by
Kobayashi er al. (1987).

These results suggest that an absorbance-based measure-
ment of TPP is influenced by variations in sweep speed, but
the magnitude of these effects is similar to measurements of
TPP using 226-Hz admittance tympanometry.

C. Effects of pressure sweep on peak EA

A related question arises of the extent to which pEA is
influenced by variations in pressure-sweep speed and direc-
tion. Figure 10 shows pEA measured with pressure sweeps at
all four speeds. By inspection, the 10th to 90th-percentile
range with =75, —100, and —200 daPa/s appeared similar at
all frequencies; the differences in pEA between ascending
and descending sweeps appeared greater.

To quantify this observation, the difference D(v,;v,) in
PEA measured with sweep speed v; and v, was calculated
for each ear at every frequency. The rms values of D(v;-75)
and D(v;+75) averaged across 29 ears and all frequencies
are shown in Table I. The difference in pEA caused by a
change in sweep direction was larger than that caused by
increasing the sweep speed. This provides additional evi-
dence that middle-ear hysteresis did not vanish at the slowest
sweep speed in the present study, and is consistent with tym-
panometric findings in rabbits, for which middle-ear hyster-
esis effects were important at low sweep speeds (Dirckx
et al., 2006).
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FIG. 10. Wideband EA estimated at TPP (pEA). Pressure-sweep speeds are
listed in each panel. Solid lines indicate the 10th, 50th, and 90th percentiles,
respectively (N=29 ears). For comparison, the shaded area shows the 10th
to 90th percentile range that was measured with the sweep speed of
—75 daPa/s.

The rms value of D(-=75;-400) was 0.031, so the peak
EA changed on the order of =0.031 when the speed of de-
scending pressure sweeps increased from 75 to 400 daPa.
Figure 10 shows that, at every frequency, the 10th to 90th-
percentile range of pEA(f) was at least 0.079 with the default
sweep speed of —75 daPa/s; the minimum occurred at the
lowest frequency. Further analyses showed that the IQR (i.e.,
25th to 75th-percentile range) was at least 0.042 with the
same sweep speed. The IQR was greater than the rms value
of D(=75;-400), and particularly so above 0.5 kHz.

Thus, the rms analyses indicate that, even though the
TPP needed to extract pEA from the EA tympanogram varied
with sweep speed (see Fig. 8), the resulting variations in
pEA were less than the variability across normal-hearing
subjects.

D. Energy absorbance: TPP vs. ambient

Given that the mean (2.8 daPa) of the bandpass TPP in
this group of normal-hearing ears was within 1 SD (16 daPa)

TABLE I. Effects of different pressure-sweep speeds and directions on pEA.

Sweep speed rms of rms of
v (daPa/s) D(v;-75) D(v;+75)
=75 0.050
-100 0.015 0.051
-200 0.021 0.054
—400 0.031 0.061
+75 0.050

+100 0.051 0.016
+200 0.053 0.027
+400 0.052 0.044
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FIG. 11. Comparison of pEA and aEA across frequencies. Sweep speed:
—75 daPa/s. Top: Thick lines show 10th, 50th, and 90th percentiles of pEA,
and thin lines show the same percentiles of aEA (N=92 ears). Bottom: Mean
and SD of AEA.

of ambient pressure, it was expected that pEA would be simi-
lar to EA measured at ambient pressure (aEA) in these ears.
However, as shown in Fig. 11 (top panel), the 10th, 50th, and
90th percentiles of pEA were higher than aEA at low fre-
quencies and slightly lower at high frequencies. The differ-
ence AEA=pEA-aEA, calculated for each ear individually,
was most positive at 0.84 kHz, reaching 0.16 £0.11, and
most negative at 4.76 kHz, —0.06 £0.06 (Fig. 11, bottom
panel).

The difference was probably due to a positive residual
pressure during probe insertion right before the ambient-
pressure measurement. When the probe was pushed into the
ear canal, the enclosed volume decreased, and the air pres-
sure might have increased consequently. If the pressure seal
was good, the pressure could remain in the ear canal
throughout the measurement, which lasted for about 1 s
(46 ms X 16 clicks). The 50th percentile of the wideband
tympanogram in Fig. 5(b) suggests that, as the ear-canal
pressure varied from 0 daPa to a positive pressure, EA would
decrease at frequencies below 2 kHz but increase slightly
around 4 kHz. This agrees with the pattern of AEA shown in
Fig. 11.

The residual pressure could have been avoided by pro-
viding ventilation in the probe. Alternatively, the discrepancy
between pEA and aEA might be eliminated by setting the
pressure back to zero using the pressure pump before
ambient-pressure measurements. The presence of any such
discrepancy in EA would not interfere with its clinical use,
because its effects would be shared by measurements in ears
with either normal or impaired middle-ear function.

V. CONCLUSIONS

Procedures were developed to perform wideband acous-
tic transfer function measurements under both ambient and
tympanometric conditions. Wideband responses were ac-
quired in a normal-hearing adult population. The feasibility
was established in adult ears for the measurement of
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ambient-pressure responses and for tympanograms using a
wideband stimulus and swept air pressure. The overall mea-
surement durations of ambient and tympanometric responses
were within the range of durations of other types of clinical
systems that are used to assess middle-ear function. The in-
clusion of artifact rejection allowed the detection and exclu-
sion of noisy buffers from subsequent analysis. Wideband
results were summarized in terms of EA, which is large at
frequencies at which the middle ear is efficient at collecting
sound energy, and which, in the form of an EA tympano-
gram, has a central peak similar to that of standard low-
frequency tympanometry. The effects of variations in sweep
speed and direction on adult EA tympanograms were as-
sessed. The EA tympanogram was simplified into a pair of
responses: a bandpass tympanogram characterizing varia-
tions with air pressure, and a peak EA characterizing varia-
tions with frequency. The EA measurements in normal adult
ears provide a baseline with which to compare measurements
in adult ears with middle-ear pathology and in ears of new-
borns and older children.
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NOMENCLATURE

D(v,;v,) = Difference in pEA measured with sweep
speed v; and v,
EA(f,p) = Two-dimensional
tympanogram
(EA(p)) = Bandpass energy absorbance as a function
of air pressure
aEA(f) = Energy absorbance measured at ambient
pressure
pEA(f) = Energy absorbance tympanogram sampled
at peak pressure
AEA = pEA subtracted by aEA
f = Frequency (Hz)
i,j,k = Integer-valued dummy indexes; meanings
depend on context

energy absorbance

n = Discrete-time index
p = Air pressure in the ear canal (daPa)
p = Bandpass tympanometric peak pressure
(daPa)
Ap = Resolution of air-pressure grid, 5 daPa
P(f) = Recorded sound-pressure spectrum
PPD(v) = Peak pressure difference between p(+v) and
p(-v)
QO(f) = Incident pressure spectrum

R(f) = Sound-pressure reflectance as a function of f
Ry(f) = Source reflectance as a function of f
v = Speed of air-pressure sweep (daPa/s)
Y(f) = Acoustic admittance as a function of fre-
quency (cm’ dyn™! s7!)
y®[n] = Sound-pressure response to the kth click
sampled at time n
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1Although beyond the scope of the present study in terms of human-subject
testing, the design of the system is intended to be suitable for measure-
ments in newborns and older children as well as in adults, and in ears with
middle-ear pathology.

2Energy absorbance previously was termed energy transmittance by Keefe
and Simmons (2003). The term energy absorbance is preferred and used in
this report. In a one-dimensional transmission-line description of the ear-
canal acoustics, the middle ear acts as a terminating impedance of the
transmission line, and the process of sound absorption is represented by
including a resistive component to this impedance. The term transmission
is often used in transmission-line theory for the case that two transmission
lines with different properties are joined at a particular location. A signal
in the first line that is incident to this junction is partially reflected and
partially transmitted into the second line. One-dimensional models of
middle-ear transmission represent the middle ear as joined to an ear-canal
transmission line and a cochlear transmission line, the latter representing
the cochlear traveling wave. Irrespective of how the internal function of
the middle ear is modeled, a middle-ear scattering matrix quantifies rela-
tionships between signals traveling through the middle ear to and from the
ear-canal transmission line, and to and from the cochlear transmission line.
This scattering matrix includes both forward and reverse middle-ear re-
flectances and transmittances (Shera and Zweig, 1992; Keefe and Abdala,
2007), in which the forward direction is from the ear canal into the middle
ear, and from the middle ear into the cochlea. The ER as used here is
identical (in the absence of ear-canal losses) to the squared magnitude of
this forward reflectance. However, EA is not identical to the squared mag-
nitude of the forward transmittance, and has no simple relationship to the
forward or reverse transmittance. To prevent any confusion between EA
and these transmittances, the term energy absorbance is used herein to
represent the fraction of incident energy in the ear canal that is not re-
flected at the tympanic membrane.

The denoising technique consisted of the following steps. First, three-point
median filtering was applied to the input i,,4(p;), where the air pressures
p; are equally spaced at every 5 daPa. Denote the result of median filtering

as Une(p;), and the difference as gA(p;) 2 Pars(p;)— ans(ps). Then, another

round of three-point median smoothing was applied to J(pi), and the result
was convolved with the normalized Hamming window (Harris, 1978) of
three points on each side, which corresponds to a half-width of 15 daPa in

this context. The denoised output was the sum of ¢is(p;) and the output of
the Hamming filter.
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