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; s Fi he Inventi
The present invention relates generally to devices and processes which provide
information about a conditioﬁ of an ear for use in diagnosis of ear pathologies. More
particularly, the invention relates to devices and processes which involve measuring acoustic
reflectance of components of the ear. |

10
Background of the Invention

A wide variety of pathologies associated with the human and animal ears have been
identiﬁed. The more frequently diagnosed pathologies include obstruction of the external ear
canal, atresia of the external ear canal, perforation of the tympanic membrane, retraction of the

15 tympanic membrane, otitis in its various forms (adhesive, purulent and non-purulent),
otosclerosis, fixation of the stapes, and choles_téatoma, among others. In children, otitis media is
one of the most common pathologies. By itself, otitis media is a significant affliction which can
lead to serious long-term hearing and learning disabilities if not promptly diagnosed and treated.
Further, otitis media is'ﬁ'equently symptomatic of other pathologies, and thus useful in their

20  diagnosis. . '

These ear pathologies are generally diagnoséd using common diagnostic techniques,
such as tympanometry, pneumatic otoscopy or visual otoscopy. While the usefulness of these
‘techniques is well-recognized and established, these techniques do have some difficulties. For

example, with both tympanometry and otoscopy, personnel who conduct tests and interpret .

25  results must be highly trained. Since these techniques cannot be performed by non-medical or
inexperienced personnel, eﬂicient screening of children or infants at home or in a school is not
possible with these techniques. _ |

Additionally, a patient must cooperate with the personnel performing these techniques,
but patients subjected to these techniques may experience considerable discomfort. In particular, -

30  discomfort from tympanometry or pneumatic otoscopy arises since (1) an airtight seal is required
to obtain useful measurements, (2) any probe assembly must be inserted deep into the ear canal,

“and (3) the air pressure in the ear canal must be varied above and below atmospheric pressure to

obtain useful measurements.
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w th the personnel performng these techniques, _ _
impedance of the middle ear. A suitable device and methodology for measuring acoustic ‘

reflectance are disclosed and deséribed in U.S. Patent Nos. 4,601,295 and 4,459,966 to John H.
Teele (the Teele patents). Such devices were made commerc':iall:yf available by ENT Medical

Devices, Inc., of Wareham, Massachusetts, and Endeco, Inc., of Marion; Massachusetts. In the
15  literature, this diagnostic technique is generally referred to as acoustic reflectometry and the
device is generally referred to as an acoustic reflectometer or acoustic otoscope.

Acoustic reflectometry involves transmitting souﬁd waves (calléd incident waves)
through the ear canal to the tympanic membrane. ‘Some of the incident wﬁVes are reflected off
the tympanic membrane and other components of the ear. The incident waves are selected from

20  arange of frequencies including the resonance frequen_cy of the tympanic membrane; ideally the
amplitudes of the incident waves are also the same but this is often not achievable. The vector
sum of these reflected waves with the incident waves is obtained by a microphone. The envelope
of the vector sum of the incident and reflected waves over the range of frequencies, herein called
an acoustic reflectance curve, has a dip, also called a null. The peak of this dip, actually a

25 minimum, is known as a null value. In the literature and in their commercial use, acoustic
reflectometers calculate an acoustic reflectance curve for an ear and detect the presence and
frequency centerline of the dip and the null value. The null value is the primary basis for
diagnosis of ear patholbgies using such devices. Although the Teele patents state that “shape” of
the characteristic dip can be detected along with the presence, frequency and amplitude of the

30 dip, these patents do not discuss significance of the shape of the characteristic dip other than that
shape means how pronounced or sharp the dip is. The Teele patents do not discuss how shape of

the dip is detected or measured or how it is used in diagnosis.
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Several articles in the literature describe how the null value of an acoustic reflectance
curve obtained using commercially available devicés is correlated with ear pathologies. In
particular, severe middle ear effusion (MEE) generally causes high null values, whereas normal

10 ears cause low null values. However, there is a significant range of measurements for which the
diagnosis is uncertain, e.g., probable MEE such as when an effusion is just beginning to develop.
Such a range of uncertainty limits the sensitivity and épeciﬁcity of the process and device. The
literature also includes several studies which reach a variety of conclusions on the specificity and
sensitivity of the device for dlagnosmg MEE.

15 It was discovered that the accuracy of the measurement of the null value obtamed with

" an acoustic reflectometer depended on the line of sight from the instrument tip to the tympanic
membrane. A direct line of sight p'rdvides the most accurate results. When a direct line of sight
is not obtained, due to improper aiming or because of the ear itself, measurements of the null
 value are less likely to indicate an unhealthy ear and are more likely to fall in the range of

20  uncertainty, indicating only probable MEE. An unhéalthy ear may be diagnosed as healthy.

" Due to this range of uncertainty, commercially available acoustic otoscopes were
eventually provided with operating instructions that directed a user to look at the overall shape of
the dip, when the acoustic otoscope was used with a recorder or printer. It was stated that, given
detection of a null value Iin the uncertain range, a somewhat rounded dip suggests a dry ear

25  condition or negative pressure behind the tympanic membrane but no effusion. It was further
states that a sharply peaked dip suggests a condition where the middle ear is partly air-filled,
partly fluid-filled. ' _

| These operating instructions were based primarily on a study by Jerome T. Combs,
entitled, "Predictive Value of the Angle of Acoustic Reflectometry," in The Pediatric Infectious

30 Disease Journal, vol. 10, no. 3, pp. 214-216, March 1991. This article s_i:ates that an “angle”
formed at the null of the acoustic reflectance curve, as displayed on the Model 501 Acoustic

Otoscope with recorder, is useful in combination with the null value to distinguish healthy ears
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“angle” apparently has some predictive value, there are two problems with the study that suggest ‘
that the results lack adequate statistical signiﬁcanée to be conclusive about this predictive value.
First, the number of subjects analyzed was arbitrarily selected. This actual number of subjects is
statistically insignificant. A much greater sample would be m_oré statistically persuasive.

15 Second, the angle formed by the dip was measured manually using a protractor on a printout of

the acoustic reflectance curve.. Since the paper lacks a description of a deterministic method for
establishing the points defining the anglé, the angle measurements are likely to have a fair .

amount of a variance in them, further weakening the statistical significance of the results.

While an acoustic reflectometer is a useful diagnostic tool, there remain some unsolved

20 problems in achieving accurate diagnoses. First, inexperienced personnel are more likely to
obtain inaccurate results because accurate measurement of the null value of acoustic reflectance
still requires a direct line of sight from the tip of the acoustic reflectometer to the tympanic-
membrane. Second, the ears of young childrén reflect less of the incident waves than those of
older childreh-, given the same ear pathology. In particular, children under six months of age

25 have a tympanic membrane which is at a relatively shallow angle to the ear cénal. In some cases,
this position of the tympanic membrane prevents-a direct line of sight from being obtained.
These two factors may result ih a false measurement of the null value in a “healthy” range for an

unhealthy ear.

30  Summary of the Invention -
This invention is related to a device and a process involving measurement of acoustic

reflectance of components of an ear. In one aspect of the invention, the shape of a region of an
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g?;{r/z aégg /rSeLals%ement of the rate of change is particularly informative if measured around the null. The
rate of change measured around the null may be presented as an angle measurement, a gradient
or slope measurement, a width measurement, or another form of measurement of the shape of the

10 null. In one embodiment, the steepest slopes on either side of a null are used to define an angle,
herein called a spectral gradient. Diagnosis of an ear pathology, such as abnormal pressure or
presence of fluid in the middle ear or such as conductive hearing loss, may be based on this
measure alone.

Because of the rate of change of an acoustic reflectance measurement is relatively

15 constant for a given ear, regardless ef the quality of the line of sight to the tympanic membrane,
the effect, if any, of user training on such measurements is significantly reduced over the prior
art. Accordingly, the process and device of the invention are useful in many kinds of diagnostic
situations with respect to ear pathology, but particularly in those involving screening of the ears
of young children for common pathologies such as otitis media, even by untrained personnel.

20 ' Accordingly, one aspect of the present invention is a device for analyzing acoustic
reflectance of an ear having a tympanic membrane. This device measures acoustic reflectance of
components of the ear for a plurality of frequencies by directing sound from a sound source to
the tympanic membrane and by detecting reflected sound, wherein the measured acoustic

reflectance has a shape. The shape of a region of the measured acoustic feﬂectance is

25  electronically measured to obtain an indicator of a condition of the ear, wherein the indicator is
substantially independent of a line of sight from the sound source to the tympanic membrane.

Another aspect of the invention is a device for analyzing acoustic reflectance of an ear
| having a tympanic membrane. This device includes an acoustic reflectance measurement system
which directs sound of a plurality of frequencies to the tympanic membrane and which detects

30  sound reflected by components of the ear to provide a measure of acoustic reflectance having a

shape. A signal shape analyzer has an input connected to receive the measured acoustic
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10 " In one embodiment of the invention, the indicator is a measure of the rate of change of

the acoustic reflectance with respect to frequency. In particular, the measured acoustic ‘
reflectance has a null indicative of resonance of the tympanic membrane at a given frequency and
amplitude. The measure of the rate of change around the null is a particularly .useﬁ.ll indicator.
In another aspect of the invention separately and in combination with other aspects of
15 the invention, acoustic reflectance is measured by generating a plurality of incident sound waves,
wherein each incident sound wave has a different fundamental frequency. Sound waves from the
sound source and sound waves reflected by the ear are received and combined to provide an
electrical signal indicative of a sum of the received sound waves. An envelope of the electrical
signal provides the measured acoustic reflectance. The envelope may be detected by determining
20  frequency domain components of the electrical signal from the transducer corresponding to the
frequency of the incident sound waves. In particular, such frequency domain components may -
be determined by computing the energy of the electrical signal corresponding to the first
coefficient of a Fourier series representing the electrical signal.
Measuring the shape of a region of the measured acoustic reflectarice may also be done
25 by measuring a rate of change of a frequency domain component of the acoustic reflectance.
This frequency domain component may be the ﬁrst coefficient of a Fourier series representing
the acoustic reflectance. Where the measured acoustic reflectance is determined by measuring
energy in an electrical signal corresponding to the fundamental frequency of the incident waves,
this measured acoustic reflectance may be differentiated to obtain a measure of shape. In one
30 embodiment, the steepest slopes around the null define an angle which provides the desired

measure of shape.
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Fig. 3 is a graph illustrating an envelope of the vector sum shown in Fig. 2;

Fig. 4 is a cross sectional diagram of an ear illustrating the principle of acoustic
reflectance as applied to an ear with an effusion;
Figs. 5A-5D are graphs illustrating typical envelopes of vector sums obtained for an
15  effused ear; '

Fig. 6 is a cross sectional diagram of a suitable test head for use with the present

invention;

Fig. 7 is a block diagram describing a system in accordance with the present invention;

Figs. 8A-8C are block diagrams of circuits for generating electrical signals for
20  controlling the acoustic transducer of Fig: 7; |
Figs.. 9A-9C are block diagrams of circuits implementing the envelope _detector of Fig.
7 |
Figs. 10A-10B represent the vector sum and corresponding envelope of the reflectance
from an effused ear using a device in accordance with the invention;
25 .Figs. 10C-10D represent the vector sum and corresponding envelope of the reflectance
from open air using a device in accordance with the invention;
Fig. 11 is a block diagram of a circuit useful for normalizing the detected envelope for
nonlinearities in the acoustic system; |
Fig. 12 is an example normalized envelope signal;
30 Fig. 13 is a block diagram of a circuii' for implementing one embodiment for measuring
the shape of a null in an acoustic reflectance curve; |

- Figs. 14A-B are graphs illustrating methods for perfonning an angle measurement;
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Fig. 17isa scattergram plotting an angle measured about the null with respect to
threshold voice audiometry values in decibels for a number of patients;

Figs. 18A - 18C are block diagrams of circuit elements for providing output to a display
based on measurements of the acoustic reflectance curve;

10 Fig. 19 is a table comparing spectral gradtent vs. reﬂectmty from acoustic reflectance

curves obtained for a number of ears; | q

Figs. 20A and 20B illustrate suitable packagmg for a diagnostic instrument in |
accordance with the present mventmn and '

Figs. 20C and 20D 1llustrate suitable packagmg for a screening instrument in

15 accordance with the present invention.

Detailed Descriti
Thé présent invéntion will be more completely understood through the following
detailed description which should be read in conjunction with the attached drawing in which
20  similar reference numbers indicate similar structures. |
The process of measuri_hg. acoustic reflectance of an ear will first be described in
connection with Figs. 1-5D. Fig. 1 shows a typical ear 100 having a tympanic membrane (an ear
drum) 102, an eér canal 104, and middle ear 103. To measure acoustic reflectance, a low
amplitude tone at a given frequency, indicated by line 105, is generated by an acoustic |
25 transducer, shown schematically at 106. The acoustic transducer generates sound waves for
several frequencies, typically in the range of 500 hertz to 20 kilohertz. The low amplitude sound
wave enters the ear canal and is incident on the ear drum 102. This sound wave is absorbed in
part and reflected in part by the ear structures, including the tympanic membrane, oscicles,
middle ear cleft and other components of the middle ear. The amplitude and phase of the
30 reflected sound waves from these components are a function of the test frequency used and the
- complex acoustic impedance of the ear structures. In a healthy ear, some minimal reflection

from the tympanic membrane and middle ear is expected. The complex acoustic impedance of
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measurement op t?le acoustic reflectance. >This envelope can be determined in a number of ways.

v

An envelope corresponding to the graph of Fig. 2 is shown in Fig. 3. In the graph of Fig. 3, the
value of the envelope is shown on the ordinate and the wavelength of the incident wave is on the
15 abscissa. The graph is similar to a printout from the Model 501 Acoustic Otoscope with a
recorder. A null point 111 is observed in this envelope. On the scale shown, the level of this
null is at about 2.0 units.
Referring now to Fig. 4, an ear 100 is shown to have effusion 110. The middle ear
effusion limits ear drum vibration, causing large reflected waves to have a larger amplitude as
20  indicated at 109. The envelope of a vector sum of incident waves 105 and reflected waves 109
has a null at the quarter wave length points, as shown in Fig. 5A. In Fig. 5A, the maximum
reflectivity, i.e., the minimum of the envelope of the vector sum, are about 7.2 units using the -
reference system' of the commercially available Model 501 Acoustic Otoscope, as indicated at
112. In this example, the point with the lowest value, or highest reflectivity, is the minimum
25 value over all frequencies of the envelope of the vector summation signal from the microphone.
The reflectivity at the null point generally indicates middle ear problems when it is greater than
5.0 units on the scale of the Model 501 Acoustic Otoscope.
~ In this invention, the shape of a region of the acoustic reﬂectancé curve. defined by at
least two points on the curve, is measured electronically to obtain an indicator of ear condition
30  which is substantially independent of the line of sight between the sound source and the
tympanic membrane. The indicator may be a measure of the rate of change of the acoustic

reflectance with reépect to a change in frequency on either or both sides of the null. around the
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The null typically occurs near the resonance frequency of the ear. The significance of this

5 measurement will now be described. .

As the sound wave incident to the tympanic rﬁemb‘rane approaches a frequency where
its quarter waves are coincident, the amplitude of the reflected sound waves summed with the
incident sound wave approaches an amplitude null. Generally speaking, normally conducting ear

~ drums without fluid or abnormal pressure in the middle ear dembnst_rate a relatively shalldw

10 acoustic null. Conversely, fluid or abnormal pressure in ears causes a stronger reflection and

therefore a deeper acoustic null. The depth of this null is dependent, however, on the line of t .

sight to the eardrum. ' It has been discovered, however, that the rate of change of the acoustic
reflectance between the entry into the null and the exit from the null is steeper for ears having
middle ear fluid or pressure than for healthy ears. It was further discovered that differences in
15 this rate of change due to changes in line of sight have less of an irhpact on the indication of the
presence of an effusion or abnormal pressure. .
- Referring to Fig. 5B, this graph shows a typical output of a Model 501 Acoustic
Otoscope with a recorder for an effused ear. This measurement was made by an experienced
user who had a direct line of sight to the tympanic membrane. Fig. SC however shows the output
20 for the same ear with a deliberately poor line of sight. Finally, Fig. 5D shows the output for the
same ear that is similar to that obtained by a typical inexperienced user. The amplitudes of the
outputs for the same ear from Figs. 5B through 5D vary from 2.7, indicated at 114 according to
the Model 501 scale in Fig. SC (typically considered normal), through 5.0 at 115in Fig. 5D, to
7.6at113 in Fig. 5B (typically considered as ihdicating severe middle ear effusion), whereas the
25 rates of change, i.e., slopes, before and after the null (used as an indicator of envelope shape)
remain relatively unchanged. , '
Ear drums that are free to vibrate with the incidént sound wave (i.e., healthy) produce
not only a less deep null but also a less steep slope at frequencies around the null and thus a
smaller spectral gradient. The unrestrained motion -prodﬁce‘s lower reflectance values relative to
30  the peak null at nearby frequencies and therefore an apparent lower slope.
When the ear drum motion is restrained, (i.e., the ear is not heé.lthy)'the slope around

the null is steeper. Because acoustic reflectance is related to the complex acoustic impedance of
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matches the impedance of the probe tip and the typical ear canal. For children's ears, length A of

the linear portion 252 of the probe preferably is equal to approximately 1 cm and inner diameter
B of the same section should be in the range of approximately 0.25 to 0.75 cm. Similarly, good

15 results are obtained when length C along the side of funnel-shaped section 251 of the probe is
about 5 cm and the approximate outer diameter D of the large end of the probe which is in
contact with the sound cavity wall is apprdximafely 7 cm. With appropriate compensation, tips
with other exit diameters may be used. The probe extension does not need to be inserted into the
ear canal. In practice there may be a narrow gap 28 between the test head probe tip 27 and the

20  entrance to the ear canal 290. Control of this gap may be facilitated by a sponge rubber spacer
(not shown) attached at the end of probe tip 27.

The incident éound wave created by transducer 21 in the test head emanates from the
test head at the tip 27 of the probe 25 and enters the ear canal 290. Thereafter, a portion of the
incident wave is reflected by structures of the ear. Minimal reflection from a healthy ear can be

25 suppressed by suitable selection of the inner probe tip diameter, e.g. by enlarging it to 1.0 cm for
children. - ' |

Portions of the reflected waves enter at tip 27 into the hollow linear pbrtion 252 of the
test head. The microphone 24 is located within the test probe 25 at the junction of the linear
portion 252 and the funnel-shaped section 251. As a result, the microphone 24, in effect,

30 measures the net sound pressure at this point; this net sound pressure is the vector sum of the
incident and reflected signals. In order to reduce internal sound reflection and resonances within

the test head, the sound cavity 23 may be filled with acoustic absorbing materials.
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Measur 9> AGRH L insducer 21 in the test head of Fig. 6). The audio transducer, in response to the
10 electrical signal, generates a low level acoustic sound wave (105 in Figs. 1 and 4) which is
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applied to the outer ear canal. The audio transducer 122 may be an electronic earphone, ‘
eleci:romagnetic earphone, or other type of transducer.  The transducer may be a small
loudspeaker such as used in high fidelity sound headsets.
A portion of the incident sound_wave is reflected by ear structures as described above.
15 These reflected waves are summed with an incident wave by microphone 108 (such as
microphone 24 of the test head of Fig. 6). The microphone mﬁy bea condenser microphone, an
electrostatic microphone or other kind of microphone. The signal output by the microphone

represents the vector sum of the incident wave and the reflected sound waves, having a voltage

£

which is inversely proportional to the amplitude of the reflected waves as shown schematically in A
20 Fig. 2. .

An envelope detector 124 converts the vector sum represented by the signal output by
the microphone to an envelope signal represented by a voltage which varies with the frequency
of the incident wave. The envelope detector 124 may be implemented as a peak value envelope
detector, a root-mean square (RMS) voltage detector, or analog-to-digital converter, such as part

25  of a suitably programmed micro-processor. In one aspect of the invention described in more
detail below, the envelope is detected using information about the frequency spectrum of the
vector sum. The envelope so detected is called the acoustic reflectance curve. |

A shape analyzer 126 electronically measures the shape of a region of the acoustic
reflectance curve to obtain an indicator of ear condition which is substantiaily independent of the

30  line of sight from a sound source to the tympanic membrane. This information may be one or
more measures of the shape of the envelope including a measure of the rate of change of acoustic

reflectance with respect to a change in frequency around the null, on either side of the null or on
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particul ar, the neasured acoustic refl ectance has a null indicative
of resonamydediept arel thy others mayrberdiscardedat For example, thedgstaasult eowdd be defined as
the measurement of the shape of the acoustic reflectance curve having the deepest null value. In
10  this manner, a user of the deviée may attempt to get the best result with little effort.
The audio generator 120 will now be described in more detail in connection with Figs.
8A-8C. The output of the audio generator 120 to be applied to the audio transducer 122 is a
series of sine waves swept 6ver a range of different frequencies. Typically, the sweep may be in
a range from 500 hertz through about 20 kilohertz. Ranges of 1 kilohertz to 15 kilohertz, 1.8
15  kilohertz to 7 kilohertz, and 1.8 kilohertz to 4.4 kilohertz are acceptable. A typical period for a
full sweep may range from 20 milliseconds to about 10 seconds. These are, however, oﬁly
example figures. In general, there should be a frequency output that covers one or more of the
resonant points of the ear canal "transmission line" as "terminated" by the middle ear. These
points occur regularly at multiples of one quarter wavelength. The following resonant points
20  have been found to be particularly useful for screening purposes: 1/4 wave, 2 wave, 3/4 wave,
and one wavelength. In a normal adult ear these wavelengtﬁs correspond to frequencies of
approximately 3.5, 7, 10.5, and 14 kilohertz.
In Fig. 8A, the audid generator 120 (Fig. 6) is implemenfed using a ramp generator 140.
The ramp generator 140 generates a ramp signal 141, i.e., a monotonic signal, which drives a
25 voltage controlled oscillator (VCO) 142. The ramp signal is also used by the envelope detector
~ 124 and the display 130 as described below. The VCO 142, in response to the ramp signal,
provides a swept sine wave having a range of frequencies defined by the ramp signal. The swept
sine wave is applied to the audio transducer 122.
Fig. 8B is a block diagram of the audio generator 120 in an embodiment utilizing
30 analog techniques with a continuous sweep system. A swept frequency source 31 provides a
swept frequency output over line 312. The sweep signal itself appears as an output over line 311
for use in controlling the envelope detector 124 and display 130. The sound pressure from the
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having a frequency of approximately 1.8 kilohertz. Each succeeding pulse has a center

frequency proportionately higher than its predecessor pulse, until the final pulse in a given train
of pulses has a frequency of approximately 4.4 kilohertz. A sequence of about 44 pulses of
15 different frequencies is suitable. A complete screening measurement can be made with about a
0.5 second-long burst of these pulses of sine waves. Preferably, a microcontroller syxithesizes a
burst of several cycles for each sine wave frequency at discretely timed steps. The sequence of
pulses is applied to the signal attenuator 32 of which the output is appiied to a wideband pow -
amplifier 331. The trigger out signal 313 from the pulse sweep generator is used by the dispi-..
20 130.
It should be understood that these embodiments of the audio generator 120 are
exemplary only. Othér embodiments are also possible. For example, frequency domain methods
for generating an envelope, described below, do not require a sequential generation of probe
frequencies with individual measurements at each discrete frequency. Broad band acoustic
25  excitation with adequate energy distribution in the frequency range of izIterest also results in
good frequency domain measurements using transforms to the frequency domain, suéh as Fourier
transforms and other similar methods. White noise generation may accomplish this spectral
energy distribution. |
The envelope- detector 124 will now be described in more detail in connection with
30 Figs. 9A-9C. In the embodiment shown in Fig. 9A, the envelope is determined by root-mean-
square to direct current (RMS-to-DC) conversion. In Fig. 9A, the output from the microphone is
sent over line 341 from the test head 34 through a preamplifier- 35 to a bandpass filter 36. The .
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wave. The RMS-to-DC converter 371 is controlled, in this embodiment, by a sweep out signal
311, such as from the swept frequency source of Fig. 8B.

The embodiment of Fig. 9B is based on peak detection. In Fig. 9B, similar to Fig. 9A, a
wide band preamplifier 35 .receives the output of the microphone. The output of the preamplifier
is passed through bandpass filter 36. The output of the band pass filter is input to a peak detector
372 which generates the envelope by extracting the peak value for the frequency of each incident
sound wave. This peak detector may be controlled, for example, by a trigger out signal such as
from a pulsed sweep generator 51 shown in Fig. 8C. One difficulty with this embodiment is that
it is particularly sensitive to noise transients. |

The embodiment shown in Fig. 9C uses frequency domain information of the vector
sum to determine the envelope. This embodiment is based on the principle that an acoustic
signal, or its electrical analog, may be represented by a series of sine waves of different
frequencies (the Fourier series). Each frequency has associated coefficients that determine it
overall amplitude. Summing all the coefficients of the Fourier series reproduces the original
wave shape. The first coefficients correspond to the fundamental frequency. The higher
coefficients of a pure sine wave are zero. In this embodiment, the series of sound waves
generated by the acoustic reflectance instrument is a series of sine wave bursts of several cycles,
with each burst at a different frequency. Knowing the fundamental frequency of each burst, the
first coefficients of that signal represent only the fundamental frequency. All other frequencies
can be ignored.

Ignoring all frequencies other than the fundamental frequency, the energy of the
received vector sum signal may be expressed as the suni of the squares of the Fourier coefficients
of the fundamental frequency. These 'cbefﬁcients are the products between the vectdr sum signal
and the sines and the cosines of the fundaméntal frequency. The energy is thus defined by

equation (1) below:

E, =[ZV, sin (2MN]*+[ZV, cos (2mN)? - )
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r ef | ecvalmefor each intident friequehéyused ear using a device in accordance with the
' nvention; One bene.ﬁt of this embodiment is that measuring the energy of the vector summed
. signal for the fundamental ﬁ_équency over several cycles should substantially reduce effects of
10 external noise and provides a meaningful quantitative value associated with that frequency.
Thus, the measured energy at each of the incident frequencies provides a relatively noise-free ‘ '
envelope of the tympanic membrane’s resonance characteristics in response to the series of
incident sound waves.  Thus, sounds from a crying child and ambient room noise are eliminated
if their frequency content is not at the fundamental frequencies being measured.
s It is also useful in this invention to normalize the envelope detected by envelope
detector 124 to account for nonidealities of the acoustic system, including the microphone,
transducer, acoustic chamber and tip, from which the vector sum is obtained. This normalization
is based on an assumption that if the incident waves were applied to open air, there should be no
measured reflection. Thus, the resulting curve of the vector sum and its envelope should be flat.
20 However, due to nonidealities in the acoustic system, the resulting curve is typically not flat.
For example, an actual vector sum obtained with-a device using a continuous sweep
audio tone generator as applied to open air 1s shown in Fig. 10C. In this Figure, the abscissa
represents either increasing time or the frequency of the incident wave in arbitrary units. The
ordinate represents the amplitude of the vector sum output by the miérophone in arbitrary units.
25  Fig. 10D represents the envelope of this vector sum using the method described in connection -
with Fig. 9C. In this Figure, the abscissa represents increasing time or frequency of the incident
wave in arbitrary units. The ordinate represents the magnitude of the envelope in arbitrary units. |
There are noticeable irregularities in the envelope shown in Fig. 10D. _
Fig. 10A shows the vector sum as obtained from an ear phantom, a mechanical
30  construction that is acoustically similar to an actual ear. In this Figure, the abscissa repfesents

increasing time or frequency of the incident wave in arbitrary units. The ordinate represents the

amplitude of the vector sum output by the microphone in arbitrary units. Fig. 10B is a graph
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5 Before analyzing the shape of the curve shown in Fig. 10B, it is preferable to normalize
the envelope shown therein using the knowledge of the irregularities of the aéoustic system as
revealed in Fig. 10D. Thus, for each frequency for which data was stored for the acoustic system
as applied to open air (froni Fig. 10D), the reciprocal of the value of the envelope for each
frequency is used to scale the value of the envelope at the corresponding frequency in the curve

10  obtained for a given ear (e.g., in Fig. 10B).
A circuit for performing this normalization is shown in Fig. 11. The envelope detector
124 has an output applied to a multiplexer (MUX) or other selector 123 which is controlled
. according to a mode selection signal applied through lihe 123A. In a first operational mode
called normalization mode, the device is directed to transmit sound into open air and the output
15 of the envelope detector is supplied via MUX 123 to a memory 125 where it is stored. Ina
second operational mode called measurement mode, when measurements on an ear are
performed, the output of the envelope detector is applied through the multiplexor 123 to a scaling
section 127. For each frequency of incident waves applied to the ear, the value of the envelope at
that frequency is scaled by the reciprocal of the value for the same frequency stored in memory
20 125 to provide a normalized envelope output.. Such an exemplary normalized envelope is shown
in Fig. 12. In this Figure, the abscissa represents incréasing frequency in arbitrary units. The
ordinate represents the-magnitude of the envelope in arbitrary units. Note that the curve of Fig.
12 is substantially smoother than the envelope of Fig. 10B.
Further digital signal processing may be performed on the normalized envelope to
25 reduce noise in the curve, or in regions of interest in the curve. For example, low pass filtering
can be performed on the region having a negative slope prior to the null value, e.g. using a three-
tap filter. The region having a positive sloj:e after the null value may also be filtered, e.g., using
a five-tap low pass filter. The information for an entire curve could also be discarded if
insufficient amplitude is obtained for the null value. These and other kinds of digital filtering
30  may be performed. For example, the acoustic reflectance envelope may also be scaled for use in

‘angle measurement and waveform plotting.
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There are several ways to measure the shape of a region of the acoustic reflectance -
10  curve, including measuring the gradient or slope. The shape of a region defining a dip may be
measured by examining gradient or slope of the sides of the dip, or by measunng an angle ‘
defined by the dip or by measuring the width of the dip. | '

Methods for measuring the shape of the region 6f the acoustic reflectance curve around
the null will first be discussed. These methods are related to measuring the slope of the line on

15 either side of the null in terms of, for example, frequency per volts, where the measure of the
vector sum output from the microphone is a voltage.

In one embodiment of the invention, the measurement of the .shape of the null is
presented as a measurement of an angle formed by the null in the acoustic reflectance curve as if
the curve were printed by the reéorder of the Model 501 Acoustic Otoscope. In order to achieve

20 this, the acoustic reflectance curve is scaled to match the scale of the Model 501 Acoustic
Otoscope. To perfdrm such scaling, for each frequency fto be represented on the abscissa, its
actual position L on the abscissa is determined by the product of its offset fr.oms.;the first
frequency £, in the range to be displayed and the width W of the plot, e.g., 84 mm, divided by the
frequency range f£, as follows: |

25 L=(ff)*W/f,

Each of the corresponding reflectivity values R is computed according to the following equation:
R=A*H/A1800, -

where A is the amplitude. H is the plot height, e.g., 40 mm. These scaling formulas are merely

illustrative for the Model 501 Acoustic Otoscope. Other scaling formula_s could also be used.

30 Given the values as scaled to an appropriate reference frame, such as the display of the

Model 501 Acoustic Otoscope, angles or other measurements of the shape of the null and other

regions of the acoustic reflectance curve can be computed.
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10  normalization effect. The frequency at this voltage may be determined by sampling the output of

the audio generator 120 (Fig. 7) or ramp generator 140 (Fig. 8A). The difference in the two
frequencies is the desired result. _
A second method involves a frequency incrément measurement. More particularly, the

frequency of the null apex is established. Then, the relative amplitude is measured at a known

15  incremental frequenéy above the apex freqﬁency. The corresponding relative amplitude is found
for an incremental frequency below the apex frequency. Generally speaking the incremental
frequency should provide a point on the curve after entry to the null but before leveling off in the
curve very close to the null point for a typical unhealthy ear. The incremental frequency may
generally be within 10 and 1000 Hz.  The vector sum of the relative amplitudes and

20 corresponding frequenéies is the desired result.

.A third method is called an integratioﬁ measurement. With this method, after the
amplitude of the null apex is established, the frequency is then scanned from an incremental
voltage threshold on one side of 'the null to the same or similar value on the opposite side of the
null. The incremental voltage may be the same as used in the first method. A current integrator

25  is activated between the two thresholds. The resulting integrated voltage is used as a relative
number. Alternatively, the output of the audio generator 120 (Fig. 7) or the output of the ramp
generator 140 (Fig. 8A) may be sampled on the opposite sides of the null and the difference may
also be used as the desired result. In Fig. 13, the shape analyzer detector 126 is implemented
using a null amplitude detector 144 which determines a null voltage. The null voltage is applied

30 to a voltage comparator 146 which also receives an offset voltage. The combination of the null

- voltage and an offset voltage act to provide a control signal back to the ramp generator 140 (via

line 146A) for use as will be described below. Similarly, the control signal is applied to an

e P =

i
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additional time. When the output voltage of the microphone meets the offset voltage, the

integrator 148 is turned on and begins to perform an integration as the voltage decreases to the
null voltage and then back up to the offset voltage. The output signal of the 'iritegrator after the.

10 second rising offset voltage is met provides a value proportional to the angle' of the null. This
value is provided to a voltage comparator 150 which provides an output mdlcattve of whether the ‘
angle is less than or greater than one or more threshold angles. These outputs are applied to a |
display, such as to light emitting diodes 152 and 154.

Yet another inethod is called a slope measurement. After the frequency of the null

15  angle apex is established, the slope of one side of the angle is measured by dividing the
frequency difference by the voltage difference (or vice versa) from another point on the curve.

The slope of the other side is similarly measured. The difference in slopes is used as the desired
result. Transcendental functions may be used to determine the angle in degrees from this value.
As an example, referring to Fig. 14, knowing both the frequency generation and nuli voltage

20  calibration allows either angle, slope or gradient measurements to be made. The amplitude value
(V0) and corresponding frequency (f0) at the null is stored in memory. Then the two ﬁ'equencfes
corresponding to a given voltage offset are measured as f1 and £2. Referring to Fig. 14, the angle
o, = arctan [(f1 - f0)/V0] and angle a, = arctan [f0 - £2)/V0]. The null angle « then is the sum of
o, and &,. When the scale used to répresent the acoustic reflectance curve is the same as that

25 used for the display of the Model 501 Acoustic Otoscope, the angle so measured corresponds to
an angle as it would appear on the dlsplay of the Model 501.

Yet another method for measuring shape of the null involves a frequency domain
analysis, such as a Fo‘urier transform analysis or similar transforms, herein called the spectral
gradient measurement. The Fourier transform is a mathematical method of analyzing an |

30 electrical signal in the frequency domain as opposed to the more conventional time domain.
When the envelope of the vector sum is generated using a Fourier series as described above in

connection with Fig. 9C, differentiating the transformed signal results in a direct méasure of the
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it is greMssifichfiéof various envelopes using neural network and/or other pattern recognition
methods. Pattern recognition methods may also be used to extract features from the envelope.
Given the information obtained by measuring the shape of the acoustic reflectance
curve, an instrument having an output presenting this information in the form of a likely
15 diagnosis is possible. For example, as shown in Fig. 18A, a screening module 430 can be used to
compare an input shape measurement to a threshold 432. The result of this comparison can be
-presented to a user as “healthy” or “unhealthy”. .Another possible implementation, shown in Fig.
18B, is to use the shape information, such as an angle to weight, to correct the reflectivity or null
value obtained. This correction accounts for errors due.to line of sight differences. A correction
20  module 434 receives the null value and shape information, such as an angle, and computes the
corrected value to be output. Fig. 18C combines both the screening module 430 and the
correction module 434.
" The correction module 434 will now be described in more detail. This module can be
implemented in many different ways and can perform the correction in many different ways. A
25  typical form of a suitable function for correction (ACR) of the measure of acoustic reflectance by
the measured angle is: |

_AR*N

ACR= (M + Angle)

30

where AR = the acoustic reflectance at the acoustic null;
N = a selected constant multiplier;
M = a selected constant; and

35 Angle = the meaéuréd null angle.
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def ni ng ent 19 mRlement the;wgighting fugction, aumicreprogsssosmayt becused td calculate a
corrected value when the angle and reflectance values are input using the formula as described
above. However, to accomplish both corrections described above plus make end point
corrections would result in unnecessary complexity. The complexity of the microprocessor
needed to perform such calculations in real time might substantially increase the cost of an

10  instrument and the power required by the circuitry. A cOst-efféctiVe alternative is to utilize a
read-only memory look up table whose input address is the.two variable values, gradieﬁt and !
reflectance, with the corrected value stored at the location in the read-only memory
corresponding to the input address. Given any input address, the.corresponding weighted value
is provided at the output, to be displayed and ﬁrinted.

15 This invention is well-suited for a screening instrument for use by non-medical
personnel. Such a screening instrument uses one or more threshold values for the shape
measurement to provide a simple output, such as “HEALTHY”, “CONTINUE MONITORING”
or “REFER” to a physician. It has been determined empirically, as shown in Fig. 15, thaf for an
angle representation of the shape measurement, a threshold or suitable cut-off point above which

20  an ear is healthy is about 95 degrées, where the angle is measured using the spectral gradient
method described above. - Fig. 15 is a histogram showing the number of patients (out of 498)
having a given spectral gradient measurement, and grouped togéther according to diagnosis, i.e.,
whether the patient was ultimately diagnosed with otitis media or was otherwise healthy. Bérs,
such as 160, having diagonal hash marks, for each given spectral gradient indicate the number of

25 patients having the spectral gradient measurement and which were diagnosed with otitis media.
Bars, such as 161, having vertical hash marl_(s, for each given spe_zctral gradient indicate the
number of patients having the spectral gradient measurement and whiéh were diagnosed as
having healthy ears. Cut points are established to define thresholds for diagnosis. Suitable
thresholds are: 95 dégrees, above which the patient is healthy with a high probability and 75

30  degrees, below which the patient has otitis media with a high probability (about 90%). The
range between 75 and 95 degrees indicate patients whom shoﬁld be monitored for possible

development of otitis media. Other thresholds below 75 degrees may also be used to increase the
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t ynmpani ¢ nmenbrane. Fig. 5C however shows the output )
non-medical personnel may also be made using this information as the basis for diagnosis.

Referring now to FIG. 17, the correlation of conductive hearing loss to the angles is
shown. Fig. 17 is a scattergram based on the angle of acoustic reflectance measurements and
threshold voice audiometry measurements for ears of 68 patients. It is shown in this figure that .

15  all patients with an audiometry threshold.of 25 dB or greater had a null angie measurement of
less than 90 degrees. For this data set, a sensitivity of 1.0 was obtained. Accordingly, an
instrument for use by non-medical personnel for detecting a likelihood of cqnductive hearing loss
may also be made.

. Referring now to Fig. 19, the improved independence from the line of sight for the

20  spectral gradient measurement described above over the null value alone for diagnostic purposes
will now be described. In tests from which the data of Fig. 19 was gathered, at least four
measurements were taken for each ear. Average values of the null value and spectral gradient
were taken, and maximum and minimum values were referenced to the average to obtain above
average; below average and spread values. The spread value is the sum of the minimum and

25 maximum differences from the average. A change in spread was determined for each ear which
indicates the improvement in the spread from the null value to the spectral gradient
measurement. , _

A significant finding is that as the spread in reflectivity values, in column 500, grew
larger, the i:ﬁprovem_ent of the spread in the spectral gradiént measurement, in column 502, grew

30 larger. This improvement is defined by the average ratio of reflectivity spread to the spectral
gradient spread. That is, the ratio, column 502, is the percent spread of the null value divided by

the percent spread of spectral gradient. For ears with a reflectivity spread of 50% or greater, the
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embodiments are merely exemplary and not limiting. Other configurations are possxble and will
depend on the particular condition intended to be diagnosed, e.g’, otitis media, effusion, hearing

10 loss or abnormal pressure or other conditions, and the user, e.g., doctor, trained p’erSonnel or

untrained personnel. - ' - ' ’ _

Figures 20a-20b illustrate one embodiment of an instrument in accordance with the
present invention. This embodiment is intended for use as a diagnostic product for hospital or
clinical use in diagnosis of ear pathologies by trained professionals, such as doctors and other

15  primary care providers. The device is preferably battery-operated and uses modern low-power
circuitry and power conservation techniques to minimize power consumption. For example,
circuits preferably are used only when required and the system autdinatica’lly ént'ers a sténd-by
mode when not in use.

In this embodiment, the instrument has a hand piece 400 with replaceable tips 402 that

20  contact the patient. “The shape of the hand piece is intended to more closely resemble that of the
ubiquitous otdscope. A debounced measure button 403 is provided to start a sweep by the
oscillator to obtain a--meaSuremeht ' |

This output of this instrument is similar to that of the commercxallv available Model
501 Acoustic Otoscope, but also provides the measure of the shape of the curve. A numeric null

25 value also may be displayed, or a corrected null value may be displayed. Therefore, the
hand-held instrument displays on its output 412 both the acoustic reflectance curve at 414 and
the numeric results 416 on a low power LCD graphics display 418 in relative units correspondmg
to the established numbers as reported ini the literature. In contrast to the Model 501 output, the
ear canal length number need not be shown when the entire acoustic reflectance curve is

30  graphically displayed on the instrufnent.

It may also be desirable to provide an additional memory (not shown) for storing data

for later retrieval. By providing sufficient memory, multiple sets of measured data may be stored
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10 circuit gain while the infant tip adjusts the apparent canal length and modifies the acoustic
impedance. Normalization data for the two types of tips may be stored in non-volatile memory,
eliminating the need for re-normalization each time the tip is changed. The status of the
calibration of the instrument may also be displayed, for example, by displaying a corresponding
"C" or "I" on the graphic display and on the plotted curve.

15 - Figures 20c-20d illustrate another embodiment of an instrument in accordance with the
invention. Such an instrument could be used for determining when a child should be referred for
diagnosis and treatment and also for determining the effectiveness of a treatment regimen. The
screening instrument according to the present invention is intended to be a low cost, high volume
screening instrument, for use by non-specialists. The primary use of the screening instniment is

20 likely to be for. screening children over six months of age for chronic middle ear effusion (MEE)
or abnormal pressure. The device preferably is a low power, stand-alone, battery operated
instrument with either replaceable batteries or optional reqhargeable batteries. It uses low-power
electronic circuitry and power conservation techniques to minimize power consumption. For
example, circuits preferably are used only when required and the system automatically enters a

25  stand-by mode when not in use. |

In a preferred embodlment the instrument has a hand piece 400 with replaceable tips
402 that contact the patient. The shape of the hand piece is intended to more closely resemble
that of the ubiquitous otoscope. A debounced measure button 403 is pressed by the user to cause
a sweep by the oscillator to obtain a measurement.

30 For purposes of screening the output of such an instrument may be a two hght display.
The output 404 is displayed as colored lights: a green LED 406 indicates "normal” and a red

LED 410 indicates "hearing loss" or other pathology. It may also be desirable to have a

This Sheet Has Been Replaced
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of funnel -shaped section 251 of tire—p+ebe-l about 5 cm and the

approxi mate outer dianmeter D of the | ardfe end of the probe which is in .
contact with the sound cavity wall is approximately 7 cm Wth appropriate
conpenSHEFRIAG deyige with thregior moase Hights ex an ouipatreF aexample, bechus deviceTingy Raabe

Chero. HBpRaG A et 8 4 e mpeast e o siggepinabe frf%%"é‘{gixg_ rebmisnedo -
Cponge” RILRLRE Be PEHORARR and fiten. IABCARe frmlel iR kel agios ot B,

- The i niodkhbe ssedntypivallg one aethe daryy of 7016 90 degredsl(c g), 19 18edr&S aﬁ@&gecﬁ,ﬂ&nat es
fromthe, test head at the-tip 27 of theggro eg125 and e?lters t he ear

canal 9@icallyrp thesange of 80 100100, degress, &.g1caround 95 degraesst Theqwesence ofbthert ed by
truct MeDLOR]. L ef.) ect ion Jf heal t h be. 25
Suppr Laioples caff a5 e iRl hsibe ik 0P skl A B octel il by alsg beoy

enl ar ghsfega'nticbmphrﬁtﬁfthr%ﬂ{qlds'toyr&ﬁﬂéQ%ﬁillardisplay-. _ Portions of the
refl ected waves enter at tip 27 into the hollow |linear portion 252 of the

test head. THheshenld baunserstood thet the instrumentstafiFigs, B8a +20dtargexemsplaly. adthehe
juncti .and the fupnel -shaped section 251.

_ f the |inear. . rtion 252
he o v BaRmeb ey AR Rade o ppcSance igh s devenson apd difpeed oA aEeror
Pr 85 S Udiggidses B Be provided ok Bhgpeftel. Sound pressure is the vector sumlc_)f t he

Having now described a few embodiments of the invention, it should be apparent to ‘ '.

B of the sane section should be iTH!S*BHEEi%% &A@Tproxi mately 0.25 to 0.75

those skilled in the art that the fo_regoing- is merely illustrative and not limiting, having been
presented by way of example only. Nurherous modifications and other embodiments are within
the scope of one of ordinary skill in the art and are contemplated as falling within the scope of
15  the invention as defined by fhe appendéd claims. |
What is claimed is:

\
\
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i ncident and reflected signals. In c_rﬂ.gﬁ SHEET § EX ernal sound
ref | ect i onwayekazesgonances wit hin ot eﬁf@# E he soupdrnsse/diy7023
, )

may be filled with acoustic absorbi ng-aatel ] WO 96/ 23293
PCT/ US96/ 01170 ._ -27- -12 -
Havi ng now descri bed the general principles of acoustic reflectonetry, and
a suitable test head for use in aflaggustic reflectoneter,

electronic circuitry suitable for practicing-the. . present invention
wi-l | now be Audesicaios qpelnzing acustic eilegianee of agisear having a fympanic membraniex

di agram . of a device in accordance with the invention, i-ncluding its
el ect ri cai°"Hi¥Mechani cal conponents, 5 will now be explained in

connecti on W t hyjehfl fof medSiRingHEBIR Heflectnc l0F Sompbriettstof e/ ed?dor a plurality of
i npl emented using a m croprocessor, except for the display, acoustic
t r ans duc efrequencies by direesing.sound from a sound source to the tympanic membrane and by detecting

reflected sound, wherein the measured acoustic reflectance has a shape; and

means for electronically measuring the shape of a region of the measured acoustic
~ reflectance to obtain an indicator of a condition of the ear, wherein the indicator is substantially
independent of a line of sight from the sound source to the tympanic membrane.
10
2. The device of claim 1, wherein the means for measuring includes means for measuring a rate

~ of change of the acoustic reflectance with respect to frequency.

3. The device of claim 2, wherein the measured acoustic reflectance has a null indicative of
15  resonance of the tympanic membrane at a given frequency and amplitude, and wherein the means

for measuring measures the rate of change around the null.

4. The device of claim 1, wherein the means for measuring acoustic reflectance comprises:
means for generating a plurality of incident sound waves, wherein each incident sound
20  wave has a different fundamental frequency;
a transducer for receiving and for combining sound waves from the sound source and
sound waves reflected by the ear from the sound source, wherein the transducer generates an
electrical signal indicative of a sum of the received soimd waves; '

means for detecting an envelope of the electrical signal from the transducer to provide

25  the measured acoustic reflectance.

5. The device of claim 4, wherein the means for detecting the envelope includes means for
determining frequency domain components of the electrical signal from the transducer
corresponding to the frequency of the incident sound waves. '

30
[
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An anal qQ | ement ati on may g BEEN19- 7 an audio tone.
gener at o‘g fg}) 2329 c| udes an Ii@%%‘f‘lE atgrjlzo whi chP@F/8SNE370aN

el ectrical signal which is appli ed audi-e-#r ansducer 122 (such
as transducer 21 |n the test head of Fla 6) . The audi'o transducer, in
response .£,0 Q r| cal, signal ener,ates a | ow | evel acoustic
sound ﬁ)a\;%h (&f&?e' thz?) gﬂ'ﬁs (?egermmmg fegguencyamain gempavents ear

cloat r%‘?m“?ﬁi‘#%ﬂsm bt SheBy o e A ATk SBRRE Fohe e oy

be a sm&dfﬁmentofameﬂsmakeepresenﬁn@&lw&ﬂmallsighﬂh flde' ity sound headsets.
A portion of the incident sound wave is reflected by ear structures as )
descri bed above. 15 These reflected waves are surmed with an incident wave

] h 24 h t d of Fi 6
The m by oot of SRR D. Bherein the oais A Sngucing fhe shae ofy es?qer&fttﬁe P
m Cr opieisaréd acousi® rebdtan@finéTh@ésHERE For rhESutihg Qq'éte%r'i: ug?; ophone

represents the vector sumof the incident wave~ an Iect

wav es , damain sgmponeit vf the electrical signalfrom thewransdater. pr oportlonal to the
arrplltude of the reflected waves as shown schematically in 20 Fig. 2.

An envel ope detector 124 converts the vector sumrepresented by the signal

t putg b r nt
ol el e devick BE i 10RHARE O SRGMERY HoRlif SiHent B GRFIFHGBE F,
enifel dimirige seriss defifing thesledteicalgigrabfometile danslupeak val ue envel ope

9. The device of claim 1, wherein the means for measuring the shape of a region of the
measured acoustic reflectance includes means for measuring a rate of change of a frequency
domain component of the measured acoustic reflectance. |
15
10. The device of claim 9, wherein the frequency domain component is a first coefficient of a
Fourier series defining the measured acoustic reflectance.
11. A process for analyzing acoustic reﬂectance_ of an ear having a tympanic membrane, o
20  comprising the steps of: | }
measuring acoustic reflectance of components of the ear for a plﬁrality of frequencies
by directing sound from a sound source to the tympanic membrane and by detecting reflected
sound, wherein the measured acoustic reflectance has a shape; and
electronically measuring the shape of the _meastn'ed acoustic reflectance to obtain an
25 indicator of a condition of the ear, wherein the indicator is substantially independent of a line of

sight from the sound source to the tympanic membrane.

12. The process of claim 11, wherein the step of measuring includes the step of measuring a rate
of change of the acoustic reflectance with respect to frequency.
30
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detector, a root-nmean square (RVDB) mﬂq{@gggm or anal og-to-digital
cohverter, wosgnsggs part 25 of a du ﬂ?amﬁgpmém anmed m cr o- pPOTAESS6N11700 N

one aspect of the invention descrilhed i detai|l bel ow, the

envel ope is detected using informtion abZ)QJt the frequency spectrum of the
vector sum The envel ope so:detected is called the acoustic reflectance
curve. 13. The process ofickimi2, whedeinzthe meagured mumteﬂabmeimamﬂsindﬂaaiwmpe
of a region of the acousti.c refl ectance curve to |n n, i ndi cat or

of- car ca@mnmommg%w.aamgwmﬂmm Whersin the step
sight from.a.s |S|nfoxmat|onma be
one or 8¢ i Mesre gré‘%@tﬁ%?% l%ng%e envﬁ1 o-pl):lgl I ncl udi ng a measﬁre
of the rate of change of acoustic. =~ reflectance with respect to a change
in frequency around the null, on ei ther side of the nul | or on

WO 96/232b8 The process of claim 11, wherein the step of measuring acoustic reflectance comprises the
PCT/ US96/ s(%%plgo(%' _ _ - 13-

generating a plurality of incident sound waves, wherein each incident sound wave has a
different fundamental frequency;
receiving and combining sound waves from the sound source and sound waves reflected
10 by the ear from the sound source with a transducer, wherein the transducer generates an electrical
signal indicative of a sum of the received sound waves; '
detecting an envelope of the electrical signal from the transducer to provide the

measured acoustic reflectance.

15 15. The process of claim 14, wherein the step of detecting the envelope includes the step of
determining frequency domain components of the electrical signal from the transducer

corresponding to the frequency of the incident sound waves.

16. The process of claim 15, wherein the step of determining frequency domain components
20  includes the step of computing the energy of the electrical signal corresponding to the first

coefficient of a Fourier series representing the electrical signal.

17. The process of claim 14, wherein the step of measuring the shape of a region of the
measured acoustic reflectance includes the step of measuring a rate of change of a frequency

25 domain component of the electrical signal from the transducer.

18. The process of claim _l7, wherein the frequency domain coinponent is a first coefficient of a

Fourier series defining the electrical signal from the transducer.

30 19. The process of claim 11, wherein the stép of measuring the shape of a region of the

measured acoustic reflectance includes the step of measuring a rate of change of a frequency

domain component of the measured acoustic reflectance.
/ .
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a region of the curve or of thg—erti+e—etve—thi s measure, for exanple,

may be WOD6/38293 gr adi ent || THISSEHERT tHASOBEEN her neasurpepiséduarmhape of -
t he acoustic reflectance curve|det er RERIACED ih a manner to be described.
bel ow. This information is themorspray®+m=aSuitable. format by

di splay_section 130, 5 ) In Fig. 7, a menory (not shown) may be
added £8 dheprocessseficlaimol9, prhseain therfequenceindomain componettiisa fiest ceeffieiRatof a

curve. g\Wth such nenRr the.circuit be operated to perform
automf%&lﬁnﬁéﬁlﬁéﬁ?@ﬁegag%‘lfﬁgﬁ?fﬁ%}/ €on the ear. The best result
for the sequence of tests may be kept and the others nmy be di scarded.
For exanple, the best result could be defined as t he measurenent of

t he shapeAdievideconanmalyzing acomstierflactancecofianceah having a tyapafeRRiibrate, | val ue.

In 10 this.manner, a user of the device may attenpt to get the best result
wi th | PARPYSIEg or ¢ | The audi o generator 120 will now be

described in 0 : ' ] 4 QS -8C.. The out put of

the audio g_eralfg? g(?"gg i%é_c%dg@%gﬁg%%%g@%y %?e{rﬁgﬁgﬁ?rrsctf F%ngqé@l%gg ‘Pé a

ser i esfrequenties to\theagmpaviip inembeinesandankiich @étetts sb@idRleéte® BY 88mbERents of the

Typically, the sweep may be in a range from 500 hertZz thtough about 20

ki | ohe?aro preyidpa measuredcaqoystia reflegtancechavingohshape; and. 8 15 kil ohertz to 7.

ki | ohertz, and..l. ilohertz.ta 4. 4.kilohert re acceptabl e. t ypi, cal

period for aggl_g%aﬁﬁhép? %ﬁ&% hﬁgygf‘ﬁr‘@%‘ti‘?mﬁcgfé%ﬂm‘*f"§ bt 3oystc 10

s e PN dgfledtaRGeand A odﬂp\wy@ﬁding ahYndicator 67AEBHdRidr SHhE Sar, %vﬂe:%ﬁﬂﬁé HdicABBE©

shoul d be a frequency output that covers one or nore of the .
substantially independent of a line of sight from the sound source to the tympanic membrane. ' ‘ '

22. The device of claim 21, wherein the signal shape analyzer includes means for measuring a
rate of change of the acoustic reflectance with respect to frequency.

15 |
23. The device of claim 22, wherein the measured acoustic reflectance has a null indicative of
resonance of the tympanic membrane at a given frequency and amplitude, and wherein tﬁe means

for measuring measures the rate of change around the null.

20 24. The device of claim 21, wherein the acoustic reflectance measurement system comprises:
a sound source which generates a plurality of incident sound waves, wherein each
incident sound wave has a different fundamental frequency;
a transducer position and constructed to receive and combine sound waves from the
sound source and sound waves reflected by the ear, wherein the transducer generates an electrical
25  signal indicative of a sum of the received sound waves; and - | .
an envelope detector connected to receive the electrical signal from the transducer and

an output providing the measured acoustic reflectance.

25. The device of claim 24, wherein the envelope detector includes means for determining

30  frequency domain components of the electrical signal from the transducer corresponding to the

frequency of the incident sound waves. _—
/ .. 3
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resonant points of the ear canal ISSTpr—trm” as "term nated" by the
m ddl e ear wq. 93 points OC:H:HIS% EQ;%@'@HE@E tiples obcPRRoENAY €T
wavel engt h. The toll ow ng resona oi REBLAGED have {been found to B
particul arly useful for screening purposes$l-1/4 wave, [err] wave, 3/4 wave,
and one wavel ength. In a normal adult ear these wavel engths correspond to
frequenci 26 Phe device GiiMi2I MRt tebns for dd@rhini Feqktndy 6MSihicmponents
In Fig. 8A, the audio generator 120 (Fig. 6) is inplenented using a ranp
gener at or intUdes the Mﬂ@ng&mrg}dofohgdn@naﬂssgml camgspendingito thé First
I.e., a nonQtqnic Si whi ch drives a 25 age- control led oscillator
(VCO) 142"0%‘@39"&#& ngugﬁmeqeg W?Sn%@eﬁf”mfé? { ope det ect or 124
and the display 130 as described bel ow.. The VCO 142, in response to the
ranmp signal, provi des a swept sine. wave having a range of frequencies
defined by7. t Tile devie of clainml 24, Wherdmﬂptslgnal shapé: anaymmlmdesmahsﬁdméasﬁﬁ@g a
audi o transducer 122, Fig. 8B_is a block diagramof the audio
gener at orratexf changgofafeqnenesndomain |cmznpﬁgels of theelectrical signal; fiers shesgransducer.
continuous sweep system A swept frequency source 31 provides a swept
frequency output over line 312. The sweep signal itself appears as an
out put ovzg, The\gevidelof claim 70 iwhefetn {he ﬂ‘e@{ﬂéﬂ@' doint¥n ESiRpSHeNEls U BrstlsdeBidiOft oFa?
and display 130. The sound pressure fromt

Fourier series defining the electrical signal from the transducer.

10 _
29. The device of claim 21, wherein the shape analyzer includes means for measuring a rate of

change of a frequency domain component of the measured acoustic reflectance.

30. The device of claim 29, wherein the frequency domain component is a first coefficient of a

15  Fourier series defining the measured acoustic reflectance.

31. Apparatus for obtaining information about a condition of an ear having a tympanic
membrane, including a sound source for generating a sound wave containing components at a
plurality of frequencies and for directing the sound wave towards the tympanic membrane, and a

20 transducer for receiving sound waves both from the sound source and from the ear and for
generating an electrical signal indicative of a sum of the received sound waves, and an envelope
detector for receiving the electrical signal from the transducer and providing an output signal
indicative of acoustic reflectance of the ear, characterized in that the apparatus further comprises:

a signal shape analyzer for receiving the output signal of the envelope detector and

25  measuring the shape of the output signal to provide an indicator of a condition of the ear,

wherein the output from the shape analyzer is substantially independent of a line of sight from

the sound source to the tympanic membrane.

32. A process for generating information about a condition of an ear having a tympanic
30 membrane from acoustic reflectance information, comprising steps of generating a plurality of
sound waves with a sound source, wherein each sound wave has a different fundamental

frequency, receiving and combining sound waves from both the sound source and from the ear as
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WD 96/ 23293 ‘THIS SHEET HAS BEEN

PCT/ USO8YQ 24/23293 REPLACED PCT/US96/01170- 14-
transducer is kept at a constant tevel—byJeedbatk fromthe test head over
line 322 to an attenuator 32. B wvoltage-controlled attenuator in
this enbodinment is continuously adjustable to a maxi num of 20

deci betflectdd fomubpsaundsoprce vo generate an ehaomm signl iddieativadfatsusiiofthé ves t he

di transd t he_enbodi ment of Fi
1 ai eI oL G i AARvelope f i SEnaL ndicadive PEpeBtic reitctancaaticncy.
Compogddas, é}ﬁ?%:kéé&e&ﬂi ;@‘3 Je@?ﬁﬂﬂxgl- né}r?se&ﬁ% gpimbers discussed in

W

connecti on’ on I'n anar ogously to the

cor r espondi rﬂécxroﬁwﬁtl? Inﬁisurmg the @W@%@oh of tHeGcodftic rbfledthift e Qa0 nt
shown in Fig. 8C, however, the signal to the test head or1 gi nat es

wi $h ohtininfermatinndndigativerafianondition pfthe 450 pud suhstsotiale indepensenpofoalintesf a
fnelr: ?3‘@&%&8@élﬁﬁ?wﬂgmbl{ﬁeatﬁ%o%g{mﬁ;m%?m@ﬁg a, vm dt h of approxinmately 10

33. Apparatus for obtaining a measure of acoustic reflectance of an ear having a tympanic

membrane, including a sound source for generating a sound wave containing components at a

10  plurality of frequencies and for directing the sound wave towards the tympanic membrane, anda -
transducer for receiving sound waves both from the sound source and as reflected from the ear | ‘
and for generating an electrical signal indicative of a sum of the received sound waves,
characteristic in that the apparatus further comprises:

an envelope detector for receiving the electrical signal from the transducer and fbr

15 selecting at least one frequency domain component of the electrical signal corresponding to the

frequency of the incident wave as an indicator of an envelope of the electrical signal |

representative of the acoustic reflectance of the ear.

-
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rate of approximately 100 hertz. Each pulse has a different center
frequency, the first pul se hayisnsHEETf HASIBEENY of approximately 1.8

ki | oher t zZWOEE232%ucceedi ng pul se has apgepPAGLD f-r'equenBYr’US9"°l¥7°
proportionately higher than its p& —Juntil the final pulse in
a given train of pul ses has a f¥/d8uency of approximately 4.4

kil ohertz. A sequence of about 44 pulses of 15 different frequencies is
sui table. A conplete screening neasurenment can be wi th about a
0.-5 second-| ong busstis-sdiese pul ses of sine wav n? referably, a

m crocontroller synthesizes a - burst of sev# al- cycles for each sine
wave frequency at"di§c§§$§$% Eﬂged steps. Thg nce of pul ses is
applied to the signal- at 32 of whi ; tput is applied to a

gnal 313 fromthe pul se
It shoul d be

ator 120 are

For exanpl e, frequency

ri bed bel ow, do not

enci es m(,t h i ndi vi dual

d gistic 25
{}. ency range of

megr enent s usi ng
Z{t r ansforns and
i sh this spectral

9

wi deband pow anplifier 331. The trig
sweep generator is used by the disp 20 1
under stood that -these enbodi nents of thefa
exenpl ary ‘only. " Qt her enbodi ments are a¥so
donei n net hods . {03 for ‘geneygtd ng an enve
require a sequenti 3 eyat1 on of probe <
measurenents at eac et e

excitation with adegd R
interest al so resul i
transfornms to the
other simlar net

CcoO
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energy'distribution. tector 124 will now be
descri bed wo9gsm3gosdetail in connectfion I3 SBrgR.| 9A 9C. PCTUSI6H1170
enbodi ment shown in Fig. 9A the e KAGESt er m ded by root-nmean-

square-to direct current (RV5-to-DC) 2f¢8versiom ig. 9A, the output
line 341 fromthe test head 34

fromthe microphone is sent over

through a preanplifier 35 to a bandpass filter 36. The WO
96/ 23293 o s

PCT/ US96/ 01170 S VAN -15-

. . . . - b4
bandpass filter typically passes ‘Ft,q@q,sq rom appr eS|y 500 Hz to 20

kHz. The out put of "t'he bandpass filter 36 i npE

t he-vector sumsignal fromthe m crophone for th&Es
i nci dent sound wave. The RMS-to-DC conver tfr

this enbodi nent, by a SYo%P out signal
foz

N
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(R NEYY
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+
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5 311, such as fromthe swept frequenty, E;OSI %
The enbodi nent of  Fi g. 9B is based on pea &iﬁﬂ‘%rﬁ Nr 8@, fl | ar
to Fig. oAVO 2023293 ' de band preanpl i f Qes t 3‘F5 ‘8? I{TL

m crophone. The output of the preanpl éﬂﬁe is passed t hr ough bandpass.
filter 36. The output of the band pas lter is input to a peak detector
372 which generates the envel ope by extracting the peak value for the
frequency of each incident 10 sound wave. This peak detector may be

Fourier series). Each frequency ficients that determ ne

control l ed, for exaw ~a trig _.e_:.r”_,QgL___gQal such as froma pul sed
sweep generator 51 shown in Fi 0.R iSRS g eIt Ey| Wi t h t hi s..enbodi ment is
t hat it is particularly serglf"f E fX=gnsi ent s.

The enbodi nent shown in Fig. 9CWYeE=EI=y ANy Stodi n i nformation of the
vect or sumto determ ne th% e - enodi nent is based on the
principle that an st & ot tthie rical anal og, nmay be
represented by a m 5 ine L, %Ul?’% frequenci es (the

its overal | anplitude. SumfiAGEEIENSITEERfrYi enyg®of the Fourier
series reproduces the original ygp-WeVEISIEIES first coefficients
correspond to the fundanental freq@en&y coefficients of a

pure sine wave are zero. In this enbodi MENGTHt he series of sound waves 20
generated by the acoustic refl ect “sr-r%trﬂﬁfﬁ?t-ﬁ s a series of sine wave
bursts of several cycles, wi th each burst at a different frequency.
Know ng the fundanental frequency of each burst, the

FIe. SC

|

e
e
[
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£
1
1
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first coefficients of that signal represent ntal frequency.
Al l- ot her fwedgdrsasses can be ignored. | THIS SHEET HAS BEENOFGTIOSIS/0170

- frequencies other than the fundamental frequencygeppgcemer gy [of the 25

- recei ved vector sum signal may be expdgsged squar es of

~the Fourier coefficients of the fundanental frequency. These
coefficients are the products between the vector sum signal and the
sines and the cosines of the fundamental frequency. The energy is thus
defined by eqatfpm-p¢%) bel ow 30 [err]
(1) WO 96/ 23293 _ : -

PCT/ US96/ 01170

¢
79577 A
N7 L7 2 28
1\%/1 512572, 250
NG5 SRR pvrrira
s 245 ) i €AR. |
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- 16- where Ef is the energy at the incident frequency f, and V[err]
i s-the veckmso@avy ol tage at the incident frequency. Q?. fm@ﬁéon
synbol indicates that this product is calculated for each sanple o

t he vector sumvol tage over an intege / nber of cycles of the vector sum
signal. This energy of t he funddanmental frequency—ef~the_acoustic

wave i s neasured by an energy neasurenent section 5 J7THIS JHEET HXS BELG
square root of the _ener gy yalue Ef yields the RMS val ue |of thREm@“mgnent D f

t hre signal that co |y the fundanental frequency. Theenvetepe—is
defined by the RMS val ue for each incident freguency.
One benefit of this énbodiment is that neasuring the energy of the vector
sumed signal for the fundamental frequency over several cycles
shoul d substantially reduce effects of 10 external noise and provides a
meani ngful quantitative val ue aséﬁciated with that frequency. Thus,
the nmeasured energy at each of the_incident frequencies provides a
relatively noise-free eﬁwshebe of the tymnpanic menbrane's resonance
characteristics in response t% gH& series of i nci dent sound waves.
Thus, sounds froma crying cf&la and anbi ent room n§ise i m nat ed
if thelr frequeﬁty content i$*MBt at the fundanenta f sequenci es bei ng
measur ed. o 5 0
5 —
i ¢
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15 It is also useful in this invention to normalize the envel ope
detected by envel ope detector 124 to account for nonidealities of the
acoust i c W@96B393i ncl udi ng the m crophone, t r ansducerPCHERGEO1170
chamber and tip, fromwhich the vector,sumis obtained. This normalization
is based on an assunption that if t hebAl8ci dent waves were applied to open
air, there should be no measured reflection. Thus Tégf H tH—t-

curve of the vector sum and its envel ope shoul d be fl at S g%r/\ﬂé\grBEE&u
to nonidealities i#s ustic system the resultlng curve fiiﬂgﬁmcall

not flat. For exanpl e, an actual vect.or sum obtal ned Wttira
device using a contifuous sweep audioixnﬁq enerator as applied to
open air is shown in Fig. q@p In this Figure e absci ssa represents

either increasing time o' the freque of tdhe incident wave in arbitrary

sesient s t he envel ope
'.n - with Fig.
or frequency of

units. The or P
by the m crophone aRhM ary units. 45‘#

of this vector sunpusing t et hod r*s

9C. In this Figurdg, 6@@3@% 3 ew&

t he incident wave in arbi

magni t ude of the danvelgpe.in ay gk There are noticeabl e
irregularities in the envel ope Fig. 10A
shows the vector sum as obtained f|i ey ear phanton1 a nmechani cal 30
construction that is acoustically®simlar to an tual ear. In this Figure,

t he absci ssa represents i ncreasi ng Gr Tt equency of the incident
wave in arbitrary units. The ordinate re r €Sents t he
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arrplitude of the vect or sum output by the m crophone in arbitrary units.
Fig. 10B i sy@o&sbs . . WD 96/23293 PCT/US96/01170
PCT/ US96/ 01170 -17-

illustrating the envel ope of the vect gyigum shown in Fi g. 10A detected

usi ng the method : described in connection with Fig. 9C rr
Figure, the abscissa represents increasing tinme or freq EHBySI@EETt
incident wave in arbitrary units. The ord| nate represents thgnmagni 'ﬂgpgA
t he envel opesHANsder ary units. é Bef five anary
shape of the curve sh \@gn Fig. 10B, it é preferable o norielize
the envel ope using the kryfV\A edge of the

acogiaé &ystem as al ed |n F Q. UD T - ach frequency for
dat.a_. tor ed e acojst Yy stle appl i ed air
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t he correspondi ng
. , | RCEIUS96/ANE) .

envel ope detector 124 has an ougfte S | tiplexer (MJX) or
other selector 123 which is controlled according to a node sel ection
signal applied through line 123A. In a first operational node cal |l ed
nornallzatlon nodg; +he—devee—ts—directedto tTansm T sound Thto open air
and the outL put J-t-diwsles-cnvel ope degector is supplied via MJX 123 to a
menory 12%' ere |t s st v di oper ational .npde call ed
measur enent node, Whén ngss R per f ored, the

out put of the envé?ope Bl ! R (I n,nh the nmultipl pxor 123 to a
scal i ng sectijon 127 g uency of incident wavep applied to
the ear, the val ue [of the envelope at t,hat freqyency is pcaled by the

reC|procaI of t hesy'atae—forttte—sam requeqﬁxustore sb) MENnypy 20 125 to
provide a normali zed®®@nvel 85@ out pu?SOBSuch an exenpl gry nor rralsll(?zed ¥nve| ope
I s shown in Fig. 12. In thi the absci ssa represjgpfes enc

I ncreasing frequency in arbitrar?ﬁgﬁg (g?h ordi nate repre entgu o
magni t ude of the envelope in arbitrary units. Note that the curve/of Fig. -

12 is substantially snoother than the envel ope of Fig. 10B.

Further digital signal processing may be perfornmed on the nornalized

envel ope to 25, redgce norse[in tAe curve, 6r 1n regibns of intlerest in the
cur ve. Fof‘éégé\ﬁﬁe,“,;ow pass|ffiltering —4 .
ot .
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P
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can be perfornmed on the region having a negative slope prior to the null

vakue, e.ogwgisg3ge t hree- tap filter. The regi on havi POT/USESIHELT0 Ve
slope after the null value may also be filtered, e.g., using a
five-tap low pass filter. The informejfqgn for_an entire curve could also be

- discarded if i nsufficient anpli tude i § THISaBHEET HAS BEEN |nul | val ue..

- These and other kinds of digital filtering 30 nRrgpb&CEREr f Or red. For

- exanpl e, the acoustic reflectance envel ope for use in
angl e neasur enent sEndgeeessal or m pl otting. : - .
- 18- A suitabl e shapgeanal yzer 126 yill now be described in
nore detail. The shape anal yzer sdg&‘bﬁmel ectro ally nmeasures the shape

nber of regi ons
ifs the region around the

of a region of the acoustigyhefl
may be of interest. The region o
nul | .

terest
MEmMorY

——} u\vc\ opc.
: deteetien

Nov ml(ZEJ
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Additionally, the portion of the negative slope at the entry of the nul
may al so beyGbgsyass cant and 5 contain diagnostically useful picpfusséeihen.

The positive slope following the null and the peak-to- peak anplitude
of -t he resonance waveform may al so bd0#t®ful . The shape anal yzer 126 nay,
in addi tion, electronically determne the | ocation and anplitude of

the null of the detected wavef orm usi ng & ctor which
e TS g

detects m ni num vql t age val ues. Ehape
anal yzer detector {Z2&53mss<denpl enented using a ] Qe 10 | detector
144 whi ch determines a null vol tage. The null voltagé is applied to a

vol t age conpardator 146 which al so receives an offset voltage. The
combi nation of the null voltage and - an offset yoltage act to provide a
control signal back to the ranp: generator 140 (vi inea'q%;GA) for use
as wll be descri#gped below Sinrgarly, the ola\ﬂgnal s applied to an
i ntegrator 148 3) for reasons Tq bd described belQw. vector sum nmay
al so be applie om mi crophone 10 t he ifnt e

The operati on #fd cooperation of tlhe Iy g
146 and @r ator 148 wll 1 a?d)
i npl enment s thelntegrati [

tion
det ecti on of

O wm
=0
—_——
o —
ey

Q.

a null voltage, gn offset}] voltage abo?eat e nul |
determ ned. The fanp gengrator is to swgep set of
frequenci es one PO addi t}i i g. en the odt put of the
n‘icrophonﬁ Pet-stirey of f s
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integrator 148 is turned on and begins to performan integration as the
vol-t age dewceesz3393 0 t he nul | voltage and then back up periussséfite et
vol tage. The output signal of the |ntegrator after the second rising
of f.set voltage is met provides a val gg/gor oportional to the angle of the
null. This value is provided to a voltage conparator 150 which

provi des an output indicative of whether the , t han or
greater than one or nore threshold angles. Thdss SHEBDmseﬁEEl\Jappl ied to a
3 J@weseni tti ng di odes 15 and HEPLACED Ther e

di-spl ay, such as t#®
are several ways to neasure the shape of ar tic

refl ectance cur Ve, including measuring the gradlent or slope The
shape of a region defining a dip may be measur ed by exam ni ng gradi ent
or slope of the sides of the dip, or by measuring an angle 30 defined by
the dip or by neasuring the width of the dip. Met hods for
nmeasuring the shape of the region of the acoustic reflectance curve around
the null will first be discussed. These nmethods are related to neasuring

the sl ope of the line on O
> P
-~ -

Frequency sweep

FI&.-HA

~.
e
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-19- either side of the null in terns of, for exanple, frequency per
volts, wherwddsmipeasure of the vect or sum out put from p¢EHUSSsmIDPhONE
is a vol tage. I n one enbodi nent of the invention, the

measur enment of the shape of the null {Z/19 resented as a neasurenent of
an angle formed by the null in the acoustic reTHrrsapee %%% if 5 the
curve were printed by the recorder of the Mdg SOingﬁgggg/i &oscope. I n
order to achieve . = this, the acoustic refkreetanc e is|scaled to
mat ch the scal e of #ki§eedel 501 Acoustic O oscope. To perform such

- scaling, for each frequency f to be represented on the abscissa, its
actual position L onthe abscissa is determned by the product of its

offset fromthe first frequency f[err] in the range to be displ ayed
and the width Wof the plot, e.g., 84 mm dividedby the 10 frequency
range f, as follows: L= (f-f[err])* W/ f[err: Each of the
corresponding reflectivity values Ris conputed Qgcording to the follow ng
equat i on: M g~  REATHA1800,

where Ais the anplitude, His the plot heightf, _ &4g., 40 nm These scaling
formul as are nerely illustrative for the |Mesel 501 Acoustic Ot oscope.

Gt her scaling formula

could al so be used.

’FIG.MB

env<lope

<
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15 G ven the values as scaled to an appropriate reference frane,

such as thay@iog@iey of the Model 501 Acoustic Ot oscope, rUTHIS96/00I70
ot her nmeasurenents of the shape of the null and ot her regi ons of the
acoustic reflectance curve can be comj) d. A first nethod

invol ves a frequency gradient/anplitude refeldhé®SHEET $ag grEpppm! i t ude
value is established for the null apex. Second, tmgpfmgggency S measured

for the location on each 20 side of the nul [MWere—the—arplitlude reaches a
known i ncrenent al wmm ue above 't he null val ue. Thi s increnental
vol tage typicalfy n{g y de anut 209 of {he Eoss blj vollt agg oud @t range

of the envel opeldeilecigr 1234 (Fig {7) |G j Hs—i ncr enment al
vol t age shoul d prqvi dg a d;oi n{ onjthejcurje {fter entjry G'gt he nul |

but before | evgrmgoffTrthecorye—very £Hos o t3 poi nt, for
a typical unhedlthy ear]. Fdr ejanple, {he | ncrlenental jvol fage dﬁy 25
correspond to tiwo rlefldgctigity}jval ies pn the Mpdelf 503 Acc u%ﬂg(x oscope.
The i ncr ement al valt ade y also be npde hrogortilonal the voltage
at the null vallue tjo provide f¢r a nof mal | zatli on effﬁﬁe frequency
at this vol t agg—rey—betdetgrmet—pby—sprpH-rgfhetout it w the audio
generator 120 (JFig.l 7) {or fanpjigengerat pr 140 (JF g. 8A).%f£ﬂerence I n
the two friegqugncrgs 1§ the desirefd repult} 3 e /2 Ssecond

met hod i nvol veqd_a flreqyency in¢renent heashirenent | o ) arly, the
frequency of tHe ndll Q3pex|is ¢stablished.| Then, EeE=SEE= = éﬂ'pl itude is
measured at a KAows

i
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I ncremental frequency above the apex freq
anpl i tude

- 20- ﬁ?%&i{a&gsl ncr enent al frequen'cy b

Herey—JThe corresp
THIS SHEET HAS BEEN

ondi ng rel ative

el OWREREAGEEX f rqql}’gg&s_%/omo

Ceneral |y speaking the increnental 14/19
on the curve after entry to the null %ﬁt b

requency—shoutd—pr ovi de a poi nt
efore leveling ofif in the

curve very close to the null point for a typical udahealthy ear. < 'he
i ncrenent al Trequency nay general 'y be wthig 10 and i10v+t. The
vector sum pf the & sanpl | tudes an 5 corregpondi ng fgequencies is
the desiredjresult. A thinqd nethod ifs:-called gn integration
nmeasurenent} Wth thig ngthod, pfter the ami tude of ghe null ‘apex
i s established, the ffegsermy ip then scanned fromYan increnffntg|
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vol t age threshold.on one side of the

TRATS, SR aas dcenq

r

simlar val ue on

t.he opposie ogiaesof the nul | . | t agepdsdam1iToe

same as used in the first nethod. A cuyrren EPhA%@Iator 10 is activated

bet ween the two thresholds. The resu{i,gg I nt egrated ltage is used as a

relative nunber. Alternatively, e output of the audio generator 120

(Fig. 7) or the output of the ranp generator 140 (Fig. 8A) may be _
and the difference may al so

sanpl ed on the opp05|te si des of the nul

be used as the @« Yet another pethod is called
a sl ope neasur¢ fr que&cy bf tlhe ful 1] 15| angl-e &pex i &
est abl i shed, th sidg of {the] angle s asyred}by diviging the
frequency diffe | tage d{ffeyende (¢r Vi cejverga) {ron} anot her
poi nt on the cy Fepg—ofthelotfier—saa—srs+ay—rpeasur ed.
The differenceijin $lopes ils uded @s the desirfed resultl} Tr pnscendent al
functions may Re uged o deterqm ng¢ thp angl elin gegrieesi{fromth|s val ue.
As an exanpl e, {referrijng tjo Fijg. L4A kndwi ng bojh tthe firequency generation
and null vol tage—2y F-tjr-etgomr-gttops—grtheEr—-apuyt ,'S‘iupc ot .aﬁ-ent
measurenments t¢ bel made. The anplgtude vl ue (JO 4nd ¢orrgspdndi ng
frequency (f0){at fhe jnul lf isjstofed 3 N renoly. Ther] th¢ twp frequdnci es
correspondi ng #o af gi fen ol t age pffget gre geaspred asifl pand f2.
Referring to Ffg. IZAT Thi apogref1enr] 1= oJctgn (11 fruuu&O)r]\
and angle [err] = Tarctlan B(f0{- fp)/(MO-¥2)]{ The ndl| angle [efr]
then'is the sulmof| [esr] Jand|[erf] When thejscal e ysed{to feprieserjt the
acoustic refle tance &urvg ist | \é
I
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25 the sane as that used for thd ﬁ”@ c w del 501 Acoustic
Ot ascope, ‘H@‘@%Be so neasured gég} %L‘\%E an angl %@“@’nﬁﬁ
appear on | ay of the Model _501" AGED Yet /0 hod

for. measuring shape of the null involves a frequency domain anal ysi s,
such as a Fourier transform anal ysi s16/1%inilar transforns, herein called
the spectral gradi ent neasurenment. The Fourier transformis a
mat hemati cal nethod_of analyzing an 30 electrical signal in the frequency -
domai n as opposed ?@Me con T_gt u.otfl me donai n. When t he
envel ope of the vector sumis gene §) a Fourier series as
descri bed above in" ™" connecti Q? .ur Fig @ differentiating the
transforned signal results in a diTect\i,nea u‘f of the - WO
96/ 23293

-21 -

PCT/ US96/ 01170 ou‘gle_
frequency gradients within

t he st eepest

'-n-g—:tl‘m:e‘fpbek corresponding to

to
dsplay

L6, I3C
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negative and positive gradients on %TB nul | provides a
direct neaswos/2f208n angl e aroun L C %@f i cul acrrussé/ennomwn i n
Fig. 14B, for the sake of illustratio RQI lﬁ‘g ~point B are
assunmed to be the points with the stqepﬂg;t gradients, called "a" and "b".
Thé angle [err] 5 defining the shape of the null is the sumof angles
[err] and [err] In this enbodinent, in contrast to Fig. 14A, Jerr]l =
[err]/2 - arctan(a) and [err]2 = [err]/2 - arctan(b). Anot her

met hod for rreasurl,nghpen s a wavel et analysis of the detected envel ope.
Wavel et anal ysis can be used to extract nmultiple features fremthe

envel ope. The features thus obt ai ned are distinctive features of the
enhvel ope since they can be used to define the envelope. 10 These features
could then be used as the b @Qor di agnosi s. Such Jres also allow

cl assification of various % pes usi ng neural net k™ and/ or ot her
pattern recogniti.on net h Pattern recognition nmethods may al so be

used to extract feat nveI ope. G ven the

i nformati on obt ai neti by neasuring t shape of th stic reflectance

curve, an instrunent having an output presenti g thls infonpation in the

formof a likely 15 $ ﬁgggyﬁ“ls possi bl e. r exanple, as shown in Fig.
u

18A, a screening nod can used.to i nput shape
nmeasurement to a thre@rﬂi"d b.1: % V‘% result of tmg’mson can be
presented to a user. a(gemtml‘r\p) "unheal t hy". mpossi bl e

i npl enmentation, shown'in Fig. 18B, is to use pe i nformation,

such- as an angleto \goq% 6? ﬁ){éect the reflecti "t8 or nuII.
| 30% or more 2.7
20% or more 25
10% or more 2.1
Al | 1.8

1614

—_—
This Sheet Has
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val ue obtained. This correction accounts for errors due to |line of sight
di fferences.WR9e2320%cti on 20 nodul e 434 receives the null valp¢ggnsogoahepe
i nformati on, such as an angle, and conputes the corrected value to be

output. Fig. 1 8C conbi nes both the stg/M@ni ng nodul e 430 and the
- The 434 will now be

correction nodul e 434. > Ol4-8.64--0—RBaHH-e—

described in nore detail. This nodul e can ﬁéHHSSHEEﬁHRSdHﬁ%bd i n many

di fferent ways and _can performthe correctijon i rRERAAQEDI fferpnt ways. A 25
typical formof a e Function for correctTom (ACRof the neasure of
acoustic reflectance _py({n, t he rreasui{?g: angle is: = -
ACR= AR * N 30 (M + Angle) wher e
AR = the acousti N
= a sel ected cons
constant; and 35

sel ected

s
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WO 96/ 23293
PCT/ US96/ 01170 -
This fornu™02¢%%Pds a suitable threshold at the nidpoint reiPF&:l{sgﬂglelg%al ue

of , 5.0 at an angl e of 82[err], h N set 200 and M set at 118,
respectively, as will be described i e detail hel ow The
selection of the paraneters of this functi ohTREY/SHEETUHAS BEENilri cally so
as-to maxim ze the sensitivity and the spe®HEPLACEY of & given

t hr eshol d. 5  #EEsesel0 | Np nt the wet 110} romn, a

m cr opr ocessor may be used to eggeate a corrected value when the
angl e and reflectance values gre input using the fornula as described
above. However, tog esGli.ked. .above plus nake
end poi nt co “ ' exity. The

conplexity of the
in real time mght

r opr ocessor
bstantially increa;s

Hob -
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10 instrunment and the power required by the circuitry. A cost-effective
alternative is to utilize a read-only nenory | ook up table whose
i nput address is the tw variable val ues- 1§radi ent and refl ectance,
w tdh the corrected value stored at the location in the read-only nenory

- correspondi ng t QA blieablé\$hape anklyes $26 ﬁlvﬁm&eﬁesdm& irnhdrecdetail. t Thee shape analyzer
~correspondi ng wei ght ed val ue provided at the output, to_be
di spl ayed 126 dleptrpmically messures the shape of Fragion ofithe F‘F%'ﬁtl? geﬂﬁeqapces%srfaéummm@r of

screenlng instru

screeni ng ?%%?%‘Bﬁ%ﬁ? ﬁ?é?e%hgﬂ%F%éeF mﬁgf%‘?gs’[ E ‘%ﬂ

measur enme V | Ghe dﬂﬁﬁéﬁﬂr a@@lﬁél bgtpEﬁ d
MONI TORI N%}dd‘itﬂnﬁﬂ? ﬂh@@oﬁg&ﬂfn%ﬂ%ﬁﬂf cels’gn ??ryhas beenmget erm nsed cant an

enpi ri sal lcyntansdisgnmstically usefpl me:matimt Theposmve slope fQin\ﬂ& themull sad the pesk-tof
t he shape nmeasurenent . .a threshol d Sui t of i nt _above i ch 20
an ear is Pﬁ%@ﬁ?‘“ﬂ% ogg)ggesoggnqyé@arvg gl S?\ iﬁlg e-s Weaé‘g'ﬁ' 1%{'

t he spectr ogr am
e obect gl Lafhicaly aclPhligdhdnsbioed a""*ﬂﬁ“‘?“eadé“.‘ﬁzm%‘ﬁaf. e e

gradi ent mrsfumrtfsmg a ﬁmh ofmulldetéctop g&nﬁdhﬁet@ts:nnnhmugl toltage mgnesi s, i.

whet her the patient was ultimtely di agno otitis nedia,o
ot herwi se heal t Hp Figak3s the shape apglyzerdetacter 12%& e@F&‘ﬁ@Hé‘lngﬁé’é‘H qﬁﬁﬁ‘éde for

h th
Cpeot nt BrRRRE 1A wareiRlipds iy iCcRahd TR Ao e SppefE T 0
Bars, suchogparhfor 1463 iitlgalde fdckivel alhaffset Maltdgs. ’Ifhercoﬁxbﬁfatlcn ¢EtheRHc/oltage and

gr adient indicate the
an offset voltage act to provide a control signal back to the ramp generator 140 (via line 146A)

"1

i-n_)

for use as will be described below. Similarly, the control signal is applied to an integrator 148
for reasons to be described below. The vector sum may also be applied from microphone 108 to
15 the integrator. |

The operation and cooperation of the ramp generator 140, voltage comparator 146 and
integrator 148 will now be described. Their co-action implements the integration method
described above. After detection of a null voltage, an offset voltage above the null voltage is
determined. The ramp generator is allowed to sweep through the set of frequencies one

20 additional time. When the output voltage of the microphone meets fhe offset voltage, the
integrator 148 is turned on and begins to perform an integration as the voltage decreases to the
null voltage and then back up to the offset voltage. The output signal of the integrator after the
second rising offset voltage is met provides a value proportional to the angle of the null. This
value is provided to a voltage comparator 150 which provides an output indicative of whether the

25 angle is less than or greater than one or more threshold angles. These outputs are applied to a
display, such as to light emitting diodes 152 and 154.

There are several ways to rﬁeasure the shape of a region of the acoustic reﬂectanee
curve, including measuring the gradient or slope. The shape of a region defining a dip may be
measured by examining gradient or slope of the sides of the dip, or by measuring an angle -

30  defined by the dip or by measuring the width of the dip. . -

. Methods for measuring the shape of the region of the acoust ance curve around

" the null will first be discussed. These methods are related to measunng the slope of the line on
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nunber of patients having the spectral gradient neasurenent and which were

di dgnosed as havi ng healthy ears. Cut points are established to define
t hreshol ds for di agnosi s. Suitable t hreshol ds are: 95 degrees, abave
whi.ch the patient is healthy with a hi gh‘péobabl lity and 75 30 degrees,

bel ow which the patient has otitis media with a high_probability (about
90%) . Theeither sidef dhe will indemnsyof, fo5 gxamplagoquency parivelis.cvhsze themmensyyeoiithe

shoul d be, Jaty 481 S oh0RoR 8ok RlBronc is dGdgEEPTEN Of OLitis media. Qther

thresholdg egrees nay: a 2 USed to increase the

WD 96/ 23293 In one embodiment of the invention, the measurement of the shape of the null is
PCT/ US96/ 01170 -23
pr obabi | i pesertted aa mieagmenens of an gngle fymgd @yéh;esmdhm the a@mrgﬁ@@ectanmrve as if

I e! eGPk e SR N 31 Aol DU kg s

hi st ogr aWlﬁéiﬁ‘@a&ﬁsﬁ&‘n%ﬂé@t%b%tduﬁeﬁﬁEéﬂ’é&t@@ﬁﬁcﬁ%%&ﬁl@ BPiHeMbA] 568 ARofticl 393
Otoscope. To perform such scaling, for each frequency f to be represented on the abscissa, its
actual position L on the abscissa is determined by the product of its offset from the first
frequency £, in the range to be displayed and the width W of the plot, e.g., 84 mm, divided by the

10 frequency range f, as follows: _ L=(f)* W/f,

Each of the corresponding reflectivity values R is computed according to the following equation:
R=A*H/AI1800,

where A is the amplitude, H is the plot height, e.g., 40 mm. These scaling formulas are merely

illustrative for the Model 501 Acoustic Otoscope. Other scaling formulas could also be used.

15 Given the values as scaled to an appropriate reference frame, such as the display of the
Model 501 Acoustic Otoscope, angles or other measurements‘ of the shape of the null and other
regions of the acoustic reflectance curve can be computed.

A first method involves a frequency gradient/amplitude reference. F irst, an amplitude
value is established for the null apex. Second, the frequency is measured for the location on each

20 side of the null where the amplitude reaches a known incremental voltage value above the null
value. This incremental voltage typically may be about 20% of the possible voltage output range
of the envelope detector 124 (Fig. 7). Generally speaking, this incremental voltage shoufd
provide a point on the curve after entry to the null but before leveling off in the curve very close
to the null point, for a typical unhealthy ear. For example, the incremental voltage may

25  correspond to two reflectivity values on the Model 501 Acoustic Otoscope. The incremental
voltage may also be made prdportional to the voltage at the null value to provide for a
normalization effect. The frequency at this voltage may be determined by sampling the output of
the audio generator 120 (Fig. 7) or ramp generator 140 (Fig. 8A). The difference in the two
ﬁequencies is the desired result. |

30 A second method involves a frequency increment measurement. Mére 'parficularly, the
frequency of the null apex is established. Then, the relative amplitmi?fed at a known

incremental frequency above the apex frequency. The corresponding relative amplitude is found
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patients, corrected by a neasured spectral gradient, grouped according to
tynpanonetry type. 5 Correction was nade using the fornula described
above. In this figure, curve 133 corresponds to tynpanonetry type A
(674 patients), curve 131 corresponds to “t+rfpanonetry type C (462 '
patients), and curve 132 corresponds to tynpanonetry type B (257 patients).
It can be fenawincegmental frequensydeiaw theapex fragrieacy: sOgrerelly $peaking the ingremental

clearly diSstingui I i S I
S oo e o TepReY SR TIOR 2 BRITR, oBA KIS R 1o the pl) 3 Besofsloydi b b Bl HE
obt ai ned cutvelfry BR¥e & ®e niR paihy &t laagsicalunhealthy dat. "VRe intrenseditd] WRqAEnCH MLy
thresholds. An instrunent for use b non- nedi cal personnel my al so

be made usgeneralljibe withimitrand HP00Hz.t Fle veetarsumoof the relativeiamplitudes and
Referring now to Fl 17, .the correlati gn of conductive hearing loss to the
angl es i Scorrespongmg%e.qug{udgmﬁhq sgeiﬁeéﬁf'ergram based on the angle of
acousti c refl ect aAgied FRARA'SERREBndtgration mehfir&RaR! WifPHiEmRtHUCAR: e
measurenents for ears of 68 patients. It Is shown in this figure that 15

al | pati eninsplithdeofathe aulllapexes established; thd fieqien@pisdBeroscagneslfram ah dmbrementh)

Consi t1vi Dipliage tresbplstone et hoimbiodhh gitys orgimiar value o e spepeirige oibe
sensi t i vi 0ipla biodh gy o BAIIAAe
s B TR o OBl b fasE S te' i de bt B ik RO et e

| nprovied  ii9a@Rafsddeewedn thetwd thréshoRis 0The t@hlﬁngeme%ﬁfedafbltagmaisé@hs Piebddivent
measur ement descri bed above over the null value al one for diagnostic
pur poses number. Alternatively, the output of the audio generator 120 (Fig. 7) or the output of the ramp

generator 140 (Fig. 8A) may be sampled on the opposite sides of the null and the difference may
also be used as the desired result.

Yet another method is called a slope measurement. After the frequency of the null

15  angle apex is established, the slope of one side of the angle is measured by dividing the
frequency difference by the voltage difference (or vice versa) from another point on the curve.
The slope of the other side is similarly measured. The difference in slopes is used as the desired
result. Transcendental functions may be used to determine the angle in degrees from this value.
As an example, referring to Fig. 14A, knowing both the frequency generation and null voltage
20 calibration allows either angle, slope or gradient measurements to be made. The amplitude value
(V0) and corresponding frequency (f0) at the null is stored in memory. Then the two frequencies
corresponding to a given voltage offset are measured as 1 and £2. Referring to Fig. 14A; the
angle o, = arctan [(f1 - f0)/(V1-V0)] and angle o, = arctan [(f0 - £2)/(V 0-V2)]. The null angle o
then is the sum of a, and &,. When the scale used to represent the acoustic reflectance curve is
25  the same as that used for the display of the Model 501 Acoustic Otoscope, the angle so measured
corresponds to an angle as it would appeai' on the display of the Model 501. .

Yet another method for measuring shape of the null involves a frequency domain
analysis, such as a Fourier transform analysis or similar transforms, herein called the spectral
gradient measurement. The Fourier transform is a mathematical method of analyzing an

30 electrical signil in the frequency domain as opposed to the more conventional time domain.
When the envelope of the vector sum is generated using a Fourier series: deseribed above in

connection with Fig. 9C, differentiating the transformed signal results in a direct measure of the
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wi Il now be described. In tests fromwhich the data of Fig. 19 was

gathered, at |east four measurenments were taken for each ear. Average
val ues of the null value and spectral gradient wer e taken, and maxi mum
and m ni num val ues were referenced to thgﬁ.i\_/erage to obtain above

aver age, bel ow average and spread val ues. “The spread value is the sum of

h I Ni d 25 . ' diff ) f . A,ch '
Shread walh tEawRe AR SRR mSRERER ey R blotfhg” SHREE mad (R EPYGed Brtore,
the spreag; §theRyidSoces the it theQnéhi6rys FR$ E}Eaﬂxplg,rlélﬁ R Fight ear bﬁ‘lffﬁfsl(ﬂwsmzz)

A significant finding is that as the Spread in reflectivity values, In
col um 50faydegrovided. Thesgbnitornisimay beoused dordin¢ct die milkevalyy wadmemoryhlocatiproyhioh

gradi ent measuyepent, in colum 502, grew 30 ,larger. This. inprove t Is

e | ned. byioratdhe Aet Besk dRiaton 26 pRERiG. TR P oo eake 8y b eafBed releit or Right

gr adi ef]t 88%%%2‘?(1%?1&8! S. the ratio, colum 502, is the percent spread of
val de divided by

“the null , the percent spread of spectral gradient. For
~ears with a reflAxdn additionabfeane, oo P foss sigesasfireplacetble tips and normalization data

may also be provided for selecting the age group being tested. For example, simultaneously

pressing the Left and Right ear buttons may be used to cause toggling between Child and Infant
tip calibration. Switching to infant operation selects a higher swept frequency range and internal
10  circuit gain while the infant tip adjusts the apparent canal length and modifies the acoustic
impedance. Normalization data for the two types of tips may be stored in non-volatile memory,
eliminating the need for re-normalization each time the tip is changed. The status of the
calibration of the instrument may also be displayed, for example, by displaying a corresponding
"C" or "I" on the graphic display and on the plotted curve. |
15 Figures 20c-20d illustrate another embodiment of an instrument in accordance with the .
invention. Such an instrument could be used for determining when a child should be referred for
diagnosis and treatment and also for d_eterminihg the effectiveness of a treatment regirhen. The
screening instrument according to the present invention is intended to be a low cost, high volume
screening instrument, for use by non-specialists. Th_é primary use of the screening instrument is
20 likely to be for screening children over six months of age for chronic middle ear effusion (MEE)
' or abnormal pressure. The device preferably is a low power, stand-alone, battery operated
instrument with either replaceable batteries or optional rechargeable batteries. It uses low-power
electronic circuitry and power conservation techniques to minimize power consumption. For
example, circuits preferably are used only when required and the system automatically enters a
25 stand-by mode when not in use.
In a preferred embodiment, the instrument has a hand piece 400 with replaceable tips
402 that contact the patient. The shape of the hand piece is intended to more closely resemble
that of the ubiquitous otoscope. A debounced measure button 403 is pressed by the user to cause

a sweep by the oscillator to obtain a measurement.

e 8 two light display.
The output 404 is displayed as colored lights: a green LED 406 indicates "fluid @ikely "and a

30 : For purposes of screening the output of such an instrumegt xx

red LED 410 indicates "fluid possible" or other pathology. It may also be desirable to have a
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spectral gradi ent nmeasurenent inproved t_he6_spread by an average of 45.9

- per.cent age points; 25.4 percentage points inprovenent was achi eved

for all reflectivit S 0 % ] , T h

average | %?eor%%%vﬂq ‘gﬁﬁg'g% v@ﬂégglfsgas%%goﬁpg{t F%’f ?x(?‘gmle\e;}s cyh %g‘?@%f’d'i‘a’g?a‘%%
or. 1ighitS hedh are r&, referring to a doEOR AEHBEP 6 Pelldhv, BiggeBing thabRteshs 6Fcontinued
anal yze acoustic refl ectance to:obtain shape measur enents, 1 ncluding

spectral ponitoring berperformsdpandsgreen; insticating hepragpnos of Buidis pulikely I suckn

w Il now be.described i.n copnecti wth Figs., 20a-20 t oul d ,be
inder ot 000 tEsBolds wouk et heealby one R b ErepeE R T o 0 e (S 75
i i ti g, g-ba i - Ol ; i ' ,gﬂp?% t
parti cﬂl a‘ri cong?ﬁ%@%{?g}?&%@t@ﬂ& ?l a%ttr?c())_sqgg?de. % %:s,gigl.,tairg nedi 3 o The
ef f usi on, plesarce ofj othePpathalegies cammiismberimkdigated asingethiskimd didisplay) dA tconested avld

t he user, e.g., doctor, trajned pe Sotﬂ%el or .. untrai ned_ personnel.
Fi gures 2vALOBSYiaisohsiysed anderm ithresholds toroyide a sispilasdispla¥accor dance

e o PO b SR har B RO BPRlps! 00 S6ERM e Bl S0P @
instruments may be made in accordance with the invention and directed to particular users or
10 diagnoses to be provided or suggested.

Having now descﬁbed a few embodiments of the invention, it should be apparent to
those skilled in the art that the foregoing is merely illustrative and not limiting, having been
presented by way of example only. Numerous modifications and other embodiments are within
the scope of one of ordinary skill in the art and are contemplated as falling within the scope of

15 the invention as defined by the appended claims. |

‘What is claimed is:
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clinical d| agn05| 's of "ear pathol ogies by trained professionals, such
as:-doctors MI‘ "’M | mary care providers. The device is preferabl-y
battery-ope ” dern | ow powe?” - ‘circuitry and power
conservation techni qdles st o*mi ni m ze power consunption. For exanpl e,

circuits preferably are used only when rEams ed and the system
automatically enters a.stand-b . hode Wne not. in use.

'n this elbodi mehfeviesor apalys sficastlactpngt: ptgn AL bakope AARPANIS S EBEADE o
tips 402 ﬁ%ﬁ?& %‘H?’R’ﬁl f Banf

I nt ended Edaﬁ}du‘r?é closely resenﬁ%édsﬁlte%ne ngs dHdi %?%tfl tou()fp‘{<3§iosclct?$()lc

debouncedfiegasidies 16 tHettpmpditic memtpamandachitlodsteas soumd refdeiedby édmponents of the
oscillator to obtain a neasurenent. This output of this

i nst r udeneatite peovide ameagirediagoustic reflectanserhaving A shppe ghataetetizedyp dhat device 501
Acoustic %co&g rlbut al so provides the nmeasure of the shape of the curve.
p VAl ue al so may be di spl ayed,

A nuneric or a corrected null val ue

may be di spl ayed sighagsibe 'éﬁalyiéi'ﬁawn% an Dt chiftleBtel B6 tckive ﬂie HeSateadRotdicl t S
out put 412 both the acoustic reflectance curve at 414 and the nuneric

resul ts 4feflectance drdlarpavput prabdipg ap mdieator Qf;al copditivd of ther e avhereinuige signal

i the. establ i shed ted in th
[iterat 8?34 B Ay Reron s, oM DSBS F A REIoR pihe meesiged sciustis oflerignss

nunber,, ﬁ)&:rg Dide e ﬁl V%gﬂvﬁé?&n B m&f%at%? &%Bét&nti‘ﬁlfy' ifdRAGMT 684 Yifie bFsight

graphlcal |splaye I nst runment
from the sound source to the tympanic membrane.

2. The device of claim 1, wherein the signal shape analyzer measures a rate of change of

the acoustic reflectance with respect to frequency.

15
3. The device of claim 2 or 1, wherein the measured acoustic reflectance has a null
indicative of resonance of the tympanic membrane at a given frequency and amplitude, and
wherein the signal shape analyzer measures the rate of change around the null.

20 4. The device of any of claims 1 through 3, wherein the acoustic reflectance measurement

system comprises:
a sound source which generates a plurality of incident sound waves, wherein each
incident sound wave has a different fundamental frequency;
a transducer position and constructed to receive and combine sound waves from the
25 sound source and sound waves reflected by the ear, wherein the transducer generates an electrical
signal indicative of a sum of the received sound waves; and
an envelope detector connected to receive the electrical signal from the transducer and

an output providing the measured acoustic reflectance.

30 5. The device of c;laim 4, wherein the envelope detector determines frequency domain -

components of the electrical signal from the transducer corresponding{gdlge frequency of the
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It may al so be d ovi de an additional menmory (not shown) for
st-:ori ng dat asum M \“““Ltri eval . By providing sufficient nmenory, -
mul tiple set medsdata may be stogeed

-25 - in the menory ln the hand- hel d i nstrunment for later plotting.

Buttons nmy be Ling. .
nmenory. g exaﬁﬁpfaéﬂ%d?t an rign etmghgreﬁg%lt@ {’%ﬁéstw(ilgcowzf lEﬁ%rgﬁbﬂtmy be

pr.ovi ded.elebhed siguhlt conespondiripeto tisefirst coefificienttof aiRouriet derientepeesenting thenor y

| ocation which stores the | ast peak data for later printing. The ear
bei ng t eslestrieabgignal. i dentified as Left or Right 5 on a printed record.
As an additional feature, two or nore sizes of replaceable tips and
~normal i zati on data

5 7 The device of any of claims 1 through 6, wherein the signal shape analyzer measures a

rate of change of a frequency domain component of the measured acoustic reflectance.

8. The device of claim 7, wherein the frequency domain component is a first coefficient of
-a Fourier series defining the measured acoustic reflectance.
10
9. The device of any of claims 1 to 3, 7 or 8, wherein the signal shape analyzer measures a
steepest slope of the measured acoustic reflectance on each side of the null and
determines an indicator of a condition of the ear according to the steepest slopes on
each side of the null, wherein the indicator is substantially independent of a line of sight from the

15 sound source to the tympanic membrane.

10. - The device of any of claims 1 through 9, further comprising:
means for comparing the output of the signal shape analyzer to a threshold to provide

an indication of a suggested diagnosis based solely on the electronically measured indicator.

20
11. ‘The device of any of claims 1 through 10, wherein the acoustic reflectance
measurement system comprises:
. means for normalizing the detected reflected sound by scaling the detected reflected
sound by a frequency response of open air.
25

12 A process for analyzing acoustic reflectance of an ear having a tympanic membrane,
including a step of measuring acoustic reflectance of components of the ear for a plurality of
frequencies by dir_ecting sound from a sound source to the tympanic membrane and by detecting
reflected sound, wherein the measured acoustic reflectance has a shape, characterized in the step

30 of electronically. measuring the shape of a region of the measured acoustic reflectance to provide

an indicator of a condition of-the ear, wherein the indicator is substatretateflidependent of a line
of sight from the sound source to the tympanic membrane. .
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may al so be pWI—ecLLng the age group being tested. For exanple,

siful t aneously the Left and R ght ear buttons may be used to
cause toggli ng”mmﬂ H'mﬂ Eﬁ Infant _90. tip calibrati.on. Switching to
infant operationm se er swept frequency range and internal 10

circuit gain while the inf ant tip adjusts the apparent canal |ength and
nodi fi es the acoustic | npedance. Nornalization data for the two types

of tips nmmy be Theprhedsvf@RimVQ] wherein tie step yf measuringlinctudesttheistep bEmeasuingar
re-normalization each time the tipis changed The status of the

cal i bratrmtaoffchanrec@frtb@ammrerﬂﬁ%es‘ﬂ @SEF‘%EHW“CX -or exanple, by

di splaying a correspondl ng "C'" or "I" on the graphic display and on

t he pl otted curve Fi gures 20c-20d illustrate another

embodi gre aghtgﬁcééér&@lmmrl 232 99] WAGER the itakilied acoustid RYIAh@ has Syl an
|nstrurrent cou used for determ ni ng when a child should be referred

f ]9 r iddieativsofresorinte MMpmmanbmne ot a giwer frefwangy andhamplitudetandeness
of a treatnment regine reeni ng jnstrupent accor din t he
present | Whersm;the Step O?H’Fm 1{1‘3"‘%@ @Wﬁ%@t’m °R & PLhve gthe% 1gcr eeni ng

instrument, for use by non-specialists. The primary use of the screening
instrunent is 20 |likely to be for screening children over six nonths of

age for cig.oni CThe gebcessarfiang bf claingsl X tidrigh 14, whereirethe stepaif neaswring azoustive
device preferably 1s a | ow power, stand-alone, battery operated
[ nstrdﬁemeﬂmt@mpeamrsefr'@ms&?@éaﬁl e batteries or optional rechargeable

2 g;ts Z{ r/:ts i 0 lnt t ESM ﬁg.raﬂhty ?Wclﬁlexﬁ%ﬁ)ﬁ:?c{]%gvéé' Gvﬁ?ﬂlefé{] %ﬁc&%&&%‘f‘%und wave has a

Ze power consu
different fundamental frequency;

receiving and combining sound waves from the sound source and sound waves reflected
by the ear from the sound source with a transducer, wherein the transducer generates an electrical
15 signal indicative of a sum of the received sound waves;
detecting an envelope of the electrical signal from the transducer to provide the

measured acoustic reflectance.

16. The process of claim 15, wherein the step of detecting the envelope includes the step of
20 determining frequency domain components of the electrical signal from the transducer

corresponding to the frequency of the incident sound waves.

17. The process of claim 16, wherein the step of determining frequency domain
components includes the step of computing the energy of the electrical signal corresponding to

25 the first coefficient of a Fourier series representing the electrical signal.

18. The process of any of claims 12 through 17, wherein the step of measuring the shape of
a region of the measured acoustic reflectance includes the step of measuring a rate of change ofa
~ frequency domain component of the measured acoustic reflectance.
30 - -
19. The process of clair_n 18, wherein the frequency domain cormponllicisé first coefficient

of a Fourier series defining the measured acoustic reflectance.
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exanple, circuits preferably are used only when required and the system
automatical ly ej;ml Mﬂl uﬁl&u -by node when not in use. “In
a preferred enb runent h a hand piece 400 with

3

repl aceabl e tigsoI 202" that cont act 'fﬁ@’pati‘ent. The shape of the hand
pi‘ece is _intended to nore closely resenbl e hat of fhe _.ubi qui.t qus
ot oscope20.A dedgHEecss r%f"f?&%‘ﬁ éﬁ thgg H%sorﬂlgeg’g‘%mo els{?g °6§GF’§?‘8°%§'US e
a. sweep %Fg'ﬂﬁl Oc%%ﬂrlsg%ﬁfese% ghtain a measurenment. 30 For

SCH & Sott

pur poses™o crfeening pgt of such an instrunent may be a two |ight
di spl ay. EietroticRlly nr@suring adsteepest glvpe of theahexsantdlacoistis reffectanee on eadh
406 indicates "fluid unlikely” and a red LED 410 indicates "fluid
p(2355| bl esideof themdl;pat hol ogy. It may al so be desirable to have a

- 26- determining an indicator of a condition of the ear according to the steepest slopes on
each side of the null, wherein the indicator is substantially independent of a line of sight from the

sound source to the tympanic membrane.

21. The process of any of claims 12 through 20, further comprising the steps of:
10 comparing the indicator to a threshold to provide an indication of a suggested diagnosis

based solely on the electronically measured indicator.

22. The process of any of claims 12 through 21, wherein the steps of measuring acoustic
reflectance comprises the step of:
15 normalizing the detected reflected sound by scaling the detected reflected sound by a

frequency response of open air.

23. Apparatus for obtaining a measure of acoustic reflectance of an ear having a tympanic
membrane, including a sound source for generating a sound wave cqntaining components at a

20 plurality of frequencies and for directing the sound wave towards the tympanic meinbrane, and a
transducer for receiving sound waves both from the sound source and as reflected from the ear
and for generating an electrical signal indicative of a sum of the received sound waves,
characterized in that the apparatus further comprises:

an envelope detector for i_'eceiving the electrical signal from the transducer and for

25 selecting at least one frequency domain component of the electrical signal corresponding to the

frequency of the incident wave as an indicator of an envelope of the electrical signal

representative of the acoustic reflectance of the ear.

24. Method for obtaining a measure of acoustic reflectance of an ear having a tympanic

30 membrane, including:

generating, using a sound source, a sound wave containinm at a plurality of

REPLACEMENT SHE
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screening device with three or nore lights as an output. For exanple, such
a device may have lights which are-r3dd, referring to a doctor; anber
or yellow, suggesting that retesting or continued nonitoring be
perforned; and ﬁe@iemgsonddmwmmﬁemahes@nmoufcefamaﬂmmcmdrﬁommpearn such
a deV| ce two threshol ds woul d be used, typ| ca in the range of
70 to 90 mgmgagelegmcabs@aémdy@@weegys@n@ es"é%%Yﬁiiy SWF%W% t he range

of 80 to 100 de ar.ound 9 of ot her
pat hol ogi es can%?é%gﬁglegﬂd)rngmaelﬁgﬁﬁgﬁﬁ%&%%nngte&m%ele%g% corrected
nul | oﬁ%'f,ﬁtﬁmdﬁ@fto%éﬁe@%nuﬁ Bethe AstidaiRavess idindivare b6 hs entelogerefithele a
simlar dcsp ay It should be understood that the :

|nstrusrerﬁlecméalﬁ@alreﬂmentm@ertm:zmustmlaﬂyctamemfrtheear instrunents may be
made in accordance with the invention and directed to particular users or

10 di agnoses—t+e—be—provided—or—suggest ed. Havi ng now

descri bed a f the invention, it should be apparent to
t_ho_se_skilledm im“i he foregoing is nerely illustrative and not

limting, havi ent ed by way of exanple only. Numerous

nodi fications and ot her enbodl ments are within t he scope of one of
ordinary skill in the art and are contenplated as falling within the scope
of 15 the invention as defined by the appended cl ai ns. What

is clained is:

REPLACEMENT SHEFT

AMENDED SHEET



o oéagh/;gél-1'7lu

Cl ai s 1. A device for analyzing acoustic reflec?

havi ng a tynpani ¢ nenbr ane, I ncl udi ng an acoustic reR@/HSelg APR‘IQBB
measur enent system which directs sound of a plurality of requenci es
to.the tynpanic nmenbrane and which detgﬁbs sound reflected by conponents of
the 5 ear to provide a measured acouSti‘’c refl ectance having a shape,
characterized in that device further conprises: a signha
shape anal yzer having an input connected to receive the @9ur ed acoustic
refl ectance and an out put providing an indicator of a cgfidition of the ear,
wherein the signal shape anal yzer el ectronical pQsures the shape of
a region of the neasured acoustic reflectance 10 svhde the indicator,
and wherein the indicator is substantially indepg a |ine of sight

ndg

106

106
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fromthe sound source to the tynpani c nenbrane. 2. Olﬂs ci]e9i AP f1995

claim1, wherein the signal shape anal yzer neasures a rate of change of °

the acoustic reflectance with respect tQ _frequency. 15 3. The
device of claim2 or 1, wherein the mZ{d8r ed acoustic reflectance has a
nul | i ndi cative of resonance of the tynmpanic nenbrane at a given
frequency and anplitude, and - wherein the signal shape anal yzer :
measures the rate of NYE&IQ® arcund the null. 20 4. The devi ce of any
of claims 1 through 3, rein the acoustic reflectance neasurenent
system conpri ses: A a sound source which generates a plurality
of incident sound waves, | wherein each i nci sound wave has a
di fferent fundanmental frgquency; ansducer position and
constructed to receive apd c iKhe sound ﬂ& fAm t he 25 sound source and
sound waves reflected byjthe oi oA sducer generates an
el ectri cal W"WUUUUUU U
U
! ~—— FREGUENCY | Fig. 2
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signal ‘i ndicative of a sumof the received sound waves;pamus 96/016]37 D

envel ope detector connected to receive the electrical sigpalesf t f
transducer and an out put providing the neasured acous{mﬂlggcmgnAPR‘lggs

30 5. The device of claim4, wherein the envel ope detector determ nes

frequency domain conmponents -of the&Abectrical signal fromthe

transducer corresponding to the frequency of the I nci dent sound waves.
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6. The device of claim5, wherein the envel ope det nzngs phe 1
energy of the el ectrical signal corresponding to tggaq7UE§ fltlent‘
.of ‘a Fourier series representing the el ectrical fil

The device of any of clainms 1 through 6, wherein the s% Uﬁagesaﬁfgﬁgﬁﬁ
measures a rate of change of a frgﬂﬂsncy domai n conmponent of the
measur ed acoustic reflectance. The device of claim?7, wherein
t he frequency donain conponent is a first coefficient of a Fourier
series defining the measured acoustlc refl ectance. 10 9. The
device of any of clains 1 to 3,'7 or 8 wherein the signal shape anal yzer
nmeasures a st eepest sl ope of the nmeasured acoustic reflectance on each
side of the null and determ nes an indicator of a condition
of the ear according to the steepest slopes on each side of the null
wherein the indicator is substantially independent of a line of sight from
the 15 sound source to the tynpanic nenbrane.
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10. The device of any of clainms 1 through 9, furt her” co |%6/011 0
means for conparing the output of the signal shape anal yzer to aﬁﬁﬂﬁﬁﬂkiggﬁ

to provide an indication of a suggested di agnosis b

el ectronically measured indicator. 20 11. The de of any of
cl/aims 1 through 10, wherein the acoust$ﬁ9r efl ect ance measur enent
system conpri ses: neans f normal i zi ng the detected
reflected sound by scaling the detected reflected sound by a frequency
response of open air. 25 12. A process for anal yzing acoustic

refl ectance of an ear having a tynpani c menbrane, including a step of

measuri ng acoustic refl ectance of conponents of the ear for a plurality of
frequencies by directing sodBd froma sound source to the tynpani c nmenbrane
and by detecting ref lmci.ed sound, wherein the neasured acoustic

refl ectance has a shape, Qﬁqgacterized in the step 30 of electronically
nmeasuring the shape of a rggkon of.the nmeasured acoustic reflectance to
provi de an indi cator thfZa condition of the ear, wherein the indicator

is substantially independ&rg of a line
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of sight fromthe sound source to the tynpani c menbrane. | 3611
The process of claim 12, wherein the step of neasuring inMStﬁebs(e%- 7(
measuring a rate of change of the acoustic reflect ance-q’rom ?
frequency. 5 14. The process of claim 12 or 13, whergi Srg UABR‘]QQI
acoustic reflectance has a null indicative of resonance of the tynpanic
menbrane at a given frequency and anpliéft®, and
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wherein the step of rreasurl ng i ncludes neasuring the ragae M n

the null. 15. - The process of any of clains 12?1&{ 3996\53)1\17 D
the step of neasuring acoustic 10 reflectance conprises Q :
generating a plurality of incident sound waves, wherein e bﬁnﬁeﬁg ARRJQQB
wave has a di fferent fundanental 2? ncy; recei ving and
conbi ni ng sound waves fromthe sound so e and sound waves reflected

by- the ear fromthe sound source with a transducer, wherein the transducer
generates an electrical 15 signal indicative of a sumof the received

sound waves; detecting an envel ope of the electrical signal
fromthe transducer to provi de the n¥asured acousti 87t ef | ect ance.
16. The process of cl &dm 15, wher ei n t\he step of _det ebgl ng the envel ope
i ncl udes the step of_20 termnin frecwency dongi n onenks of the
el ectrical sygpreR frlom the transducker Ror r spor|di n% t hel f EMVELOREY of
i nci PLIFIE > PASS > -
the incident sgun \RREQMPLIFIER g CONVERTER
K2 o :
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17.. The process of claim 16, wherein th
domai n conponents includes the step of
el ectrical signal corresponding to 25 the
series representing the electrical signal.
of clainms 12 through 17, wherein the sézﬁ%
regi on of the neasured acoustlc refl ec

a rate of change of a frequency donmai
acoustic reflectance. 30 19 The p
frequency Vi AUbbnponent is a* first coe
defi ni ng trépnpasured acoustic refl ectance.

e step of deter
conputing the
first coeffl ci

T8 BT 17
HOAIS.TY.KHR1998

of neasurlng t he shape of

e includes the step of neasuring
n conponent of the measured
rocess of claim 18, wherein the
fficient of a Fourier series
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-30 - 20. The process of any of clains 12 to 14, m%\be/eorl 17

the step of electronically nmeasuri ng conprises the st 0f.: :
el ectronically nmeasuring a steepest slope of the neasured S 19 APR1QQS
er

ref.l ectance on each side of the null; 5 det ning an

i ndi cator of a condition of the ear aq%qulng to the steepest slopes on
each side of the null, wherein the indicator is substantially independent
of: a I'ine of sight'fron1the -sound source to the tynpani c nmenbrane.

21. The process of any of clains 12 through 20, further conprising the
steps of: 10 conparing the indicator to a threshold to provide an
I ndi cation of a suggested di agnosi s based solely on the electronically

measur ed i ndi cat or.
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22. The process of any of clains 12 through 21, wherein the steps of

-

nmeasuri ng acoustic refl ectance conprises the step of: 15
normal i zing the detected reflected sound by scaling the detected reflected
sound by a frequency response of - open air. 23. Appar atus for

obt ai ning a neasure of acoustic reflecg of an ear having a tynpanic
menbr ane, including a sound source for g@ﬁﬁrating a sound wave contai ni ng
conmponents at a 20 plurality of frequencies and for directing the sound
wave towards the tynpani c nenbrane, and a. transducer for receiving
sound waves both fromthe sound source and as reflected fromthe ear

and for generating an electrical signal indicative of a sumof the received
sound waves, characterized in that the apparatus further conprises:

an envel ope detector for receiving the electrical signal fromthe
transducer and for 25 selecting at |east one frequency donmai n conponent of
the electrical signal corresponding to the frequency of the incident
wave as an indicator ofsan envelope of the electrical signal «
representative of théEé&oustic refl ectance of the ear. 2 =2

o3 NN
=
2% NE
S > E =
49 <l H @
- Bl E || &
) = [74]
_ =N\ e Oil a a
: Og B =]
< B
=4 =<
s o
g: >2 ° ]
S| 23 S 2l A
i 22 ] A vl
o o] - 5
4 Sé g: I.IJE
25 o8 85
| = 3 8| 5
o= LLd = S= —
I
=|w > o Z O
& Q SEG o ®)]
= S 2w i A o
g T\ 225 = e
Qo L'TJ 50 <Z[|.|.l
=\ 965 w y <=%
| ez
355 2| 8= 329
=52 < ol >0
0O & o
— 3 o
2 0 N g
Z ~ O
o) e =
o e = |2
% =N © " O
N g% g z
& -
3 I, el ‘
L (o]
O Eu.: Bl
w> o>
g g
SEEH
" 2 o]

AMENDED SHEET




24. Met hod for obtaining a neasure of acoustic reflectance of an ear
having a tynmpanic 30 nenbrane, including: ~ generating, using
a sound source, a sound wave containing conponents at a plurality of
frequencies and for directing the sound wave towards the tynpani c nenbrane,
AVENDED SHEET -31 -
recei ving sound waves both fromthe souffigource and as reflected fromthe

ear,
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generating an electrical signal indicative of a sum m&péi'&eﬁ s&ur{d? O

waves, and -sel ecting at | east one frequency onponeqt
of the electrical signal corresponding to the freque e 4incih eMQQB
wave as an indicator of an envelope of the 5 electrical signal

representative of the acoustic reflect]%?_lcge of the ear.
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WO 96/ 23293 ' ' PCT/ USQF m 0 f[“ 17 0
- 32 - reflected fromthe sound source to generate™ ect

signal indicative of a sum of the recei ved sound Wa\astus %b agDPaISQB
enyel ope of ‘the signal indicative of acoustic reflectancdtéf t he ear,
characterized in that the process further conprises a step of:

el ectronically nmeasuring the shape of a region of the acoustic reflectance
signal to 5 obtain information indicative of a condition of the ear and
substantial Iy i ndependent of a {ine ofl3/19 sight fromthe sound source to

the tynpani c nmenbrane. 33. Apparatus for obtaining a neasure of
acoustic reflectance of an ear having a tynpanic o
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rrehb,r.ane, I ncludi ng a sound source for generating a nd Wave np &l Ai Ag
conponents at a 10 plurality of frequencies and for ectmggtcée az'ng'? O _

wave towards the tynpani c nenbrane, and a t ransducer for celv

sound waves both fromthe sound source and as reflecﬁgl ﬁ%gs
and for generating an electrical signﬁ dicative o nTof the ‘recei ved
sound waves, characteristic int é{ he apparatus further conprises:

an envel ope detector for receiving the electrical signal fromthe
transducer and for 15 selecting at |east one frequency donai n conponent of
the electrical signal corresponting to the frequency of the incident
wave as an indicator of an envelope of the electrical signal

representative of the acoustic reflectance of the ear.
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A device or a process for analysis of
acoustic reflectance of components of an ear
involves directing, into the ear canal, acoustic
waves covering a range of frequencies includ-

MEASURING THE SHAPE OF AN ACOUSTIC REFLECT ANCE

l o

.ng resonance frequencies of ear components-
such as the tympanic membrane. Measure-
ments are made without pressurizing the ear
canal and contact between the device and the
ear does not need to be air-tight, Accordingly,
the patient experiences essentially no discom-
“fort from use of the device. The device de-
tects and combines the incident and reflected

o
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MICROPHONE

waves to produce what is called an acous-
tic reflectance curve. The shape of a region

fd

211
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26 ouTAUT

of the acoustic reflectance curve is electroni-
cally measured in order to obtain an indicator
of ear condition which is substantially inde-
| pendent of a line of sight between a sound

L]

TRANSOUCER INPUT

source and the tympanic membrane. This indicator is based on a mesurement of the monmcechamctensuc.orﬁ'eedomofmonon, of
the tympanic membrane or other ear component being analyzed. One such measurement is the rate of change of the acoustic reflectance
 with respect to frequency. Since resonance typically causes a null to appear in the acoustic reflectance curve, this measurement of the rate
of change is particularly informative if measured around the null. The rate of change measured around the nuil may be presented as an
- angle measurement, a gradient or slope measurement, a width measurement, or other form of measurement of the shape of the null. In
one embodiment, the steepest slopes on either side"of a null are used to define an angle, herein called a spectral gradient. Diagnosis of an
ear pathology, such as abnormal pressure or presence of fluid in the middle ear or such as conductive hearing loss, may be based on this
measure alone. Because of the rate of change of an acoustic reflectance measurement is relatively constant for a'given ear, regardless of
the quality of the line of sight to the tympanic membrane, the effect, if any, of user training on such measurements is significantly reduced.
Accordmgly, the process and device of the invention are useful in many kinds of diagnostic situations with Tespect to ear pathology, but
particularly in those mvolvmg screenmg of the ears of young children for common pathologles such as otitis media, even by untrained

personnel,
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