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ABSTRACT

Clinical assessment of middle ear function has undergone
multiple transformations and developments since the first acoustic
impedance measurements were made in human ears nearly a century
ago. The decades following the development of the first acoustic
impedance bridge by Metz in 1946 witnessed a series of technological
advancements leading to the widespread use of single-frequency
admittance tympanometry in the 1960s. In the 1970s, multi-frequency
and multi-component tympanometry (MFT) emerged for clinical use,
allowing for a better understanding of the middle ear acoustic-mechan-
ical response at frequencies between 200 and 2,000Hz. MFT has not
gained widespread clinical adoption despite its advantages over single-
frequency tympanometry. More recent technological developments
enabled assessment for frequencies greater than 2,000 Hz, leading to
the advent of wideband acoustic immittance measures with capabilities
for comprehensive assessment of middle ear acoustic mechanics, and a
great potential for use of acoustic immittance testing in various
diagnostic practices. This article reviews important historical markers
in the development and operation of middle ear assessment tools and
analysis methods. Technical and clinical factors underlying the emer-
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gence and adoption of different acoustic immittance tests as a standard
of clinical practice are described. In addition, we discuss the likelihood
for widespread adoption of wideband acoustic immittance and wide-
band tympanometry in future clinical practice.
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EMERGENCE OF AURAL ACOUSTIC
IMMITTANCE TESTS:
TYMPANOMETRY
Today, tympanometry is a well-established
immittance test tool in routine audiologic and
otologic assessment. A brief historical analysis
of discovery and innovation milestones in the
area of middle ear function assessment reveals
the recent nature of aural acoustic immittance
tests, including tympanometry. A timeline of
important discoveries and innovations in this
area is illustrated in Fig. 1: From the first
anatomical description of the middle ear cavity
in the 1500s, to descriptions of the Eustachian
tube and innovations for the assessment of its
function in the 1700s and 1800s, to the advent
of acoustic impedance testing in human ears
taking place at the beginning of the 20th
century. In the time period between 1932 and
the early 1970s, acoustic impedance testing
witnessed developments in measurement
approaches, and analysis techniques, accompa-
nied by technological advancement and the
emergence of multiple clinical instruments.
The first “tympanometry” equipment for
clinical use emerged in the early 1960s. Fig. 2
illustrates notable examples of commercial
tympanometry equipment at various stages of
development, from single-frequency 226-Hz
tympanometry in the early 1960s to multi-
frequency tympanometry in the 1980s. In this
article, we review milestone events in the devel-
opment of immittance testing tools that have
taken place over the past century and highlight
factors underlying their success and widespread
adoption, or lack thereof.

The first classic monograph on the applica-
tion of acoustic impedance in audiology was
published in 1946 by Otto Metz.1 Metz mea-
sured impedance in normal and pathological ears
at ambient ear canal pressure using a mechanical
acoustic measuring bridge. It was not until 1959

and 1960 that Terkildsen and his colleagues,2,3

at the same university hospital as Otto Metz,
developed the first electroacoustic device to
measure acoustic impedance (Za) while varying
static ear canal pressure in the presence of a 220-
Hz probe tone. Their pioneering work in 1961
resulted in the first commercially available elec-
troacoustic impedance bridge, the Madsen
ZO70 (Fig. 2). Shortly following this develop-
ment in 1962, Terkildsen coined the term
“tympanometry.” Interestingly, the selection of
a 220-Hz probe tone was primarily due to
convenience and technical considerations, e.g.,
to avoid nonlinear microphone response at hig-
her frequencies.2 Hence, the selection of a low-
frequency probe tone had nothing to do with its
diagnostic accuracy for detecting middle ear
pathologies or dysfunction.

Early tympanometry instruments (e.g.,
Madsen Z070) produced impedance measure-
ments (Z), plotted on a tympanogram with
impedance expressed in arbitrary impedance
units from 0 to 10. In his classic, large-scale
clinical study in 1970, Jerger4 built on the work
of Lid�en5 to develop simple shape-based
tympanogram categories for clinical assessment.
Fig. 3 illustrates three impedance tympanogram
types (A, B, and C) that were suggested by
Jerger’s classification system (note these are
impedance, rather than admittance tympano-
grams). One issue was the large variability in
measurements and tympanogram shapes in
relation to large differences in patients’ ear canal
volumes, posing limitations to the accuracy of
impedance tympanograms. Note that since the
introduction of the Madsen Z070 system,
which Jerger used in his early work, new
versions of this device were introduced into
the market under the trade name Madsen and
then GN Otometrics, and now under the trade
nameNatus. The most recent product from this
lineage of devices is the Madsen Zodiac.
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In 1971, the Grason-Stadler (GSI) Otoad-
mittance meter (model 1720) was the first
commercially available system to measure ad-
mittance (Y) tympanograms instead of imped-

ance tympanograms. Significant developments
with the emergence of this instrument were the
ability to obtain calibrated measurements in
absolute physical units (mmho) rather than

Figure 1 Historical timeline of milestone events in the development of assessment tools for the middle ear
function. Acoustic impedance assessments began in the 1920s leading to the emergence of the first
commercial instruments in the 1960s. The following decades witnessed the emergence of single-frequency
admittance tympanometry, and multi-component, multi-frequency tympanometry. Development of wideband
acoustic immittance tests began in the 1980s, followed by a series of investigations and developments
leading to the first commercial equipment in the mid-2000s.
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Figure 2 A chronological illustration of key clinical instruments for aural acoustic immittance testing starting
with the Madsen ZO70 model by Madsen Electronics in the 1960s, the 1720 Otoadmittance meter by
Grason-Stadler in the 1970s, the Virtual 310 middle ear analyzer by Virtual Corporation, and Tympanometer 33
V2 by Grason-Stadler in the 1980s, the HearID by Mimosa Acoustics in the 2000s (used with permission from
Mimosa Acoustics Inc.), the Titan by Interacoustics A/S in the 2010s (used with permission from
Interacoustics A/S), and the TympStar Pro by Grason-Stadler in the 2020s (used with permission from Grason-
Stadler).
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arbitrary units (such as with the earlier Madsen
Z070) and the ability to monitor and maintain
constant sound pressure levels of the probe tone
in different ear canal volumes using automatic
gain control units. Because admittance at low
frequencies (e.g., 220-Hz probe tone) is domi-
nated by compliance-susceptance, a measure
that is directly related to acoustic volume, 1
mmho unit was shown to be mathematically
equivalent to 1 cc or 1 mL.6 Taking advantage of
this relationship, a simple calibration method in
acoustic cavities of known volumes allowed for
the determination of admittance units in physi-
cal terms. This continues to be the method of
calibration for low-frequency admittance tym-
panometry to this day. An additional advantage
was the ability to compensate and control for the
influence of ear canal volume admittance. Recall
that prior to the emergence of calibrated admit-
tance tympanograms, differences in ear canal
volume amongpatients (e.g., inmales vs. females
or children vs. adults) introduced variability in

the shapes of impedance tympanograms.7 By
contrast, acoustic admittance tympanogram sha-
pes remain constant regardless of ear canal
volume but simply shift admittance values along
the y-axis in an additive manner. This allowed
for a simple subtraction of admittance values (in
mmho units) at extreme static pressures, where
the middle ear is essentially immobilized, to
isolate ear-canal and middle-ear admittance
from each other. This method also allowed for
the estimation of ear-canal volume that is trap-
ped between the probe tip and the tympanic
membrane (as mmho and volume units are
equivalent).8

Another important development in
tympanometry testing was the advent of
multi-component, multi-frequency tympano-
metry (MFT). The GSI Otoadmittance meter
(1720) device had the additional capability of
producing admittance subcomponents in the
form of susceptance (B) and conductance (G)
tympanograms in response to two probe tones,
220 and 660Hz. The additional probe tone
(660Hz) allowed for more insight into the
acoustic mechanics of the middle ear, with
potential for improved diagnostics, especially
for ossicular abnormalities.

These advancements paved the way for
further developments in the 1980s with the
release of newer computer-based devices, such
as the Virtual 310 Tympanometer (Virtual
Corporation, USA) and GSI 33 V2 in the
1980s (Fig. 2), which allowed for automated
testing at multiple probe frequencies between
200 and 2,000Hz. The advantage of high-
frequency tympanometry in the evaluation of
mass-related pathologies of the middle ear was
demonstrated by Feldman.9 Vanhuyse et al10

described the normal patterns for susceptance
(B) and conductance (G) tympanograms based
on the number of peaks and troughs on these
component tracings when using a 678-Hz
probe tone. In comparison to 226-Hz tympa-
nometry, analysis of the B- and G-tympano-
gram peak patterns at higher probe tone
frequencies allowed for inferences to be made
regarding changes in mass, stiffness, and, sub-
sequently, resonance frequency.11–13 These
measures were shown to be advantageous over
226-Hz tympanometry in the diagnosis of
middle ear pathologies.14–16 For a detailed

Figure 3 Impedance tympanogram classification
system by Jerger.4 From top to bottom, three shape-
based impedance tympanogram types A, B, and C
are shown.
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account of developments in MFT testing, anal-
ysis techniques, and advantages over single-
frequency tympanometry, the reader is referred
to the report by American Speech-Language-
Hearing Association (ASHA) Working Group
on Aural Acoustic-Immittance Measurements
of the Committee on Audiologic Evaluation
(1988).17

Despite its diagnostic advantages, MFT
testing has not gained widespread adoption as
a routine assessment tool in clinics. An investi-
gation by Emanuel et al18 provided important
insights into factors underlying the lack of
widespread adoption among clinicians. They
surveyed audiological immittance practices in
2012 and showed that 77% of audiologists in
the United States had never used MFT tests.
Among the cited reasons were equipment avail-
ability, training, and time burden. For example,
additional test time was needed to obtain
multiple tympanograms at different frequencies
(e.g., using probe tones at 678 and 1,000Hz).
Moreover, training was required to assess and

interpret patterns of responses that were more
complex than traditional 226-Hz admittance
tympanograms. The outcomes of this survey
demonstrated the need for reducing time
burden and simplifying analysis methods either
by providing simpler clinical interpretation
schemes or by implementing machine-auto-
mated analysis. A newer MFT instrument,
the GSI TympStar Pro, allows for multi-com-
ponentMFT testing over a significantly shorter
time period by utilizing a broadband probe
stimulus. This allows for the assessment of
frequencies from 250 to 2,000Hz in a
few seconds, thereby considerably reducing
the time burden compared to older equipment.
The latest upgrades to the TympStar Pro have
enabled the system (May 2022) to run much
faster and conduct wideband tympanometry
(WBT; Fig. 4).

Despite the ability tomake inferences about
the middle ear acoustic-mechanical properties
using MFT compared to single-frequency tym-
panometry, such inferences are fundamentally

Figure 4 An example of wideband tympanometry outcomes showing a three-dimensional wideband
absorbance tympanogram with power absorbance plotted on the z-axis, and frequency and static pressure
plotted on the x- and y-axis, respectively.
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limited by the inability to obtain accurate mea-
surements at frequencies greater than 2,000Hz.
A complete assessment of middle-ear function
requires the ability to obtain acoustic measure-
ments over a wider range of frequencies.
Concurrent with technical developments in
probe calibration, the emergence of a new type
of immittance testing has enabled a more
comprehensive assessment of the middle-ear
function, called wideband acoustic immittance.

WIDEBAND ACOUSTIC
IMMITTANCE
Stinson et al19 reported the first wideband ear
canal recordings in the early 1980s. Subsequent
advances in probe “calibration” techniques were
described20,21 (also referred to as determination
of the Th�evenin-equivalent of the probe22) that
enabled accurate measurements of acoustic
impedance at frequencies above 2,000Hz. In
these early reports, it was common to use
wideband power reflectance as the measure of
choice (compared to admittance in tympano-
metry), defined as the proportion of acoustic
power reflected at the surface of TM relative to
the incident power provided by an ear canal
speaker. The use of the term “wideband acoustic
immittance” has been recommended more
recently (Consensus Statement: Eriksholm
Workshop onWidebandAbsorbanceMeasures
of the Middle Ear23) as an umbrella term that
encompasses a host of measures (e.g., pressure/
power reflectance, pressure/power absorbance,
impedance, admittance). See AlMakadma, Kei
et al in this edition for a more detailed descrip-
tion of those measures.

In 1999, a seminal report by Margolis
et al24 demonstrated that, unlike MFT,
wideband reflectance progressed in an orderly
fashion as frequency increased from 250
through 11,300Hz. Since then, WAI has
increasingly overtaken tympanometry as the
subject of study and development by hearing
scientists and clinical/translational researchers.
Additionally, because WAI utilizes a different
calibration method than tympanometry, pres-
surization of the ear canal is no longer a
prerequisite for WAI testing, and measure-
ments are possible at ambient and static ear
canal pressures. Early WAI studies investigat-

ing maturation-related changes in the outer/
middle ear took advantage of this ability to
record measurements at ambient pressure to
avoid pressure-induced effects on the newborn’s
immature ear canal walls,21,25 which were
shown to collapse or swell in the presence
of negative or positive static pressure, respec-
tively.26 The following two decades witnessed a
flurry of investigative reports on the applica-
tions of wideband acoustic immittance measu-
rements in assessing newborn, children, and
adult middle-ear function.21,27–36

In 2006, Mimosa Acoustics Inc. (USA)
released the first commercially available system,
called HearID, that could perform WAI tests
using the company’s module called Middle Ear
Power Analysis (MEPA). An illustration of the
HearID instrument is shown in Fig. 2. This
system allowed for the assessment of middle ear
function across a wide range of frequencies at
ambient ear canal pressure, comparable to the
frequency range commonly used in audiometric
assessments. Accessibility to this system facili-
tated further investigations and clinical research
in the area of WAI testing.

A more recent development in WAI test-
ing was the incorporation of capabilities to
pressurize the ear canal, not as a technical
requirement (e.g., in tympanometry) but as an
additional test variable. Several studies demon-
strated that wideband measurements obtained
at various ear canal pressures might increase the
sensitivity of WAI to middle-ear disorders.24,37

This method of WAI testing while varying
static ear-canal pressure has been referred to
as WBT.38 The Titan device, which was
released in 2014 by Interacoustics, Inc. (Assens,
Denmark; Fig. 2), was the second FDA-ap-
proved WAI instrument in the market and the
first commercially available system with WBT
capabilities. Fig. 4 illustrates a WBT measure-
ment that is represented three-dimensionally
(3D) with power absorbance (equivalent to
1-power reflectance) plotted on the vertical
axis (z-axis), and with static ear-canal pressure
and frequency plotted on the two orthogonal
horizontal axes (y- and x-axis, respectively).
The additional pressure variable allows for the
analysis of the acoustic mechanics of the sound
conduction pathway not only across frequencies
but also in terms of pressure effects.
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A typical application of WBT testing is to
obtain wideband measurements (e.g., wideband
absorbance [WBA]), at tympanometric peak
pressure (TPP). The diagnostic value of such
procedures may be understood in reference to
known principles from conventional single-
frequency tympanometry (i.e., TPP is the
pressure point at which the ear canal static
pressure and pressure in the middle ear cavity
are approximately equal). In cases where nega-
tive middle ear pressure contributes excess
stiffness to the middle ear, tympanometric
pressurization at TPP counterbalances the
effect of negative middle-ear pressure, resulting
in optimal admittance of the middle ear. One of
the advantages of WBT is the ability to com-
pare WBA at both ambient pressure and at
TPP. Earlier work demonstrated the value of
this type of comparison. For example, Margolis
et al24 reported a case where tympanometric
pressurization was introduced to counterbal-
ance the effect of the negative middle-ear
pressure on WBA that was present in the
ambient conditions. Rather than obtaining
near-normal WBA patterns at TPP, abnormal
patterns persisted, leading to the suspicion of an
additional disorder concurrent with negative
middle-ear pressure. In a more typical
case, where negative middle-ear pressure is
the sole condition underlying an abnormal
[ambient] WBA response, measurements
obtained at TPP would restore WBA patterns
to a more normal state (see AlMakadma, Kei
et al for a detailed description of this applica-
tion). In this SIH edition, several clinical/
research cases provide a variety of examples of
this type of WBT application in diagnostic
settings (e.g., Shahnaz, Sree, and Bargen;
Sanford, Brockett, and Aithal).

FUTURE OF WAI AS A CLINICAL
TEST: PROMISES AND
CHALLENGES
Theoretical advantages of WAI include the
ability to provide unprecedented amounts of
information and insight into the acoustic-
mechanical properties of the middle ear. The
wide frequency range of assessment currently
possible with commercial WAI systems spans
the spectrum of speech, allowing for a more

realistic representation of sound conduction
compared to older tympanometry tests. With
WBT testing, an additional dimension of mea-
surements opens the door for even more insight
into how the middle-ear acoustic-mechanical
response interacts with tympanometric pres-
sure. To realize these advantages to their fullest
potential, WAI continues to be the subject of
promising developments and investigations by
clinical and translational researchers. However,
the large amount of information provided by
WAI also presents some challenges on how
such data are to be analyzed both quantitatively
and qualitatively. In 2013, a group of experts
conferred at the Eriksholm Workshop on
Wideband AbsorbanceMeasures of theMiddle
Ear and published a consensus statement in
which research needs were identified to build on
promising clinical findings and to guide future
development efforts.23 Briefly summarized,
opportunities for research and further develop-
ments included the following: (1) the need for a
larger database of clinical measurements to aid
in establishing norms, group variance, and
better quantification of test accuracy; (2) devel-
opment of methods for artifact mitigation and
improved intra-subject (test–retest) variability;
(3) further development of WAI measures that
take advantage of timing information (e.g.,
pressure reflectance, reflectance phase).23 The
following is a brief account of more recent
clinical research efforts that address some of
these needs and future directions.

For testing in newborns and infants, WAI
testingwas shown to be useful in the detection of
temporary conductive hearing loss that is preva-
lent in neonates. Detection of temporary
obstruction of the sound conduction pathway
due to transient outer and/or middle ear
substances at the time of birth (e.g., vernix and
residual mesenchymal tissue) is useful for dis-
cerning the cause for failure on newborn hearing
screening tests.39 Normal WBA measurements
in newborns have been characterized, and efforts
to further describe and interpret abnormal
measurements are underway.40–43 In addition,
researchers are also developing methods to miti-
gate artifact in measurements that are specific to
this population; for example, controlling for
acoustic leakage due to poor probe tip fitting
into newborns small ear canals.42,44 Moreover,
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manufacturers are optimizing hardware equip-
ment to enable combined hearing screening
testing (e.g., TEOAE) and WAI testing using
simplified apparatuses for screening settings. For
example, Mimosa Acoustics Inc. developed a
handheld device, OtoStat 2.0, that displays both
OAE andWAImeasurements.With continued
refinement and improvement, clinicians will be
able to use OAE screening outcomes along with
WAI outcomes to determine whether infants
fail a screening because of a temporary conduc-
tive hearing loss or due to a congenital sensori-
neural hearing loss. This has the potential to
reduce unnecessary follow-up testing and to
expedite the referral of infants at risk of congen-
ital hearing loss for diagnostic evaluation.

In ENT and audiology clinics, WAI test-
ing has shown great promise in the area of
differential diagnosis. Preliminary studies in
animal models and in human ears have shown
that different middle ear pathologies are often
associated with unique WBA measurement
patterns making them distinguishable from
each other.31,36,45,46 These findings highlight
the potential of WAI as a noninvasive tool for
presurgical diagnosis of middle ear disorders.
Researchers are developing methods to refine
WBA measurements, mitigate sources of
variability, and gather larger data sets to better
describe measurements from different middle
ear pathologies.47–49 These efforts are instru-
mental for the determination and characteriza-
tion of etiology-specific features in WBA
measurements to be used diagnostically. In
the future, trained clinicians will be able to
examine WAI outcomes and qualitatively
determine whether WBA has features that
indicate specific pathologies (e.g., otitis media
vs. otosclerosis vs. cholesteatoma). Researchers
are also working on quantitative and automated
methods for the analysis of WAI outcomes in
diagnostic practice. For example, preliminary
efforts show promising outcomes for the utility
of artificial intelligence algorithms to process
the broad range of information provided by
WAI and identify the most informative diag-
nostic features in measurements.50–52 In addi-
tion to presurgical diagnosis, there are efforts to
also examine the use of WAI in postsurgical
assessment of outcomes, and restoration of
function.48,53–55

Another area of active development is the
use of WAI technology to evaluate middle ear
muscle reflexes (MEMR). In traditional
MEMR testing using tympanometry, change
in the admittance is measured in response to an
eliciting stimulus (a single frequency pure tone,
or a broadband tone) that is presented in the
same ear, or in the opposite ear. By comparison,
the emerging “wideband MEMR” test measu-
res changes in WAI quantities (e.g., power
reflectance or power absorbance) to determine
threshold reflex levels according to specific
criteria. Methods for wideband MEMR have
been described since the late 1990s. Schairer
et al56 provided a brief review of early deve-
lopments in this area. Wideband MEMR test-
ing has great promise over traditional MEMR
tests for its ability to obtain MEMR thresholds
at lower stimulus levels, and the ability to assess
its presence/absence at greater levels of hearing
loss.57 In addition, there is emerging evidence
for the clinical benefit of assessing the reflex
growth function using wideband MEMR
responses, where the strength of MEMR is
measured between threshold and maximum
elicitor intensity levels. For example, recent
reports have demonstrated the use of MEMR
growth functions in monitoring ototoxicity.58

In addition to these promising clinical applica-
tions, the use of widebandMEMR has recently
garnered the attention of hearing scientists and
researchers who are interested in the investiga-
tion of hearing deficits that are not captured by
the audiogram (e.g., subclinical noise-induced
hearing loss, and cochlear synaptopathy).59–61

Ongoing developments in wideband MEMR
testing include refinements of methods and
testing paradigms, response quantification,
and analysis, including automated/adaptive
testing paradigms.62 For a detailed account of
recent wideband MEMR developments and
clinical applications, the reader is referred to
Feeney et al in this edition. As clinical databases
are expanded, and norms are established for
different applications, wideband MEMR test-
ing capabilities are likely to be included in
commercially available WAI products.

The above-listed efforts demonstrate that
WAI is an active area of development and are
positive indicators that WAI is increasingly a
candidate for incorporation into routine
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audiological assessments for a variety of clinical
applications. Nevertheless, technological
advancement alone is not a guarantee of success.
Acceptance from clinicians will be a determin-
ing factor on whether WAI technology will
receive widespread adoption. Referring back to
the report by Emanuel et al18 on the lack of
widespread adoption of MFT technology,
discussed in an earlier section, provides insights
into factors that may play a role in the successful
clinical adoption of WAI (e.g., financial
burden, training, and clinician burden). These
factors deserve due attention from manufactu-
rers of WAI equipment and clinical and trans-
lational researchers alike. Nevertheless, the
following are encouraging indicators for the
success of WAI technology: (1) It is anticipated
that as evidence for the clinical value of WAI
continues to grow, the test may receive its own
diagnostic code for reimbursement of services to
offset the cost of initial investment in purchas-
ing the technology. Statements on clinical
practices and guidelines are beginning to
include references to WAI testing (e.g., Joint
Committee on Infant Hearing, 2019).63 (2)
The implementation of WAI testing in clinics
is unlikely to result in considerable use of clinic
appointment time. Often WAI data are col-
lected within similar timeframes as, or along
with, traditional tympanometry testing. (3)
Training of clinicians on use and interpretation
of WAI is another important consideration.
Future efforts in these regards will include both
simplified paradigms for interpretation ofWAI
measurements in clinical settings, and efforts to
develop resources and training materials. It is
anticipated that the conceptual shift from tym-
panometry to WAI measures will not be a
difficult one for practicing clinicians; neverthe-
less, some specialized training is needed for
transitioning clinicians and curriculum modifi-
cation for clinicians in training.

Further developments in methods of anal-
ysis and interpretation for various clinical appli-
cations will undoubtedly inform emerging
training resources for clinicians. This special
edition of Seminars in Hearing serves as a
resource for audiologists on how WAI can be
used in the clinic today alongside standard
audiological tools. Several articles present sim-
plified methods for conceptualizing wideband

immittance measures and several clinical case
studies for the use of WAI for different
populations.
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