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METHOD AND APPARATUS FOR EVALUATING DYNAMIC MIDDLE EAR MUSCLE
ACTIVITY

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U. S. Provisional Application No.
61/422,296, filed December 13, 2010, which is specifically incorporated by reference to
the extent not inconsistent with the disclosure herein.

BACKGROUND OF THE INVENTION

[0002] Our ability to listen to human voice in background sounds is dependent on
the function of our middle ear muscles. The dynamic regulation of the middle ear
muscles function as an “anti-masking” mechanism to enable the extraction of human
voice from background sounds. As the acoustic features of our modern work and living
environments have become more complex and often noisy, our ability to follow verbal
instructions is dependent on the adequate functioning of the middle ear muscles.
Currently, middle ear muscle function is monitored through clinical tympanometry and
acoustic reflex testing, which do not measure the time-varying nature of the middle ear
muscles tension. Those clinical tools, although sensitive to severe damage in the neural
regulation of the muscles and gross deformations of the bone structure, are not capable
of monitoring the dynamic changes in muscle tension necessary to dampen extraneous

sounds in the background and to foster the intelligibility of human speech.

[0003] Current state of the art: In clinical audiology middle ear function is typically
assessed in two ways, tympanometry and acoustic reflex (AR) threshold testing.
Tympanometry seals a probe in the auditory canal, applies positive and negative
pressure to the outside of the eardrum, and records the volume of the space between
the probe and eardrum. Tympanometry can reveal perforations in the eardrum and
structural abnormalities in the chain of bones in the middle ear. AR threshold tests
measure contraction of the middle ear muscles in response to loud noise. This reflexive
contraction is assumed to protect the inner ear by increasing stiffness in the chain of
bones. Since the contraction functionally reflects more of the incoming acoustic energy
away from the middle and inner ear, AR tests were first based on acoustic immittance
and later upon acoustic reflectance measurements. AR tests use either pure tones or
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broadband noise to elicit the contraction. In testing AR, stimuli are presented at

increasing intensity levels until the smallest reliable change in reflected energy
necessary is recorded. AR thresholds indicate if and at what intensity the middle ear
muscles contract. The existence or lack of a reflex contraction and the intensity of
acoustic challenge required to obtain it are relevant clinical features but further
parameters of the middle ear muscle function are typically not measured, including

resting tension on the middle ear muscles in an active listening environment.

[0004] Various devices are disclosed that can be configured for measuring
acoustic reflectance, such as U.S. Pat. Nos. 6,048,320, 5,792,072, 3,949,735,
3,757,769, EP Pub. No. 0674874. Those devices and methods, however, do not
provide an input sound that is appropriate for assessing the state of a fully activated
middle ear. In particular, certain prior art devices are relevant to a static ear in silent
environment, as reflected by the prior art that is confined to sound input in the form brief
impulses, such as about 100 msec and less.

SUMMARY OF THE INVENTION

[0005] Methods and devices of the present invention provide a rapid, sensitive,
reliable and non-abrasive means for evaluating status of the middle ear, including the
tension of middle ear muscles. This is relevant as the status of middle ear muscles
impact the ability of the middle ear to absorb/reflect sound waves, thereby impacting
hearing and sound processing. The middle ear, however, is difficult to characterize in
that there are related confounding parameters, including not only the status of the
muscles, but the vibration of the interdependent ossicles and also the tympanic
membrane. Accordingly, there is a need for methods and devices to better assess
status of dynamic middle ear muscle activity, in contrast to methods and devices that

assess the status of the static middle ear.

[0006] The methods and devices are particularly useful in assessing clinical
disorders, including providing information that may be used to determine whether a
particular disorder may be relevant for a given individual. Examples include autism,
post-traumatic stress disorder, and language delays associated with the processing of
human speech in day-to-day environment (e.g., noisy). A substantial fraction of all
autistic individuals report auditory hypersensitivities and the underlying mechanism for
most is related to the middle ear muscles. Many of the clinical symptoms associated
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with “central auditory processing” problems are, in fact, due to the “transfer” function of

the middle ear structures. If the information (higher harmonics of human speech) is
disrupted by the middle ear and not getting to the inner ear, the relevant information for
speech processing and language development cannot get to the brain for processing.
Accordingly, dynamic middle ear assessment and evaluations is important, making tools
that access that assessment and evaluation important and relevant.

[0007] Provided herein are various methods, and devices for implementing any of
the methods, such as for evaluating dynamic middle ear muscle activity in an ear.
Similarly, the method may also be described as measuring a resting tension of middle
ear muscles in a subject. Because the method does not rely on subject response, the
measure of dynamic middle ear muscle activity and status is objective, fast and reliable,
having good repeatability.

[0008] In an embodiment, the method is for evaluating dynamic middle ear
muscle activity in a subject having ossicles by introducing a non-harmonic acoustic input
to an ear of the subject. The non-harmonic acoustic input is specially configured to
ensure appropriate movement of the ossicles by use of a comb input that includes
frequencies in each of a low frequency range, a middle frequency range and high
frequency range. The three frequency ranges span an input frequency range. In an
aspect, the frequency range is at least greater than or equal to 100 Hz and less than or
equal to 10,000 Hz, such as greater than or equal to 50 Hz and less than or equal to
15,000 Hz, and any sub-ranges therein, as desired. The method is particularly
applicable for an ear having an intact ossicle chain having ossicles capable of
movement in ossicle directions. In this manner, the non-harmonic acoustic input
generates movement of the ossicles in all available ossicle directions. The movement of
ossicles in all available ossicle directions by the input is referred to as a middle ear that
is “dynamic”. Various other conventional devices in the art, in contrast, suffer from the
limitation that the ossicles are not necessarily moving in all possible directions, so that
any measurement from those devices and methods cannot be characterized as
“‘dynamic”. The reflected energy from the ear is measured during the non-harmonic
acoustic input that generates movement of the ossicles in all available direction, thereby
evaluating dynamic middle ear muscle activity. In an aspect, the reflected energy is
measured by any of the devices provided herein.

[0009] Although the methods provided herein are not limited to any particular

frequency range, in one aspect the low frequency range is less than or equal to
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approximately 1000 Hz; the middle frequency range is greater than approximately 1000

Hz and less than approximately 3000 Hz; and the high frequency range is greater than
or equal to approximately 3000 Hz.

[0010] In an embodiment, the measuring step has a measuring time period and
the non-harmonic acoustic input is continuously introduced to the ear during the
measuring time period. In an aspect, the time period is about 0.5 seconds, about 1
second, about 10 seconds, or is greater than and equal to 0.5 seconds and less than or
equal to 10 seconds.

[0011] In an aspect, the non-harmonic acoustic input is continuously introduced to
the ear for a time that is greater than or equal to 0.5 second and, optionally, less than or
equal to 20 seconds.

[0012] In an embodiment, the reflected energy is measured over a measuring
frequency range and dynamic middle ear muscle activity is obtained as a function
frequency. The measured reflected energy, such as a magnitude, is optionally
displayed or otherwise quantified and communicated to the subject or the researcher. In
an aspect, the measuring frequency range is selected from a range that is greater than

or equal to 200 Hz and less than or equal to 5000 Hz.

[0013] In an embodiment, the evaluating is by obtaining a magnitude of the
reflected energy at a measured frequency. In an embodiment, the evaluating is by
obtaining a phase shift of the reflected energy at a measured frequency. In an aspect,
the method further comprises comparing the obtained magnitude against a reference
from a normal subject, or from a population of normal subjects. In this manner, the
magnitude of the reflected energy over a range of measured frequency can be
compared to a reference.

[0014] The method can be used with any number or variety of algorithms useful in
comparing values or data plots. For example, the most straightforward algorithm is
calculating a difference between the obtained magnitude and the reference magnitude
at a one or more measured frequency that is within the range of measured frequency.
More complex and/or fine-tuned algorithms may be used to more precisely detect
differences between a subject and reference, such as by weighting values at a certain
frequency, frequencies, or ranges to provide greater emphasis to the differences at
certain frequencies. Accordingly, a composite measure may be calculated by weighting
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at a one or more weighted frequency value. In an aspect, the weighted frequency value

corresponds to a frequency associated with an atypical hearing condition or a sound
processing defect. This aspect recognizes that, depending on the atypical condition,
certain frequencies may be more relevant than others. Similarly, depending on the

subject, certain frequencies may be more relevant (e.g., young versus old).

[0015] In an embodiment, any of the methods further relate to using an algorithm
to provide quantification of the reflected or absorbed energy in terms of typical/atypical,
normal/abnormal or pass/fail, for one or more conditions. Other parameters besides a
weighted frequency may be used to provide more tailored or specific information. For
example, areas or shapes defined by the curve over a frequency range. One useful
portion of the curve is the profile in the region of the higher formants of speech, such as
about 1200-3500 Hz. The width and depth of a bowl or cup region of the plotted data
can be used to provide statistical information useful in providing information as to
whether a subject is atypical, such as a description of the cup width (e.g., inflection point
position), depth of the cup, curvature or slope at particular frequencies, etc.

[0016] In an aspect, the atypical hearing defect is difficulty in hearing speech in a
noisy environment and the weighted frequency value is selected from a frequency that is
greater than 1300 HZ; hypersensitivity to speech and the weighted frequency value is
selected from a frequency that is between about 1300 Hz and 4000 Hz; hearing loss
and the weighted frequency value is selected from a frequency that is between about
1000 Hz and 5000 Hz; hypersensitivity to noise and the weighted frequency value is
between about 50 Hz and 1000 Hz; or impaired language development and the
weighted frequency value is greater than 1300 Hz. Other parameters useful may be
used by an algorithm. For example, an area under or between curves may be
calculated. The curvature, profile depth and/or profile width may be quantified and used
to assist in quantifying the difference between the subject and reference.

[0017] In an embodiment, the comb input comprises a plurality of components
each having a non-harmonic frequency, said components spanning a frequency range
that is greater than or equal to about 50 Hz and less than or equal to about 15000 Hz.

In this manner, the comb input spans the vibration modes of the ossicles. In an aspect,
at least two components are provided in each of the low, middle and high frequency
ranges. In an aspect, the components have a total number selected from a range that is
greater than or equal to 3 and less than or equal to 100. In an aspect, the component

number is greater than or equal to 10 and less than or equal to 20. In an aspect, the
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component number is 15. In an aspect, the comb input comprises components that are

not integer harmonics.

[0018] In an aspect, the components have substantially equivalent power levels
to the other components, and said power levels remain substantially constant during
said introducing step. In an aspect, the components each have the same power level.
In an aspect, the power or amplitude of the components is selected to be sub-threshold
or substantially sub-threshold, so that an acoustic reflex response of the middle ear

muscles is avoided.

[0019] In an embodiment, any of the methods provided herein further comprise
selecting the comb input to minimize or avoid generating standing waves of air pressure
on the reflected energy. In this manner, harmonic components with respect to the ear
canal are avoided. In addition, integer harmonics within the comb input are avoided

(e.g., no component is an integer multiple of another component).

[0020] In an aspect, each component is a non-square wave having a full-width at
half-maximum that is less than or equal to 10 Hz, less than or equal to 5 Hz, or less than
or equal to 1 Hz.

[0021] Any of the methods provided herein optionally relate to an evaluating step
that is determining the difference between the measured reflected energy and a normal
reflected energy from a normal subject. In an embodiment, the middle ear muscle

activity is identified as atypical.

[0022] Any of the methods related to obtaining information useful for diagnosing a
middle-ear related abnormality, wherein the abnormality is selected from the group
consisting of: conductive hearing loss; auditory processing deficits; noise
hypersensitivity; speech hypersensitivity and speech hyposensitivity. In an aspect, the
information corresponds to higher reflected energy at a higher frequency, wherein the
higher frequency is greater than or equal to 1000 Hz, 1200 Hz, 2000 Hz, or is between
1200 Hz and 4500 Hz.

[0023] In an embodiment, the method further comprises quantifying dynamic
middle ear muscle activity for a subject suspected of a clinical disorder or under a
therapeutic treatment of a clinical disorder. In an aspect, the clinical disorder is autism,
post-traumatic stress disorder, language delay, language disorder, or hearing disorder.
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[0024] Any of the methods provided herein may be performed on the left ear, the

right ear, or both left and right ear, such as simultaneously or separately and
sequentially. In an aspect, the method further comprises presenting a middle ear muscle
acoustic challenge to an ear contralateral to the ear in sound-wave communication with

the non-harmonic acoustic input.

[0025] The methods and devices provided herein can be useful in assessing the
effectiveness of a therapeutic intervention, such as by the subject with a therapeutic
intervention and monitoring the effectiveness of the therapeutic intervention by repeating

the evaluation of dynamic middle ear activity after the therapeutic intervention.

[0026] In an aspect, any of the methods provided herein further comprise
introducing a probe tone to the ear at a frequency and intensity selected to minimize
variation in the reflected energy across different subjects.

[0027] In an embodiment, any of the methods disclosed herein may be described
as measuring a resting tension of middle ear muscles in a subject having an intact
ossicle chain by exciting each ossicle of the ossicle chain by introducing a non-harmonic
acoustic input to an ear of the subject, thereby causing each of the ossicles to move in
all available ossicle movement directions. In other words, the input frequencies are
selected so that the ossicles vibrate in all modes, thereby fully extending the ossicles in
each mode (range of motion). Reflected energy from the ear during the non-harmonic
acoustic input that generates movement of the ossicles in all available directions is
measured, thereby measuring the resting tension of middle ear muscles. In an aspect,
the measured resting tension of the middle ear muscle provides information useful in
diagnosing a hearing or psychiatric condition. In an aspect, the acoustic input is sub-
threshold or substantially sub-threshold. In an aspect, the acoustic input, or a portion
thereof, is at or above threshold, so that the subject undergoes an acoustic reflex, and
the device or method provides information related to muscle activity before, during
and/or after the acoustic response. In one embodiment, overlaying the comb input is a
probe input of a selected frequency and intensity sufficient to elicit an acoustic reflex

response.

[0028] In an embodiment, any of the methods described herein provide a high-
reliability status of the middle ears of both ears of the subject is assessed in an
assessment time that is fast, such as less than or equal to five minutes. In an



10

15

20

25

30

WO 2012/082721 PCT/US2011/064602
embodiment, the method is characterized as non-intrusive or non-abrasive, in that the

need for chirping, clicking or other audible sounds is not necessary.

[0029] In another embodiment, provided is a device for measuring a resting
tension of middle ear muscles in an active ear of a subject. In an aspect, the device
comprises a signal generator for generating a steady-state non-harmonic acoustic input
comprising a comb input; a speaker for emitting a sound wave that is generated from
the signal generator; a probe containing the speaker for positioning the speaker in
sound-communication with an ear. The emitted sound wave vibrates ossicles of an
intact ossicle chain of the ear in all available ossicle directions. A microphone is in
sound wave communication with the speaker for detecting a reflected sound wave of the
emitted sound wave during ossicle vibration in all available ossicle directions and a
processor for calculating changes in an acoustic transfer function from middle ear
muscle movement based on a reflectance phase shift or magnitude change between the
emitted sound wave and the reflected sound wave. The emitted sound wave, detected
reflected sound wave, and calculated acoustic transfer function are continuous and

synchronized with the emitted sound wave.

[0030] In an aspect, the acoustic transfer function is calculated by spectral
analysis with frequency dependent resolution having a tolerance for each component of
the comb signal within 0.1 radians per second, thereby minimizing effects of bodily

noise.

[0031] In an embodiment, the comb input comprises a plurality of components
each having a non-harmonic frequency, the components spanning a frequency range
that is greater than or equal to about 50 Hz and less than or equal to about 15000 Hz,
and at least one component is in each of a low frequency range that is less than or
equal to about 1000 Hz, a middle frequency range greater than approximately 1000 Hz
and less than approximately 3000 Hz; and high frequency range greater than or equal to
approximately 3000 Hz.

[0032] We describe a new assessment method and apparatus to dynamically
evaluate the temporal features of middle ear muscle function. Middle ear muscle
function is thoroughly characterized by monitoring the acoustic transmission properties
of the measured ear, the acoustic transfer function (ATF). As used herein, “ATF” refers
to the formula which relates incoming sound energy, measured at the eardrum, to
perceived sound energy, as exists within the sense organ of the cochlea. The ATF
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encompasses the two parameters of this frequency dependent formula, magnitude and

phase. Acoustic energy reflectance at the eardrum is inversely related to the ATF. The
Reflectance Transfer Function (RTF) relates incoming sound energy within the ear canal
to outgoing sound energy at the same position in the ear canal. As used herein
“reflectance properties” refers to components of the total RTF. Contraction of the middle
ear muscles alters the ATF and the RTF. The method and device estimate a subject’s
ATF from a baseline measure of the RTF, the energy reflectance properties at one or
more frequencies. The method and device quantify changes in the RTF in both the time
and frequency domain. The technology has applications in clinical audiometry as well as
in the identification of potential mechanisms underlying or contributing to several clinical
features including hyperacusis, central auditory processing difficulties, and difficulties in

listening to speech in noisy environments.

[0033] The methods and devices described herein facilitate the extraction of new
information describing middle ear muscle function that is not attainable through either
tympanometry or AR threshold testing. A new method is described for tracking changes
in the energy reflectance properties of the tympanic membrane. Middle ear muscle
contraction alters the ATF and also these reflectance properties. Due to individual
differences in physical structure and neural regulation, the functional impact of muscle
contractions varies widely between individuals. Within individuals, middle ear muscle
function is variable as muscle tone varies from flaccid to contraction. The new
technology provides an opportunity to assess both supra- and sub- reflexive levels of
contractions and to measure changes in middle ear muscle status in response to
various acoustic challenges (e.g., words in noise, music, etc.), as well as psychological
state (e.g., anxiety, focus, etc.). Thus, the method provides the first demonstration of
dynamic adjustments of the middle ear muscles at and below the threshold required to
elicit the AR, and the capacity to measure, assess and make diagnosis based on one or
more measured parameters related to middle ear muscle activity including a reflected
sound wave phase shift and reflected sound wave change in intensity or magnitude at

one or more carrier frequencies within a probe tone.

[0034] Provided herein are methods and devices for evaluating dynamic middle
ear muscle activity. The methods and devices provide increased sensitivity, including
evaluations in the sub-threshold stimulus range and expanded temporal resolution.
Conventional methods, in contrast, provide evaluation related to a response at a
measured threshold stimulus that elicits an AR. In an aspect, the invention measures a
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property of a sound wave that is generated from the probe, and subsequently reflected

off the eardrum, such as by measuring the reflected sound wave energy (e.g., intensity
or magnitude) or by the phase shift of the reflected sound wave. In an aspect a plurality
of pure tones are combined in the probe sound wave, and the phase and magnitude of
each component of the reflected wave is tracked. In an aspect the individual phase and
magnitude signals are combined to create a more sensitive global measure of middle
ear muscle function. Movement of the middle ear impacts the movement or properties of
the eardrum, which in turn will affect the reflected sound wave property. The reflected
wave property is used to characterize or evaluate middle ear movement. In an aspect,
the information used for diagnosis relates to reflected energy from the active (or
dynamic) middle ear, during the comb input, including comb input that is sub-acoustic or
partially sub-acoustic.

[0035] Middle ear movement characterization or evaluation is useful to provide
diagnosis of a patient’s hearing or to diagnose a hearing condition, such as a hearing
condition requiring additional testing, intervention or treatment. In an aspect, the device
and method relates to a generated sound wave that is sub-threshold in intensity. “Sub-
threshold” refers to an intensity that is less than the intensity required to elicit an
acoustic reflex related to tetanic contraction. In an aspect the stimulus is ipsilateral. In
an aspect the stimulus is contralateral. In an aspect the stimulus is both ipsilateral and
contralateral. In an aspect, the sound wave generated by the probe (and in which the
probe detects a corresponding sound wave reflected from the ear) is a sine wave or a
more complex sound wave such as that corresponding to the combination of multiple
sine waves. One or more parameters of the reflected sound wave can be used to
characterize the dynamic response of middle ear activity, including a characterization
that indicates the presence, absence, or deficiency of middle ear muscle activity. In this
manner, the devices and methods are capable of assessing activity for generated sound
waves at intensities that corresponding AR and tympanometry devices cannot assess.

BRIEF DESCRIPTION OF THE DRAWINGS
[0036] FIG. 1 is a flow diagram of one embodiment of the method and device.

[0037] FIG. 2: Spectrogram of text-to-speech recording of the number eight.
Note the spectral density in the frequency region 1200 to 4500 Hz.
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[0038] FIG. 3: Spectrogram of text-to-speech recording of the number four. Note

the spectral density in the frequency region 1200 to 4500 Hz.

[0039] FIG. 4. Spectrogram of text-to-speech recording of the number seven.
Note the spectral density in the frequency region 1200 to 4500 Hz.

[0040] FIG. 5: Spectrogram of the noise component of the numbers in noise task.
This masking noise was combined with the text-to-speech recordings (see FIGs 2-4).
Note the restriction of energy to frequencies below 1000 Hz.

[0041] FIG. 6: Recorded noise levels from one trial of the Numbers in Noise task.
The solid line indicates the noise level at the end of a run of correct responses and the
dashed line the level at the end of a run of incorrect responses. The noise level is
linearly related to dB SPL and the units are arbitrary. The box indicates the final
responses used to calculate the 50% threshold for detection.

[0042] FIG. 7: Spectral density of the MESA stimulus signal. Note the equal
intensity of the narrowband components in the signal.

[0043] FIG. 8: Block diagram of the MESA measurement setup. The circle
represents the subject’s ear canal, within which the probe is placed.

[0044] FIG. 9: EqL measurement in the right and left ears. Note the similarity
between the psychoacoustic measures in each ear.

[0045] FIG. 10: Three right ear measurements from one subject. The dashed line
represents a normative measure, based on a small sample collected during pilot testing

of the device. The probe was replaced between the second and third recordings.

[0046] FIG. 11: Two left ear measurements from one subject. The dashed line
represents a normative measure, based on a small sample collected during pilot testing
of the device. The probe was replaced once between the recordings.

[0047] FIG. 12: Between-subject variance in MESA at each frequency. Note the

minima around 1000 Hz, the point of normalization for the measure.

[0048] FIG. 13: MESA measurements in each ear. Error bars represent +/- 1 SE.

11



10

15

20

25

30

WO 2012/082721 PCT/US2011/064602
[0049] FIG. 14: Correlation between MESA at each frequency and NiN_50 in the

right ear.. N =17, * indicates p < 0.05. Note the negative correlations across the range
of frequencies above 1000 Hz.

[0050] FIG. 15: Correlation between MESA at each frequency and NiN_50 in the
left ear. N = 17, * indicates p < 0.05. Note the significant correlations at the lowest

frequencies measured.

[0051] FIG. 16: Scatter plot: right ear noise tolerance and MESA mid-frequency
level. Note the strong correlation between the summary statistic and NiN_50. This
indicates that subjects with the greatest absorption of energy in the mid-frequency range
tolerated the highest levels of noise in the speech intelligibility task.

[0052] FIG. 17: Scatter plot: left ear noise tolerance and MESA low-frequency
level. Note the correlation between the summary statistic and NiN_50. This indicates
that subjects with the greatest reflection of energy in the low-frequency range tolerated
the highest levels of noise in the speech intelligibility task.

[0053] FIG. 18: Right Ear MESA Profile: Split-half groups based on NiN-R. .
Error bars represent +/- 1 SE of the mean (high noise tolerance group, N=8; low noise

tolerance group, N=9).

[0054] FIG. 19: Left Ear MESA Profile: Split-half groups based on NiN-L. Error
bars represent +/- 1 SE of the mean (high noise tolerance group, N=8; low noise
tolerance group, N=9).

[0055] FIG. 20: Right Ear MESA below 1000 Hz. Error bars represent +/- 1 SE
of the mean (high noise tolerance group, N=8; low noise tolerance group, N=9).

[0056] FIG. 21: Left Ear MESA below 1000 Hz. Error bars represent +/- 1 SE of
the mean (high noise tolerance group, N=8; low noise tolerance group, N=9).

[0057] FIG. 22: Correlation between left ear loudness scaling and individual
frequencies of the MESA measure. Note the consistent pattern of positive correlations
for the frequencies greater than 1000 Hz. N=17. + p<0.01, *p <0.05.

[0058] FIG. 23: Scatter plot of MESA and EqL scaling in the left ear. Note the
strong correlation, (17) = 0.77, p < 0.001. No such relationship existed for the right ear

measures.
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[0059] FIG. 24: Mean MESA for individuals with large and small loudness scaling

in the left ear. Individuals with flatter profiles on the equal loudness task had less
advantage for absorption above 2000 Hz. Error bars represent +/- 1 SE (Large
difference, N=8, Small difference, N=9).

[0060] FIG. 25: Correlation between the composite hyperacusis score C and
each frequency of MESA. Note the strong left ear correlations with the lowest
frequencies, the directionality change around the normalization point of 1000 Hz, and
the similar relationship above 1000 Hz for both the right and left ears. * indicates p <
0.05.

[0061] FIG. 26: Subject’s right ear MESA profile at pre and post testing. Note the

consistent measurement with a new probe used at each session.

[0062] FIG. 27: Subject’s left ear MESA profile at pre and post testing. Note the
change, with a region of increased absorption that is both wider and generally deeper
above 2000 Hz

[0063] FIG. 28: Left ear MESA profile after one week of the auditory intervention
and during pretesting at the two-month follow-up.

[0064] FIG. 29: Right ear MESA profile at pre and post testing during the follow-
up visit. Note again the lack of change in the subject’s right ear measurement.

[0065] FIG. 30: Right ear MESA profile at pre and post testing during the follow-
up visit. Note again the change in the same direction as during the initial auditory

intervention.

[0066] FIG. 31: Summary of left ear MESA measures for this case study. Note
the consistent change in the left ear at the initial intervention and following only 75
minutes of audio at the follow-up visit. At post-testing the subject had a greater
advantage for absorbing the frequencies of the higher formants than the normal hearing
subjects.

[0067] FIG. 32: Frequency spectrum of reflected energy (relative to 1000 Hz)
obtained from middle ear sound absorption system (MESA) from the left year of a

normal and a test subject.
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[0068] FIG. 33: Frequency spectrum of reflected energy (relative to 1000 Hz)

obtained from middle ear sound absorption system (MESA) from a normal subject and a
test subject with a reported hypersensitivity to speech sound.

DETAILED DESCRIPTION OF THE INVENTION

[0069] The invention may be further understood by the following non-limiting
examples. All references cited herein are hereby incorporated by reference to the
extent not inconsistent with the disclosure herewith. Although the description herein
contains many specificities, these should not be construed as limiting the scope of the
invention but as merely providing illustrations of some of the presently preferred
embodiments of the invention. For example, the scope of the invention should be
determined by the appended claims and their equivalents, rather than by the examples

given.

[0070] “‘Middle ear” refers to the portion of the ear internal to the eardrum and
external to the oval window of the cochlea. In particular, the middle ear has three
ossicles that vibrate, thereby transducing sound wave energy in air to a form that can be
processed downstream in the ear (e.g., fluid waves in the cochlea). The middle ear also
contains muscles that influence the movement of ossicles. The muscles may contract in
response to loud sounds, effectively reducing the impact of loud sounds on the inner
ear. This is referred to as the acoustic or tympanic reflex. Typically, the muscles have

some resting tension, wherein the resting tension can vary between subjects.

[0071] “‘Middle ear muscle activity” refers to the action of the middle ear muscles
on the acoustics in the ear, such as the amount of energy absorbed/reflected at the

inner ear or middle ear.

[0072] “‘Dynamic middle ear muscle activity” refers to an evaluation of energy
reflection/absorption while the ossicles are fully vibrating in each of the modes (see,
e.g., Koike et al. J. Acoust. Soc. Am. 111(3):1306-1317 (2002)), so that there is
movement in all possible directions, and generally with a maximum range of motion.
The dynamic middle ear muscle activity may, however, occur for middle ear muscle that
is at rest, under tension, or partial tension. In an aspect, the methods and devices
provided herein are used for middle ear muscle that is at rest.
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[0073] “‘Non-harmonic acoustic input” refers to a sound wave that is selected to

span the frequency range of the ossicle modes but that minimize the build-up of
standing waves of air pressure on the reflected energy. In this manner, the input fully
extends the ossicles in each range of ossicle motion (i.e., mode) and, therefore, the
reflected energy conveys the maximum amount of information on the resting tension of
the middle ear muscles. Optionally, the input further comprises a probe signal
component, including an adjustable probe signal in terms of frequency and amplitude.
Optionally, the probe signal is sufficiently loud to elicit an acoustic response contraction
and the comb input is used to observe middle ear muscles return to a “listening” state
after the acoustic response contraction relaxes. In an aspect, the non-harmonic
acoustic input of any of the methods provided herein is at a level that is sub-threshold,
or significantly sub-threshold.

[0074] “Comb input” refers to the portion of the non-harmonic acoustic input that
are individual components at individual frequencies, with each component having a
narrow frequency spread and equivalent power to other components (see, e.g., FIG.
17). Accordingly, in this aspect “components” refer to the individual spike within the
comb input. “Non-square wave” refers to a leading and/or lagging edge of a pulse that
is not vertical. In addition, a non-square wave can have a well-defined full-width at half
maximum. In contrast, a square-wave has leading and lagging edges that are vertical,
and the width of the wave is generally independent of the fraction of maximum. In an
embodiment, the non-square wave component has a slope that is within 10%, 5% or 1%
of the slopes illustrated in FIG. 17.

[0075] A component that is not an “integer harmonic” refers to the frequency of a
component that is not a multiple of any other component frequency in the comb input,

thereby improving sensitivity and decreasing unwanted distortion.

[0076] “‘Reflected energy” refers to the input sound energy that is reflected from
the ear and detected by a sensor. Reflected and absorbed energy equal the energy
introduced to the ear in the form of an acoustic input. Knowing one parameter,
therefore, provides the ability to calculate the other as the energy input is a known
variable. Accordingly, higher reflected energy values can be associated with hearing
loss, as there is less energy available to generate hearing-related signals to, for
example, the brain for processing. A “transfer function” is the operator that relates the
input energy to the reflected energy, and the transfer function can change depending on

MEM activity or state.
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[0077] As used herein, a power level is “substantially equivalent” if the difference

in power between individual components is less than about 10%, less than about 5%, or

less than about 1%.

[0078] “Atypical” refers to a measured reflected energy (or calculated
absorbance) that is statistically significantly different from a reference or a normal

individual.

[0079] A “reference” refers to a dynamic middle ear muscle activity from one or
more persons that do not suffer abnormal hearing or sound processing. The reference
may be from a library of such persons, so that statistical parameters are provided over a
frequency range, such as an average, standard deviation, or other measure of
confidence level. In this manner, evaluation of a subject can be better quantified with
respect to confidence level that the dynamic response is statistically significantly
different from normal, such as falling outside a predetermined number of standard
deviations, or at a 95% or greater confidence level. Similarly, as desired and depending
on the frequency range of interest, particular frequencies may be “weighted” to provide
improved statistical analysis for determining whether an individual’'s measured reflected
energy is typical or atypical. In this manner, important frequency values or ranges can
be afforded more weight, so that differences between measured and reference are
emphasized compared to other differences that may be less pertinent for the particular
atypical hearing defect. The reference or normal may be obtained from the device itself

or may be from a library of data.

[0080] As used herein, "significantly sub-threshold" refers to a sound intensity
that is less than half the intensity required to recruit the brainstem acoustic reflex. In an
aspect, the comb input is provided to the subject at an intensity that is sufficiently low so

that there is no acoustic reflex response by the subject.

[0081] FIG. 1 provides a flow diagram of the device. In one ear a probe 10 is
placed that contains both a small microphone 20 and a small speaker 30. Within the
signal generator, a series of sinusoidal signals are combined by a digital processor to
create the probe tone 40. This digital signal, Din, is converted to an analog voltage and
driven through the speaker 30 located in the Ear Probe 10, creating a pressure wave in
the ear canal that reflects off the measurement ear 60. The reflected wave 50 is
converted to an analog voltage signal within the Microphone 20. The reflected wave 50
is digitized to create Doy, a time synchronous representation of the reflected probe
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signal. In an aspect the reflected wave is filtered before digitization. In an aspect the

digitized reflected wave is filtered before transfer function estimation.

[0082] The movement calculator 90 receives the two digital signals in bins of a
fixed number of samples Ns. Thus, for a single calculation Diy(1...Ns) and Dgu(1...Ns)
are used to estimate the RTF based upon changes in the properties of the reflected
wave. In an aspect, the output from the device is an intensity of the reflected sound
wave, such as an intensity at a frequency, wherein the intensity is measure over a range

of frequencies.

[0083] In an aspect, the RTF is estimated through spectral analysis consisting of
Discrete Fourier Transformation of the input and output. In an aspect, the RTF is
estimated through spectral analysis consisting of autoregressive modeling of the input
and output. In an aspect, the RTF is estimated through spectral analysis consisting of
Discrete Wavelet Transformation of the input and output.

[0084] Continuous output of the RTF estimate is generated by the processor. In
an aspect, time varying amplitude of the carrier frequencies are visualized in real-time.

In an aspect, time varying phase of the carrier frequencies are visualized in real-time.

[0085] In an aspect, properties of the multiple sinusoidal components are

combined to create an optimal, individualized measure of middle ear muscle contraction.

[0086] In an aspect, the RTF in the absence of acoustic challenge is used to
estimate the baseline acoustic transfer function, ATF. In an aspect, changes in
reflectance properties during acoustic challenge are combined with the baseline ATF
estimate to calculate dynamic changes in the ATF.

[0087] In an aspect, the baseline RTF is used to estimate the ATF, which is
stored in memory. This ATF is combined with time-varying reflectance properties to

allow real time visualization of the changing ATF.

[0088] As the middle ear muscles contract, the ossicles and eardrum are
displaced, changing the distance between the source signal and the point of reflection.
These changes in reflectance location within the middle ear alter the phase and
magnitude of the probe in a frequency specific manner. By monitoring acoustic
reflectance properties continuously at a plurality of frequencies, it is possible to detect
middle ear muscle activity in response to acoustic stimulation below the threshold level

17



10

15

20

25

30

WO 2012/082721 PCT/US2011/064602
of the acoustic reflex. By synchronizing the presentation of the acoustic challenge and

the recorded signal, time parameters of the muscle response are calculated. By
presenting middle ear muscle acoustic challenges 80 in the contralateral ear 70, the
method facilitates assessment of dynamic middle ear muscle adjustments to shifts in
signal and noise levels, as well as the signal to noise ratio (i.e., voice embedded in
background sounds). This information has previously not been available. Examples of
various components useful in the devices and methods disclosed herein are provided in
the art, such as EP 0674874, U.S. Pat. No. 3,949,735 and PCT Pub. No. 2006/101935.

[0089] Example 1: Assessment of resting middle ear muscle tone by a new

measure of energy reflectance

[0090] List of Abbreviations in Example 1: ASR - Acoustic stapedial reflex; dB
— Decibel; dB(A) and dB(C) - Weighting scales for noise exposure; DPOAE - Distortion
product otoacoustic emissions; MESAS — middle ear sound absorption system; MESA —
Middle Ear Sound Absorption; EqL - Equal loudness contour measured by custom
software; GUI - Graphical user interface; Hz - Hertz (1/second); LE - Left Ear; ME -
Middle ear; MEM - Middle ear muscle; NiN - Numbers in Noise; NiN_50 - Output of NiN
test, the 50% threshold for detection; OAE - Otoacoustic emissions; RE - Right Ear; SPL
- Sound pressure level (dB Re: 20 uPa)

[0091] This example investigates the covariation between neural regulation of the
middle ear muscles and functional measures of hearing associated with sensitivity to
noise and the ability to understand spoken words in the presence of noise. The
example employs a novel measure of sound reflection and absorption within the ear
canal. Study design includes measurement parameters designed to test a model linking
the neural regulation of the autonomic nervous system to the neural regulation of the

striated muscles of the face and head.

[0092] MESAS measurements from the new device are contrasted with a new
psychoacoustic measurement of hearing-in-noise performance, a standard
psychoacoustic measurement of loudness scaling, and two self-report measures of
hearing sensitivity. Middle ear muscle tone varies as a function of individual differences
in neural regulation of peripheral sensory gating structures. MESAS measurements are
optimized to maximize individual differences in energy reflectance from the ear canal

due to variance in resting middle ear muscle tone.

18



10

15

20

25

30

WO 2012/082721 PCT/US2011/064602
[0093] Significant lateral differences in the functional impact of MESAS related to

loudness perception and speech intelligibility are identified. In the right ear, the
relationship between increased absorption of frequencies corresponding to the higher
formants and improved speech intelligibility is confirmed. In the left ear, the
hypothesized relationship existed between increased loudness differences between high
and low tones and energy absorption in the frequency range of the higher formants is
confirmed. These findings have implications for the autonomic regulation of peripheral
sensory gating structures during a quiescent state. Differences in neural regulation may
be lateralized in healthy populations, with functional significance in hearing and
listening. Greater differences may occur in clinical populations, particularly those with
receptive language difficulties. The measurements developed in this example improve
the ability to measure these parameters of health and disease and to develop

treatments that improve language reception.

[0094] This example investigates the covariation between neural regulation of the
middle ear muscles and functional measures of hearing associated with sensitivity to
noise and the ability to understand spoken words in the presence of noise. This effort is
based on a theoretical model linking the neural regulation of the autonomic nervous
system to the neural regulation of the striated muscles of the face and head as an
integrated social engagement system to facilitate socially appropriate behaviors (Porges
& Lewis, 2010). A social engagement system characterized by the integrated regulation
of visceromotor (e.g., heart, lungs, etc.) and somatomotor components is unique to
mammals (see Porges, 2007). The middle ear muscles are a component of this social

engagement system.

[0095] The mammalian middle ear is a highly specialized transducer that couples
the atmospheric environment to the inner ear sensory system. An understanding of the
mechanisms and functions of the middle ear (ME) system has increased as
technologies have improved and have enabled more sensitive measurements. The ME
is @ mechanical transducer, transforming airborne pressure waves into fluid borne
waves within the cochlea. The ME is one in a series of filters along the transmission
pathway from the environment to the brain-dependent processes resulting in the
perception of sound. Transfer functions determine the mathematical relationship
between the input and output from a system (i.e., the gain and delay as a function of
frequency). Each filter in the auditory system has a transfer function and the estimation
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of these functions provide a better understanding of how the subjective perception of

sound is related to the distribution of acoustic energy in the environment.

[0096] The first filter encountered by acoustic pressure waves is the external ear
(pinna), followed by the auditory canal, the middle ear, the cochlea, and neural filters
within the central auditory system. We measure small changes in the transfer function
of the middle ear and energy reflection in the sealed ear canal. The ear canal filter is
included in the measurement obtained, although preferably we measure variance in
tension applied by two small muscles in the middle ear. The ear canal resonance (i.e.,
peak in the gain of the transfer function) has a peak around 2000 to 3000 Hz. Itis
assumed that the magnitude of this peak is partly a function of the status of the
tympanic membrane (the ear drum). The tympanic membrane is the outermost aspect
of the middle ear. Since changes in muscle tension within the middle ear change the
characteristics of the tympanic membrane, and the ear canal system, the behavior of the
whole system is considered.

[0097] The tympanic membrane is attached to the first of three small bones
(ossicles) that transfer acoustic pressure wave into the fluid of the cochlea. The first
bone in the ossicle chain is the malleus. The malleus is attached to the first of two
muscles in the ME, the tensor tympani. As the malleus vibrates in response to acoustic
pressure changes (i.e., waves) at the tympanic membrane, it induces motion in the
second ossicle (the incus), which is coupled to the final ossicle (the stapes). Several
aspects of this power transformation highlight the dependence of the auditory system on
the ME.

[0098] Sensory systems transduce environmental information into neural
impulses that are decoded and interpreted by central cortical networks. Sensory
systems (e.g., vision, hearing, tactile, etc.) share the essential feature that they
compress the range of environmental signals into a manageable range of biological
values (e.g., single neuron firing rates). The ME plays an essential role in compression
within the auditory system and functions similar to an automatic gain control that
enables a more linear processing within a restricted range by higher neural circuits
(Zwislocki, 2002). The acoustic stapedial reflex (ASR) is an example of an aspect of
this automatic gain control. Loud sounds, detected in the cochlea, trigger a bilateral
brainstem reflex that contracts the stapedius muscle, reducing the transmission of
acoustic energy into the cochlea. The attenuation of acoustic energy transmission to

the cochlea mediated by the ASR is frequency dependent (Pang, 1997; Liberman,
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1998). Greater attenuation occurs to frequencies below 1000 Hz than to those above

1000 Hz (Pang, 1989). This transition point, from the maximum attenuation provided
below 1000 Hz to the progressively smaller attenuation above 1000 Hz, coincides with
the maximal gain provided by the ME structures (in an extracted preparation that does
not include muscles, tendons or neural input). This gain maxima, between 1000 and
1200 Hz (Aibara, 2001), is the resonant frequency of the middle ear (in the absence of
any soft tissue components). The 1000 Hz reference point for a roll-off in ME
transmission, as a function of tension on the stapedial muscle has also been

demonstrated in electroacoustic models of the middle ear (Lutman, 1979).

[0099] This example provides a new technology to identify and describe, in
addition to this large transitory compression of low-frequency acoustic energy during
reflexive contraction, a more tonic individual difference in the magnitude of resting
middle ear muscle tension. The features of muscle tone influence the filter
characteristics, although the features are characterized by individual differences of a

magnitude noticeably smaller than the reflex.

[00100] Middle ear (ME) structures filter features of the acoustic environment and
limit the transmission of acoustic energy to the inner ear and the central nervous
system. Within the disciplines of speech and hearing sciences, the filter characteristics
of ME have been minimally investigated. In contrast, these disciplines have placed a
greater emphasis on the “downstream” structures (e.g., inner ear) and neural circuits
(e.g., brainstem and cortical event related potentials) that are involved in processing
acoustic information related to speech perception and language development. Current
approaches to the study of ME structures have focused on the reflexive nature of the
stapedius muscle (i.e., acoustic reflex). Additionally, ME structures have been
evaluated to determine the physical nature of the ME. Clinically, this technique has
been used to identify pathological conditions including ossification of the ME bones and
tympanic membrane perfusion (Allen, 2005) and otitis media with effusion (Beers,
2010). Little attention has been paid to individual and situational differences in middle
ear muscle (MEM) tone, which may bias or distort the acoustic information being

processed via these downstream structures (e.g., olivary cochlear filtering).

[00101] This example tests the hypothesis that individual differences in MEM tone
influences loudness, speech intelligibility, and the self-perception of noise sensitivity
(i.e., hyperacusis). Loudness is a perceived construct, it only exists for the individual

hearing the sound in that loudness is a judgment of intensity not an objective
21



10

15

20

25

30

WO 2012/082721 PCT/US2011/064602
measurement. Loudness is the sense of intensity from barely detectable through the

audible range up to intensities that cause physical pain. Speech intelligibility is defined
for the purposes of this study as the functional ability to identify a spoken word by
selecting it from a set of possible words. Human communication is complex and
communication is possible without perfect word recognition. A simple measure of
intelligibility is selected to minimize the contribution of cognitive factors such as attention
and memory to the speech intelligibility index.

[00102] Hypersensitivity: Heightened sensitivity to sound is a feature of several
psychiatric disorders (e.g., Williams syndrome, autism spectrum disorders (ASD),
schizophrenia) (Khalfa, 2004). Conflicting reports (Gordon, 1986; Katzenell, 2001) have
proposed a link between ME function and hypersensitivity to sound, although most
admit that the disorder is highly heterogeneous and may arise from several
mechanisms. The current research is based on the theoretical model of a social
engagement system (e.g., Porges, 2007; Porges & Lewis, 2010), which provides a
physiological model that explains a functional role of the MEMSs in regulating the spectral
content of acoustic information (i.e., selective filtering of acoustic information) received

by the first neural transducers (hair cells) of the auditory system.

[00103] Tonic MEM tone provides an important first peripheral filter in the
processing of acoustic information. An emergent integrated social engagement system
occurs in mammalian species due to the common brainstem structures involved in
regulating autonomic state via the vagus and the striated muscles of the face and head
by feedback via several cranial facial muscles (Porges, 2007; Porges & Lewis, 2010).
The MEM and the regulation of MEM tone is a component of this integrated social
engagement system. Thus, MEM tone, similar to vocal prosody, should parallel
autonomic state (i.e., vagal regulation of the heart). While the circuit responsible for
reflexive contraction of the middle ear muscles is well defined, it does not account for
the multiple synaptic projections to the motorneuron pool of either the stapedius or the
tensor tympani (Mukerji, 2010). Descending pathways from the locus coeruleus, inferior
colliculus, and superior olivary complex are either directly or indirectly connected to the
stapedial motorneuron pool (Rouiller, 1989; Brown, 2008).

[00104] Hypersensitivity to sound, particularly to low-frequency sounds, provides
an advantage to mammals in the wild by increasing the likelihood that they will detect an
approaching predator (Porges & Lewis, 2010). However, in safe environments,

mammals forego this defensive state and focus on the vocalizations of social
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communication that are characterized by low amplitude higher frequencies. Humans

may maintain the ability to modulate their auditory system into this type of profile (more
sensitive to frequencies below 1000 Hz, less to those above) as a response to threat.
Similar to the inhibition of the sympathetic (i.e., fight or flight) component of the
autonomic nervous system by the vagus in safe environments (Porges, 2007), the

auditory system is ‘tuning out’ the low frequencies in safe environments.

[00105] However, a disordered neural system, due to infection, damage, or
neurophysiological state, may alter the sensitivity to sound by disrupting the normal
resting tone on the middle ear muscles. It should be noted that the middle ear muscles
apply a tension to a constant load, due to the negative air pressure within the middle ear
cavity. A middle ear with little tension would by hypersensitive to low-frequency sound
and at a disadvantage for detecting the frequencies above 1000 Hz. For humans this
would result in a hypersensitivity to background noises and a hyposensitivity to the
frequencies associated with human voice. Research in cats on the acoustic stapedial
reflex has indicated some role for context in determining the behavior of the middle ear
muscles (Simmons & Beatty, 1962).

[00106] Human Vocal Communication: If context modulates MEM tone by
changing the relative contribution of frequencies above and below 1000 Hz to the signal
received by the cochlea, as proposed, a benefit of high MEM tone would be to facilitate
comprehension of vocal communication. Human vocal communication utilizes complex
acoustic signals, a combination of spectral components that change in pitch and
amplitude over time, often in a multimodal fashion (i.e., the components behave
independently to some extent). When a person speaks or sings, their voice contains a
fundamental frequency referred to as the pitch. However, the energy of a spoken word
is also spread across higher frequencies, with maximal energy near harmonics of the
fundamental. The higher frequency harmonics (i.e., formants) enable the accurate
detection of words.

[00107] A simple phoneme, a single syllable of only 40 ms, the sound “da”, may
have a fundamental that rises along with higher formants, which will rise, fall, and
maintain pitch. These language related processes (i.e., the production of a fundamental
and higher frequency harmonics) occur within a frequency band from 103 Hz to 4500
Hz. The second through fifth formants span 1240 Hz to 4500 Hz (from Hornickel, 2009).
The spectrograms of stimuli used in the speech intelligibility task in the current example

(see below, Numbers in Noise) are even more complex than this simple syllable. The
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precise frequency range of any formant is impossible to define, because it is a function

of the pitch of the speaker, as well as other characteristics (e.g., body size) that
determine the resonances of the speaker’s voice production system.

[00108] While there are differences in pitch and individual formant location (in the
frequency domain) among genders, languages, and racial groups, they all fall within the
range of frequencies for which auditory sensitivity is greatest. This bandwidth of interest
in all vocal comprehension closely matches that reported by Hornickle (2009) in the
example of a synthesized phoneme provided above. The higher formants assist the
cognitive process of speech intelligibility, because they convey overlapping information
from the fundamental and reside in a more sensitive region of the auditory spectrum and
use downstream mechanisms that are sensitive to the slight variations in acoustic
energy in this restricted frequency band. The formants serve an additional purpose in
human communication by conveying contextual information, such as by placing

emphasis on a word, syllable, vowel, or consonant (Erickson, 2002).

[00109] Laterality: Some functions of the auditory system are lateralized. For
instance, dichotic speech-like sounds presented to each ear are more correctly
identified from the right ear than the left ear (Hugdahl, 2001). The intensity difference in
the dichotic pair required to overcome this bias is between 6 and 9 dB (Hugdahl, 2008).
However, this advantage is known to be modulated by attention (Voyer, 2005).
Interestingly, this dichotic difference changes with age, as the forced left ear response
paradigm does not decline, but the forced right ear response paradigm does decline
with age (Hugdahl, 2009).

[00110] Lateral differences exist before the level of word comprehension (i.e.,
lower in the signal transmission pathway). Auditory evoked responses show differences
between subjects in left temporal lobe latencies and amplitudes (Ahonniska, 1993).
These differences are seen even at the level of the auditory brainstem response
(Levine, 1988; Sininger, 2006; Hornickel, 2009). The acoustic startle reflex has an
asymmetric representation with brainstem recordings as well (Kofler, 2008).

[00111] Middle ear muscle tone during quiescent state is linked to autonomic state
as a special visceral efferent component of the social engagement system (Porges,
2007). The autonomic nervous system is itself highly lateralized. The organs are not
oriented symmetrically, and the neural networks that regulate their function are similarly
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lateralized. Vagal control of the heart, via myelinated pathways descending from the

nucleus ambiguus, is right biased (Porges, 1994).

[00112] The separated bone structure of the mammalian middle ear is a defining
feature of the genus in the fossil record (Wang, 2001). Although the evolutionary
pressure responsible for this adaptation is still disputed (Rowe, 1996, Wang, 2001), the
structure of the ossicles contributes to the overall transfer function of the auditory
system by compression of low-frequency sound intensities and facilitating the decoding
of higher frequency information (Zwislocki, 2002).

[00113] The ossicles do not vibrate with the same movement for all frequencies in
the auditory bandwidth of perception (Decraemer, 1991; Willi, 2002; Stenfelt, 2006),
which is roughly 20 to 20,000 Hz in humans. These separate modes of vibration impact
on the transfer function of the ME, creating a mismatch between the impedance for a
pure tone and the impedance for that same tone paired with another tone (if the second

tone resides in a different vibration mode).

[00114] The Middle Ear Muscles: The transfer function of the middle ear defines
the translation of airborne vibrations to fluid waves transmitted to the cochlea through
the oval window. The stapes is the final ossicle in this transmission path, directly
contacting the oval window. The stapes is bound to the middle ear cavity by the
stapedial muscle, one of two muscles of the middle ear. The second muscle of the
middle ear is the tensor tympani, which is considerably longer than the stapedial muscle
and is attached to the first ossicle in the sound transmission path, the malleus. The
tensor tympani is also implicated in the regulation of the Eustachian tubes. The tensor
tympani muscle is innervated by fibers from the trigeminal nerve (CN V) and stiffens the
ossicle chain during chewing, swallowing, and vocalization. The stapedius is smaller
and connects the stapes to the outer wall of the middle ear cavity. The stapedius is
innervated by a branch of the facial nerve (CN VII), and is known to reflexively contract
in response to loud sounds. Both of the middle ear muscles are innervated bilaterally,
so that contraction on one side of the head co-occurs with contraction on the other side

in a healthy system.

[00115] The middle ear is connected to the sinus cavity by the Eustachian tube.

Ear infections, the most common middle ear disorder among children, can occur when

the Eustachian tube closes and fluid builds up behind the ear drum. While the tensor

tympani does not directly regulate opening of the tube (Honjo, 1983), a branch of the
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trigeminal nerve also innervates the tensor veli palatini, and both muscles are implicated

in Eustacian tube functioning.

[00116] The transfer function of the resting middle ear is a function of the geometry
and physical characteristics (e.g., stiffness) of the component parts (e.g., bones,
tendons, muscles). This transfer function is changed by the reflexive contraction of the
stapedius muscle (Liberman, 1998; Pang, 1997).

[00117] Middle Ear Muscle effect on Energy transmission: It has been reported
that filtering at the level of single auditory nerve fibers, due to electrical stimulation of the
stapedius, is linear with relation to the amplitude of the electrical stimulation (Pang,
1989, 1997). Pang reported in the cat that electrical stimulation of the stapedius
resulted in a flat attenuation for frequencies below 1000 Hz of 20dB, a flat attenuation of
8 dB for frequencies above 6000 Hz, and a sigmoidal slope from 1000 to 6000 Hz
(Pang, 1989). Contraction of the tensor tympani alters the transfer function of the middle
ear in a different manner, although it also serves to attenuate the transmission of low-
frequency energy into the cochlea. The attenuation provided by the contraction of the
tensor tympani muscle is most effective at attenuating the transmission of bone
conducted sounds, including those made by chewing (Irvine, 1976). However, the
stapedius muscle is also recruited in some situations that require attenuation of bone

conducted internal sounds, such as during vocalization (Borg, 1975).

[00118] Nonuniform (with respect to frequency) changes in energy transmission
could facilitate the detection of higher frequency sounds in the presence of low-
frequency noise (Pang, 1989, 1997; Borg 1972b). In single auditory-nerve fiber
recordings in an anesthetized animal preparation, Pang showed that the contraction of
the stapedius could interact with acoustic stimulation to ‘unmask’ a high tone, 6000 or
8000 Hz, in the presence of a low-frequency, broadband masker (i.e., noise). In terms
of the individual fibers firing rate, the unmasking could be as great as 40 dB (Pang,
1997). This study used electrical stimulation of the stapedius muscle and further
demonstrated that the degree of contraction correlated with the degree of unmasking

(i.e., the greater the tone of the muscle, the greater the unmasking).

[00119] Contraction of the middle ear muscles by individuals capable of voluntary

contraction indicate that the response acts as a high pass filter, reducing transmission

by 30 dB at 500 Hz , with virtually no effect at 1000Hz (Kryter, 1986). If high pass

filtering is occurring within the middle ear at intensity levels typically encountered in the
26



10

15

20

25

30

WO 2012/082721 PCT/US2011/064602
environment, the resting tone of the middle ear muscles could play a crucial role in

extracting the frequencies associated with human voice from lower frequency noise.
This type of active filtering also implies that individuals with high resting tone will
perceive a difference in relative intensity of low and high notes that is greater than an

individual with low resting muscle tone.

[00120] Measuring Aspects of the Acoustic Transfer Function: Psychoacoustic
studies confirm the nonuniform nature of auditory perception (Fletcher & Munson, 1933).
Loudness perception varies as a function of frequency, and the shape of this ‘equal
loudness’ curve flattens as intensity increases (Suzuki, 2004). All mammals have an
increased sensitivity (i.e., lower threshold for detection) for a range of sound frequencies
used to socially communicate with conspecifics (Porges & Lewis, 2010).

[00121] Fletcher and Munson contribute to the expansion of the field of
psychoacoustics. Within this discipline, studies are conducted to evaluate subjective
perceptions when acoustic stimuli (e.g., pitch, intensity, etc.) are manipulated. In the
discipline of psychoacoustics, perception is measured via self-report. Resting MEM
tone is hypothesized to impact the functional output of the hearing system and thus the
perception of loudness as a function of frequency. This was tested by evaluating the
covariation between energy reflectance from the ear canal and individual differences in

loudness scaling as measured by the equal loudness contour.

[00122] Clinical inspection of the middle ear has centered on identifying common
conditions that disrupt the mechanical operation of the vibrating ossicles. The ossicles
reside in a gas filled compartment, connected to the sinus cavities by the Eustachian
tube. Tympanometry is used clinically to test the compliance of the tympanic
membrane, by modulating the air pressure external to the middle ear (i.e., in the ear
canal). In this way, perforations of the ear drum and the presence of fluid in the middle
ear cavity (i.e., an ear infection) can be detected in most cases. Comparison of air
conduction and bone conduction sound thresholds is also used to detect discontinuities
in the ossicle chain (i.e., broken bones) or fixation of the ossicles, otosclerosis.

[00123] The Zwislocki Bridge (Burke, 1967) is a major advancement in studying

the transfer function of the auditory system, particularly the middle ear. This device

allows a researcher to balance the impedance of the middle ear with parallel

impedance. Thus, with an acoustic analogue of a bridge circuit, small changes in the

impedance of the ear could be detected. This allowed more reliable detection of the
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ASR threshold by the smallest noticeable change in the impedance of a test tone,

played into the ear canal through the bridge. Advances in this type of acoustic
immittance testing of ASR thresholds allowed clinicians to reliably measure threshold
both contralaterally (i.e., in the ear opposite the reflex inducing sound) and ipsilaterally
(Lutman, 1980).

[00124] Advances in digital signal processing allowed greater precision in
wideband measurements of acoustic impedance (Keefe, 1993; Allen, 1994; Feeney,
2004). This approach determines the source impedance of a probe (consisting of a
microphone and a speaker) and an estimation of the characteristic impedance of the ear
canal by an estimate of the ear canal shape. Combining this information with the
frequency characteristics of a reflected broadband signal, an estimate of the impedance,
reactance, and reflectance of the static middle ear can be obtained.

[00125] Tympanometry employs a probe tone (usually 226 Hz), the impedance of
which is measured continuously as the ear canal pressure is modulated. The clinical
utility of tympanometry in detecting abnormalities in newborn middle ears is significantly
worse than for adults (Rhodes, 1999). An attempt to improve the utility of the
tympanometric procedure was made by employing multiple probe tones at different
frequencies (Colletti, 1976, 1977). Margolis continued to use multiple probe frequencies
in tympanometric analysis with greater success in children compared to single tone
analyses (1985, 1993, and 1994). Both wideband measures of the static middle ear and
multifrequency tympanometry have demonstrated clinical utility in identifying disordered
middle ears from normal healthy one (Margolis, 1994; Shahnaz, 1997; Beers, 2010).

[00126] The existing techniques for measuring wideband energy transmission in
the middle ear are sufficient for diagnosing several middle ear disorders. By
establishing normative datasets, diseased middle ears can be distinguished from
healthy ones by comparison. Further, the features associated with certain disordered
states, such as increased stiffness in the presence of otitis media, can be distinguished
by these methods. The broad question asked by clinicians using these devices is:
What, if anything, is wrong with this middle ear? This example, in contrast, examines
the functional impact of resting middle ear muscle tone on hearing and listening. The
measurement provided herein classifies healthy middle ear systems along a continuum

of resting muscle tension.
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[00127] MESAS: To increase the understanding of variations in the healthy intact

middle ear, this example employs continuous stimulation via probe tones (as in
multifrequency tympanometry) across a wide range of frequencies that overlap with the
bandwidth of increased absorption by the middle ear (as in wideband reflectance). The
selection of the range of frequencies for analysis in this new measure is motivated by
the spectral content of human speech and the known influence of the middle ear

muscles on energy reflection at the tympanic membrane.

[00128] Existing measures of ME power flow characterize the transfer function at
the point of the eardrum. By utilizing brief signals of isolated frequencies (chirps) or
broadband waveforms (clicks) they measure the reflection at the eardrum of a single
frequency at a time. In contrast, we consider the behavior of a middle ear vibrating at
frequencies that span the range of vocal communication. In developing the probe
stimuli, two physiological factors inform the decision to consider the continuous
broadband signal for the reflectance measure: 1) the ear canal provides a significant
amplification to acoustic information, and 2) the middle ear muscles are constantly
applying tension to the ossicles (possibly only at the stapes, but likely also at the

malleus through the tensor tympani).

[00129] This interaction between the middle ear muscles and the ossicle chain
should alter the resonance of the ear canal. This interaction is further complicated by
the multiple vibration patterns of the ossicle chain. Since the vibration mode of several
ranges of frequencies apply different forces to the middle ear muscles (Decraemer,
1991), it is proposed that the impedance for a given frequency “X” depends on the
presence (and likely the intensity) of vibration at frequency “Y”.

[00130] Thus, traditional measures based on the reflection of impulses, such as in
wideband measurements of acoustic power flow (e.g., Keefe, 1993; Feeney, 2004,
Allen, 2005) continue to be the ideal way to characterize the transfer function of the
eardrum specifically (i.e. in a linear interaction with a single frequency). Those methods,
by stimulating the ear canal with short duration bursts, do not allow the ear canal
resonance to influence their measurements. Also, those methods eliminate information
regarding the reflectance of frequency “X” that is due to tension in the middle ear
muscles when vibrating at frequency “Y.” The methods provided herein contribute
additional information about the energy absorption of the active middle ear. The results
are not directly translatable to the measures of acoustic power flow without collecting

measurements on both systems and estimating a transfer function between the two. To
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distinguish between this new measure of energy reflected from the occluded ear canal

and other currently used measures of wideband reflectance, in this example this new
measure is referred to as middle ear sound absorption (MESAS).

[00131] Specifically, it is the transfer function relating the input energy of the
acoustic signal to the incident energy measured at the end of the occluded ear canal
when the ear canal is continuously stimulated by a range of narrow frequency tones.
The MESAS unit is decibels. The measure of gain at each frequency in the narrowband
probe is normalized by the gain at 1000 to yield a ratio, the metric used in this example.

[00132] Studies based on the device and method applied here attempted to
measure individual differences in the time course of MEM changes in response to
acoustic stimulation at intensities below the acoustic reflex threshold. MEM tension may

be modulated rapidly based on the acoustic environment and remains relevant.

[00133] The acoustic startle response includes an eyeblink component in which
the muscles that close the eyelid oppose tension from the orbicularis oculi. Greater
resting muscle tone in the opposing muscle reduces the latency of the reflex (Hawk,
1992). Prepulse inhibition, the classically conditioned reduction of the reflex magnitude
following trials where tones precede the stimuli, is slower in autistic individuals (Perry,
2007). Autistic individuals typically have reduced muscle tone to the facial muscles,
particularly the muscles of the upper face innervated by the facial nerve. The neural
regulation of these facial muscles is an example of another special visceral efferent

component of the social engagement system (Porges, 2007).

[00134] The middle ear muscles and startle responses are examples of responses
to incoming stimuli, receiver behaviors. Other special visceral efferents are proposed to
regulate laryngeal muscles responsible for aspects of vocal communication, sender
behavior. Thus the social engagement system is proposed to involve feedback within
and between individuals in communication (Porges, 2007). It may be possible to
measure the dynamic behavior of the middle ear muscles in a social exchange with the
current system. Further research with the described technology will facilitate studying
the interaction between resting middle ear muscle tone and dynamic responses to

acoustic and nonacoustic stimuli.

[00135] Equal Loudness contours: Individual differences in perceived loudness of
pure tones (i.e., the equal loudness contour) is measured. This is justified, because
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psychoacoustic measures are an ideal indicator of the overall effect of the auditory

system on a single parameter of a sensory stimulus. In this case, the relative loudness
of various frequencies of pure tones is measured. The ME is only one stage in a
multilevel filtering process within the auditory system, and as such it only conveys a
portion of the overall shape of the equal loudness profile. Individual measurements on
the contour are assumed to represent a significant degree of variance between subjects
due to the influence of medial olivary cochlear filtering mechanisms, individual
differences in auditory nerve density in the handful of fibers excited by the pure tone,
and individual differences in test taking behavior. However, the average response to
low-frequency tones (below 1000 Hz), in the region most attenuated by MEM tension,
and the average to mid (1250 to 4000 Hz) frequency tones, in the region least
attenuated by MEM tone provides information on any effect of MEM tone on the

individual’s perception of loudness.

[00136] Numbers in Noise: Existing tests of word intelligibility in the presence of
noise are designed to explore integration of narrowband speech in broadband noise, a
task that depends on the performance several complementary filters in the auditory
system: ME structures, MEM tone, medial olivary cochlear filtering, sensitivity, and
brainstem integration of multiple cochlear nerve unit. Above this point in signal
transmission, cognitive processes determine some aspects of performance. The
Numbers in Noise task is designed to specifically challenge the proposed mechanism of
ME filtering as a function of variable MEM tone. Consistent with the suggestions of
Liberman and Guinan (1998), the noise is band limited to the frequency range
significantly attenuated by tension in the MEMs. The signal is broadband, with
information in the higher formants that should aid intelligibility when the fundamental and
lower formants are masked by the noise. The stair-step (or up-down) procedure of the
test quickly converges on a reliable estimate of one measure of noise tolerance, the
magnitude of noise at which the likelihood of correctly identifying the spoken number is
50%. This parameter is normally distributed in this healthy sample with normal hearing.

[00137] MESAS: First, within a restricted sample of normal hearing adults, an
attempt is made to validate the role of the MEMSs in listening. By focusing on the small
range of differences encountered in a healthy population, the power of any observed
relationships is reduced. However, this conservative approach means that any findings
should reflect phenomena likely magnified in clinical populations with difficulties in
speech recognition or hyperacusis.
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[00138] Initially, the dynamic motion of the middle ear through phase changes in

the continuous probe signal is measured. This measurement may be beyond the
sensitivity of the devices. Next tested is the hypothesis that the magnitude of the
reflected energy from the ear canal reflects individual differences in resting MEM tone.
The continuous probe signal is used to fully exert the muscle components of the middle
ear during measurement by fully exciting the ossicles. This reflection magnitude should
mirror the absorption of energy into the sense organ of the cochlea for transduction into

neural impulses.

[00139] Second, conventional existing technologies for middle ear power analysis
(i.e., impedance or reflectance) operate by playing and recording short bursts of sound
within the sealed ear canal. This technique bypasses the influence of resonance within
the ear canal. Measurements with devices based on this technique have clinical
applications in diagnosing disorders and screening newborns. However, the experience
of listening to a click train of 65 dB SPL at 8 to 20 clicks per second is not pleasant.
One design criterion for this measurement system was that researchers must be able to
use it in a population of ASD children and adults, some of whom have severe auditory
hypersensitivities. Therefore, one objective is a test experience that is as nonabrasive

as possible.

[00140] Lateral Measurements: Cortical processing of speech information is not
independent of the transducer of the information (i.e., which ear hears the signal).

There is a clear right ear advantage for dichotic words and brainstem differences in
speech encoding. There is more efficient neural transmission from the right ear auditory
nerve fibers to the left hemisphere language processing centers, since the density of
contralateral connections is greater for the contralateral side of the auditory cortex. The
neuroanatomy, neurophysiology, and the functional lateral differences in auditory
perception, suggest that information may be encoded differently in the right and left
cochlea, or within the first synapses, in order to facilitate features of each hemisphere by
providing the cortical structures with the most relevant information. Therefore, the same
test could have a different dependence on MEM tone in each ear. Furthermore, the
autonomic nervous system is highly lateralized. Therefore, this component of the
auditory system (i.e., MEM) is state dependent and sensitive to social context. Thus,
there may be within-subject variance in MEM tone (i.e., right or left side more tense) that

can only be captured by analyzing both ears separately for all tasks.
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[00141] Frequency Band of Analysis: The summary statistics span a low-frequency

range below 1000 Hz and a mid-frequency range determined by the average location of
the second through fifth formants of human speech of 1250 to 4500 Hz. It is the
absorption of these signals that is a necessary first step in the auditory system’s
processing of human language. Since the equal loudness contour has been
standardized as a comparison of pure tones to a reference at 1000 Hz, and since 1000
Hz is close to the highest frequency receiving the greatest attenuation by reflexive
contraction of the MEMSs, the measure is normalized as the magnitude relative to 1000
Hz. Other conventions may be acceptable, but this implies the domains of
measurement by keeping the center point consistent. It is assumed that this provides
maximum separation between MEM associated changes in energy reflectance, which
should be greater below 1000 Hz than at any point above 1000 Hz. The middle ear
bones have a resonance near 1000 Hz (Homma, 2009), making this spectral region
efficient for vocal communication (i.e., less intensity relative to other frequencies

required to be detected).

[00142] Questionnaire Data: Subjects are given two written assessments designed
to screen for hyperacusis. Each measure provided a numeric score for responses to
statements concerning discomfort around noise. Schutte’s instrument (2007) includes a
mix of both positive and negative statements, while the Khalfa's questionnaire (2002) is
structured as queries. The Schutte measure is further divided into subscales based on
the environment associated with the sensitivity (i.e., leisure, work, habitation,
communication, and sleep). An example from the Khalfa measure (Question 5 of 14):
“Do you have difficulty listening to conversations in noisy places?” No; Yes, a little; Yes,
quite a lot; Yes, a lot. An example from the Schutte measure (ltem 13 of 35): “l need
quiet surroundings to be able to work on new tasks.” 0 = strongly disagree; 1 = slightly
disagree; 2 = slightly agree; 3 = strongly agree.

[00143] Questionnaires are scored and the total used as an additional measure of
perceived auditory sensitivity. Both devices are designed to make a binary decision for
clinical treatment of hyperacusis, so the application of the composite score is

exploratory.

[00144] Computer Based Psychoacoustic Measurements: Subjects first complete a
set of psychophysical tests based on custom code written in MATLAB. Subjects sat at
the PC, and were equipped with Sennheiser HDA-280 headphones. These research

headphones have a flat magnitude response from 20 Hz to 800 Hz, and less than 10 dB
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attenuation up to 12,000 Hz, appropriate for audiometric testing. Psychoacoustic

measures are designed to test two hypothesized functional outcomes of MEM tone:
perception of loudness and hearing in noise. All computer based testing is performed in
custom-written MATLAB® software. Each test is designed to answer a theoretically
motivated question about the functional significance of resting MEM status on hearing.
Since each test is performed monaurally, the procedures allow the evaluation of
laterality differences in both loudness perception and the performance identifying words
in noise. All tests are presented using a graphical user interface (GUI) designed in
MATLAB®.

[00145] Calibration: Psychoacoustic tests are performed with over the ear
headphones (Sennheiser). Prior to testing, the stimulus intensity is normalized across
subjects by the presentation of a calibration signal, a pure tone at 1000 Hz. The
intensity of this signal is verified to be 120 dB sound pressure level (SPL) on a sound
level meter coupled to the headphone’s right ear piece by a sound isolation device (i.e.,
modified hockey puck). The headphones are placed flat on a table with the earpiece
facing upwards. The sound level meter is placed completely over the earpiece and the
tone played. The sound level meter measures intensity on an A-weighting (i.e., dB(A)).
However, the three loudness scales commonly used: A, C, and SPL are all normalized
at 1000Hz. So, 50 dB(A) at 1000 Hz is equivalent to 50 dB(C) and 50 dB SPL. The
SPL scale represents the true intensity of the acoustic signal, while the A and C ratings
are designed to bring approximate loudness as perceived by humans. The researcher
makes fine adjustments to the sound intensity on the preamp (Behringer, Inc.) in order
to obtain a proper calibration (less than +/- 0.5 dB SPL).

[00146] Numbers in Noise test: The numbers in noise (NiN) test is designed to
maximize the relationship between performance (i.e., noise tolerance) and the theorized
impact of MEM tone on sound absorption. For this reason, the competing noise is band
limited to frequencies below 650 Hz. Increased tension in the MEMs should decrease
the absorption of this low-frequency energy. The speech component is generated by a
text-to-speech program (Microsoft) with a synthesized female voice. The higher
fundamental frequency of this “voice”, compared to the noise content, meant that
increased tension in the MEMs should facilitate absorption of the speech signal,
functionally increasing the separation between the numbers and the noise. 10
recordings of test-to-speech numerals (0-9) are saved for use by the testing program.
The quality of these recordings is 44,100 Hz and are saved as uncompressed wav files.
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[00147] The spectrograms of FIGs. 2-5 illustrate the higher formants, which extend

up to about 4500 Hz, of the synthesized speech signals in agreement with the
measurement range of MESAS.

[00148] The noise component of the signal is generated by Adobe Audition® 1.5
(Adobe, Inc.). This signal is pink-noise, with a frequency content that closely matches
the spectral envelope of the natural world. Pink-noise has a low frequency roll-off that
approximates a 1/f distribution, where f is frequency. This is in contrast to white-noise
which has a flat spectral envelope (i.e., uniform distribution) and “random-walk” brown
noise which is more biased to the lowest frequencies with a 1/ spectral envelope. The
pink-noise is then low-passed filtered with a 10™ order Chebychev Type | filter. The final
noise mask consistently covers the fundamental of the speech signal and usually the

first harmonic.

[00149] At the start of the NiN test, the subject is presented a simple instruction
through the GUI. The subject heard a composite of a random numeral (approximately
30 dB(A) and the initial level of noise (approximately 40 dB(A)). The subject is
instructed to press the number on a keypad that they heard. Each mixed recording
begins and ends with noise only. The duration of each numeral is not consistent, but
the noise recording is longer than the longest numeral recording.

[00150] With each presentation of a number in noise, the subject was asked to
press the number on a number pad, if it could be discerned. Correct responses
increased the noise level in the following recording, and incorrect responses decreased
the noise level, while the intensity of the computer generated voice was held constant.
After an initial run of three correct responses, the level change parameter was reduced
to 2 dB. At the end of each run of correct or incorrect responses the noise level was
recorded. The last run was excluded from analysis due to an error in some trials that
recorded this value as 0. The noise intensity level at which there was fifty percent
detection was estimated from the last ten high and low levels by the up-down or
staircase method (Levitt, 1970). This measure was termed NiN_50. Each test lasted
between five and ten minutes in each ear. The NiN_50 value is the mean of the maxima
and minima shown in the box of FIG. 6.

[00151] Equal Loudness contour test: This psychoacoustic test is based on the

equal loudness contours described by Fletcher and Munson (1939). As is standard for

this test, the perceived intensity of pure tone stimuli is compared to a calibrated 1000 Hz
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reference tone presented at 60 dB SPL (Suzuki and Takeshima, 2004). The

computerized implementation of the equal loudness contour measurement is named
EqL. In it, subjects heard the reference tone for one second, followed by the test tone
for one second, repeating this pattern until the subject made an input. An indicator in
the GUI informed the subject when the test tone is presented. Subjects have a choice
of keyboard or mouse control over a volume slider to change the intensity of the test
tone. While making adjustments to the intensity, the test tone is presented continuously.
The stimulus presentation returned to the alternating pattern when the subject stopped
moving the volume slider. The subject pressed a button in the GUI when satisfied that
the two tones had equal loudness and received the next in a series of 17 tones (31.5 Hz
to 13,500 Hz).

[00152] MESAS data are collected on a prototype system developed at the Brain-
Body Center (Chicago, IL). The prototype incorporates commercially available
hardware, custom software, and custom acoustic stimuli into a single measurement
system. The main design criteria for development of the system are: (1) reliability, (2)
ease of measurement, and (3) suitability for testing challenged populations (e.g., autistic
individuals with auditory hypersensitivities). The frequency range of measurement and
normalization procedures are adopted based on theory driven motivations.

[00153] Stimulus: The stimulus is a custom generated digital audio file (Audition
1.5, Adobe, Inc.). The recording has two parts: a synchronization pulse and a multi-
frequency probe tone (also referred herein as a “non-harmonic acoustic input” or “comb
input”). Each component is generated with functions built into Auditon™. A single, 500
Hz sin wave is enveloped to have two instantaneous transitions from full to zero
amplitude. These changes are detected by the recording software and used to truncate
the data for analysis. The preceding and trailing 500 ms of the probe tone are excluded
from the analysis to assist in obtaining a steady-state response.

[00154] The probe tone is created by mixing three sets of five-tone chords with
center frequencies chosen to avoid integer harmonics within the set (FIG. 7). Each
component is mixed with equal amplitude into the chord, and the three sets merged by
the mixdown procedure. The final recording is verified to contain equal amplitude at
each of the 15 frequencies by spectral analysis. Although any number of components
having any number of frequencies may be selected, the exemplified embodiment in this
example is (in Hz): 280, 336, 476, 644, 868, 1040, 1248, 1768, 2392, 2705, 3224,

3516.5, 3922.25, 4328, 4869 (see Justification of Measures: Frequency bands of
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analysis). The final probe signal recording is saved as an uncompressed wav file with

24 bit precision at 96,000 samples per second. The monaural audio file is 10 seconds

long.

[00155] Hardware: The prototype system consisted of the following components: a
PC running MATLAB® (r2009a, 64-bit), an M-Audio 192 Audiophile soundcard with 24-
bit, 192,000 Hz sampled digital audio with S/PDIF encoding (2-channel, 1-in and 1-out),
a Behringer AD/DA and sample rate converter, an amplifier, and an ER-10C OAE
preamp and probe assembly (FIG. 8).

[00156] A probe assembly designed for distortion product otoacoustic emission
stimulation and recordings is connected to the ER-10C OAE preamp. The probe tip
contains two sound channels, isolated within a disposable plastic tube attachment that
also contains a third larger channel to balance the pressure load on the transducers.

The probe tip contains the microphone and speaker transducers.

[00157] Software: The probe tone is played through Winamp®, called as a
subfunction of the testing software in MATLAB®. Winamp® is modified to apply no
amplitude or spectral alterations to the recording and is used to play the probe tones
through the onboard M-Audio soundcards digital output at the native sampling rate of
the wav file (96,000 Hz). The MATLAB® GUIDE tool is used to generate the recording
software. The software provides a simple graphical user interface (GUI) in which the
user initiates each session by pressing a button, which prompts the user for a unique
subject ID for the session. A log file is generated for the session and time stamped with
the computer clock’s time at that moment. Further log entries are added for each

recording initiation.

[00158] Calibration: Currently, the user calibrates the intensity of the stimulus
before initiating the recording. Alternatively, the device may apply a step-up procedure
to probe tone intensity, ensuring a reliable measure is obtained with every replacement
of the probe. In this preliminary study, the intensity of the stimulus is calibrated once
with the probe in the ear canal at the start of the measurement session. A single 500 Hz
sin wave, matched to the intensity of the synchronization pulse of the probe, is
continuously output to the probe through Winamp®. The recorded wave was
periodically sampled from the digital audio input channel of the sound card and the
spectral density plotted in a small window in the GUI. The researcher then adjusts the
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volume of the probe tone on the AD/DA output until the plotted intensity falls within a

range selected to minimize variance in reflected probe intensity across subjects.

[00159] Recording: After calibration, the user is provided options in the GUI to
initiate measurements. A toggle button allows the researcher to designate in the
recording the lateral placement of the probe (i.e., right or left ear). Each recording
initiated a presentation cycle consisting of: (1) playback by Winamp®, (2) placing a mark
in the log file, (3) recording from the soundcard, (4) analysis of the reflected energy, and
(5) visual display of the normalized reflectance curve along with normative data based
on previous recordings. The complete presentation cycle lasts approximately 12
seconds. The researcher repeats the recording if the visual interpretation is abnormal or
if there are concerns about the placement or seal of the probe.

[00160] Analysis: A normalized measure or relative energy reflectance is obtained
by a two-step process. Using a function in the MATLAB® signal processing toolbox,
spafdr, the transfer function between the output signal and recorded reflected wave is
calculated. Each signal is stored in one channel of the digital recording file sent to the
PC by the AD/DA device.

[00161] The spafdr function is an autoregressive based spectral density function
with the ability to specify the frequencies of measurement and the tolerance of each
parameter in the polynomial model used to estimate the transfer function. The probe
frequencies are used with tight tolerances in order to limit the influence of bodily noise in
the reflectance measurement. The transfer function gain values are normalized to
create a measure of relative energy reflectance, independent of the total energy
reflectance (i.e., the balance of reflected energy as opposed to the level).

[00162] In the frequency domain, the stimulus is a narrowband signal composed of
15 equal intensity signals (see, e.g., FIG. 7). The recorded reflection wave is
significantly transformed three times, twice by the impedance mismatch between the
probe tube and the ear canal (a relative constant between subjects) and upon reflection
off the ear drum. The tolerance parameter for each of the probe signals in the transfer
function analysis is set to +/- 0.1 radians per second in order to minimize the influence of

bodily noise on the gain parameter.

[00163] Prior to normalization, the gain at 1000 Hz is estimated by cubic spline
interpolation from the gain values at the three closest frequencies, 868, 1040, and 1248
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Hz. The inclusion of a probe tone at 1040 Hz decreases the variance in this estimation

between recordings. Normalization is applied at 1000 Hz to standardize the reflectance
magnitude with reference to the psychoacoustic measure of loudness perception (i.e.,
Equal Loudness contour).

[00164] MESAS = 10 * Log1o (Gx/G1o00Hz), Where x is the frequency of

measurement.

[00165] Participants: Study 1. Normative (“Reference”) Data: Twenty-two subjects
are recruited through flyers and the University of lllinois at Chicago Psychology student
subject pool. Subjects are excluded from the normative dataset if they failed the
audiometric screening or a test-retest reliable measure of MESA could not be obtained.
One subject withdrew from the study after failing the audiometric screening. One
subject pool student chose to complete the protocol despite failing the audiometric
screening. One subject reported severe difficulty hearing in noisy environments and
was excluded from the normative dataset due to history of hearing difficulties. Two
subjects passed the audiometric screening, but were excluded due to inconsistencies in
their MESA measures (i.e., failed to get test-retest readings that matched). The final
sample for the normative dataset included 17 subjects, with all recordings and
measurements performed monaurally in each ear. The normative dataset had an even
gender distribution: 8 males and 9 females. The age distribution was both young and
homogenous (M=21.6, SD = 4.12 years).

[00166] Protocol: After institutional review authorization, informed consent was
obtained from all participants. All subjects passed an audiogram screening with, at
minimum, 50% detection at 500 Hz, 1000 Hz, 2000 Hz (10 dB SPL), and 4000 Hz (5 dB
SPL). These frequencies covered the measurement range of interest in this example
(500 to 4000 Hz) and are typically employed in screenings for severe hearing loss,
especially in the range of human voice.

[00167] After the psychoacoustic tests, the researcher adjusts the audio system to
be suitable for recording of the MESA reflected energy profile. The subject was seated
in front of the measurement system, and a disposable foam probe tip was attached to
the ER-10C probe. The probe assembly was attached to the subject’s clothing or to the
chair in order to minimize movement artifacts in the recording. The researcher
compressed the foam tip, asked the subject to swallow (a procedure known to normalize
middle ear pressure), then inserted the compressed tip into their ear canal. The
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researcher only inserted the tip up to the full depth of the tip; however, if the subject was

uncomfortable with this depth of insertion, or the ear canal shape made it impractical,
the probe tip was only inserted to the depth available. At least a thirty second wait

allows the foam to expand and secure the probe in the ear canal.

[00168] Calibration then proceeds as described above. Probe intensity is
calibrated once, in the first ear measured. Data collected in developing this procedure
indicates that above a threshold intensity required for measurement, there is no change
in the reflectance profile as intensity increased within a range of approximately 20 dB.
Based on this, the intensity is fixed at a level slightly above the average threshold
determined during the pilot testing, and kept constant between all measurements in the
session. In order to verify the test-retest reliability of the measure, the researcher
measures the two ears in a staggered fashion (see example below). The software
allows the researcher to visually verify the consistency of the recordings and make
additional recordings if needed due to a failure in the recording (i.e., poor fit to probe or

movement artifact).

[00169] Participants: Study 2. Flexibility in the middle ear muscle system:
Response to an auditory intervention. A subject is tested under a separate protocol to
evaluate the effectiveness of an auditory intervention (The Listening Project, Brain-Body
Center, Chicago, IL) on hyperacusis in autistic individuals (“therapeutic intervention”).
This subject attempted to complete the computer based training, but difficulties in
understanding and following the instructions precludes inclusion of the psychoacoustic
data in this example.

[00170] The Listening Project protocol is worth describing in order to understand
the time course of these recordings. The subject arrived for pretesting that included
continuous measurement of autonomic functions (e.g., heart rate and heart rate
variability), the Peabody Picture Vocabulary Test, the Kaufman Brief Intelligence
Survey, and a dynamic facial affect recognition task (DARE, BBC, Chicago, IL). Prior to
these tests, the subject participated in the MESAS measurement. The subject was
cooperative, compliant, and eager to see the results of his tests. The remainder of the
pretesting was performed elsewhere. Following the pretesting, the subject received the
first of five days of a therapeutic intervention auditory in nature. The intervention is a
mix of music and spoken word stimuli, digitally processed to enhance the acoustic
features of prosody in the original recordings. Each session lasts between 45 and 75

minutes, for a total duration of seven and a half hours of listening. The intervention is
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always presented in a safe, quiet environment at a low intensity. These features are

theorized to provide the environmental platform necessary to engage the social
engagement system. The amplified prosodic features in the auditory stimulus is
theorized to trigger central feature detectors in the nervous system to facilitate pro-social
neural regulation of the striated muscles of the face and head through the social
engagement system (i.e., increased resting tone of the middle ear muscles).

[00171] The subject participated in a two-month follow-up visit to assess the
stability of changes seen following the one-week intervention. At this one-day follow-up,
the subject first received an MESAS measurement, and then repeated some of the
cognitive and affective testing. After testing, the subject listened to the final day of the
Listening Project intervention, and then repeated the MESAS measurement.

[00172] RESULTS: Study 1: Normative data are collected in a gender balanced
sample of healthy young people without sensorineural hearing loss. Novel measures of
spoken word comprehension in the presence of background noise (NiN), and energy
reflectance by the middle ear (MESAS) are described. A measure of loudness scaling,
based on the well-established equal loudness contour (EqL), is also collected along with
two self-report measures of sensitivity to noise. Both of these measure have been
validated (Khalfa, 2002; Schutte, 2007). Measures are collected monaurally as
applicable to examine the interdependence of each of auditory perception: loudness,
sensitivity, intelligibility, and energy transfer. All statistical analyses are conducted in
PASW® Statistics 18 (IBM, Inc.).

[00173] Hyperacusis questionnaires: The two questionnaires yield total scores that
are significantly correlated between subjects, (15) = 0.64, p = 0.006. Each measure is
normalized (i.e., transformed to an N(0,1) distribution) for inclusion in a composite. The
average z-score for the subject’s two questionnaires is taken as a composite
hyperacusis score. The composite score, C, is:

C = { Z-Score (Schutte Total) +Z-Score (Khalfa Total) } /2

[00174] These measures provide a measure of personal comfort within the
auditory environment. The range of this measure is enhanced by calculating a
composite score of the two interrelated measure of hearing sensitivity. Creation of a
composite measure based on independent scales improves the generalizability of the
hearing sensitivity measure (Shrout, 1998; Spearman, 1910; Brown, 1910). The
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generalizability of this measure is validated by the high correlation between the

composite score and each of the original scores, r(17) = 0.91, p < 0.001 for Schutte and
n17)=0.91, p < 0.001 for the Khalfa total scores.

[00175] Gender differences. There is no significant gender differences in the

composite hyperacusis score.

[00176] Descriptive statistics: Since the composite score, C, is an average of two
normalized distributions, it is also normally distributed (TABLE 1)

[00177] Numbers in Noise: Each ear yields a similar distribution of noise tolerance,
as measured by the NiN task, #(16) = 1.08, p = 0.296. As described, the combined NiN
stimulus is the summation of a spoken word and a variable intensity noise masker (i.e.,
noise + constant signal). The NiN_50 value corresponds to the intensity of noise mixed
with the signal that should yield a 50% likelihood to correctly identify the spoken
number. An independent samples t-test indicated no significant differences between
males and females on the NiN task (TABLE 2).

[00178] Equal Loudness contour: Laterality differences. A repeated measures
ANOVA, with ear and frequency as within-subjects factors, is used to test for laterality
differences in the EqL curves (FIG. 9). There is a significant violation of sphericity in this
analysis based on Mauchly’s test, X* (119, N=17) = 193.46, p < 0.001. Therefore, the
degrees of freedom are adjusted by applying the Greenhouse-Geisser correction, € =
0.74. The ANOVA indicates there is a significant main effect for Frequency, F(4.97,
79.5) = 65.71, p < 0.001. However, there is no main effect for ear, F(1,16) = 0.15, p =
0.70 and no significant Ear x Frequency interaction, F(6.37, 101.9) = 1.92, p = 0.081.

[00179] Gender differences: A repeated measures ANOVA for both right and left
ear EqgL responses, with gender as a between-subjects factor, is used to test for gender
differences in the EqQL curves. There is no main effect for gender in either ear, and no
significant Frequency x Gender interaction for either the right, /(1,15) = 0.401, p = 0.54,
or left ears, F(1,15) = 0.59, p = 0.81. As reported above, there is a main effect for
Frequency.

[00180] Descriptive statistics: Individual differences at each frequency are normally
distributed (see Table 3) with a few exceptions. Due to the broadband effect of MEM
tone on energy absorption, summary statistics are calculated based on bandwidths that

should show an increase or decrease in absorption relative to 1000 Hz. Since the EqL
42



10

15

20

25

30

WO 2012/082721 PCT/US2011/064602
measure covers a larger range than the MESAS, a high-frequency range (greater than

4500 Hz) is also included for comparison of loudness scaling across this range.
Averaging across several frequencies yields estimates that are normally distributed
between subjects (see below).

[00181] MESAS. The normalized measurement of reflected energy within the ear
canal is a novel measure, derived from existing techniques for measuring power flow in
the ear canal. Before accepting the output of this technique as a measure of individual
differences, it is verified that the recordings provided a reliable measure of individual
differences by comparing the test-retest recordings of the right and left ears. As
described herein, the ER-10C probe is inserted into one ear, then into another ear, with
the researcher looking for a consistent right and left ear profile in the measurement
interface (i.e., GUI). lIrregular recordings are followed up by checking the setup (e.g.,
probe securely sealed in ear canal) and repeating the measurement. Subjects without

reliable measures are excluded.
[00182] Test — retest reliability.

[00183] A written log of events during the recording is maintained by the
researcher. In several instances the researcher failed to indicate the correct placement
of the probe (i.e., Right or Left ear), so a feature was added to the analysis software to
allow corrections of this parameter. All recordings are reviewed before making the final
calculation of the subject's MESA measurement. Recordings are verified for reliability
by visual inspection and only excluded if the original researcher notes a problem in the
log (i.e., probe fell out) or the reviewer observes one measure that deviates from the
pattern of a test-retest pair in that same ear. In the case of a mismatch, multiple MESA
recordings had to show a qualitatively similar profile (i.e., maxima, minima, slope) in
order to disqualify an outlier recording. This usually occurs when a disruption to the
testing session was noted (i.e., probe fell out). The final MESA measure for each ear is
the mean of the MESA measures in each accepted trial for that ear.

[00184] FIGs. 10 and 11 are examples of a typical recording with reliable test-

retest, with probe replacement, patterns that are visually distinguishable between each

ear. In this case the right ear measure deviated from the normative data, so the initial

researcher repeated it. For the third trial, the probe was moved to the left ear. On

moving the probe back to the right ear for the fourth trial, the researcher observed the

same pattern and was satisfied that the measurement was stable. In the left ear (FIG.
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11), the last recording is also a close match to the previous measure in the left ear. The

same probe tip is used in both ears, so it is unlikely that this difference is due to the
characteristics of the probe itself.

[00185] Uneven distribution of variance: The normalization of MESA by the energy
reflected at 1000 Hz is adopted to magnify the theorized role of MEM tone on energy
absorption in the middle ear. As discussed, contraction of the middle ear muscles
stiffens the ossicle chain, increasing the impedance of the middle ear and reducing
energy transmission to the cochlea. This attenuation is not consistent across
frequencies, with less attenuation above 1000 Hz. The normalization is centered at
1000 Hz, close to the center of the transition point attenuation due to MEM tone (see,
Background: MEM effect on energy transmission). This procedure yields a measure
that is not consistent in its variance across frequencies (i.e., heteroscedastic) (see FIG.
12). The frequency 1040 Hz is excluded from summary statistics due to its very small
variance, and the highest frequency of 4869 Hz is excluded based on it lying outside the
frequency band critical to vocal communication. This yields a set of values that are
more homogeneous in variance, particularly within the two bands from 280 to 868 Hz
and from 1248 to 4328 Hz.

[00186] Laterality differences: Consistent with published reports of energy
reflectance derived from power flow in the ear canal (Allen, 2005; Beers, 2010), no
difference in energy reflectance between the right and left ears is observed (FIG. 13).
Greater absorption above 1000 Hz is advantageous to speech perception. Negative
values indicate greater absorption of those frequencies compared to absorption at 1000
Hz. A repeated measures ANOVA, with measurement ear as a within-subjects factor, is
used to test for laterality in the MESA measure. Due to the heteroscedasticity of the
measure, there is a violation of sphericity in the ANOVA (Mauchly’s test, X? (104, N=17)
= 333.89, p < 0.001), similar to the EqL analysis. The degrees of freedom are corrected
by the Greenhouse-Geisser (¢ = 0.15) estimate. There was no main effect for ear,
F(1,16) = 0.34, p = 0.57. The model indicated no significant Ear x Frequency
interaction, F(2.161,34.6) = 1.31, p = 0.28.

[00187] Gender differences: A repeated measures ANOVA, with gender as a
between-subjects factor, is used to test for gender differences in both the right and left
ear MESA curves. Since there is no main effect for ear found in the laterality analysis,

each ear is tested separately for a gender effect. As for the EqL measure, there is no
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main effect for gender and no significant Gender x Frequency interaction was found for

either the left, F(1,15) = 0.54, p = 0.48, or right ears, F(1,15) = 2.42, p = 0.14.

[00188] Descriptive statistics: Most parameters are normal in their between-subject
distributions. However, several of the distributions are kurtotic, as can be seen in Table
4. The proposed filtering mechanism of the MEMs is broadband in action (i.e.,
increasing energy absorption above 1000 Hz and decreasing absorption below 1000
Hz). Sensorineural hearing loss, nonlinear interaction with cochlear filtering
mechanisms, and other individual differences in sensitivity within the small region of the
cochlea stimulated by the pure tone stimulus all suggest a great deal of variance in

sensitivity to an individual tone due to non-middle ear structures.

[00189] Summary statistics: As described, summary statistics are calculated for
EqL and MESA by averaging values in two regions: below 1000 Hz and from 1000 to
4500 Hz. The MESA value at 1040 Hz was used in interpolating the gain at 1000 Hz,
for normalization, but was not included in either average. Consistent with the laterality
effects on the full measures of EqL and MESA, there is no laterality differences for any
of the summary statistics. There is a significant difference in one summary statistic, the
difference between the mean EqL level in the mid-frequency and low-frequency ranges
in the right ear only, F(1,16) = 9.30, p = 0.008. However, there are no significant
relationships between this statistic and either the MESA, questionnaire, or NiN

measures. There is no need to correct for this effect in the summary analyses.

[00190] Descriptive statistics: As reported, summary statistics are generated based
on the theorized broadband effect of MEM tone on energy absorption and reflectance.

A beneficial side effect of this transformation is that the difference measures (e.g., Mean
(mid-frequency EqL) — Mean (low-frequency EqL) ) are normally distributed in this
sample. The mid-frequency range for the EqQL measure is from 1250 to 4000 Hz. The
low-frequency region of EqL is from 31.5 to 630 Hz. For the MESA measure, the mid-
frequency region is from 1248 to 4328 Hz, and the low-frequency region is from 280 to
868 Hz. There is no High-Mid value for the MESA measure because there is only one

frequency higher than the mid-frequency bandwidth (Table 5).

[00191] Covariation of Numbers in Noise performance and Middle Ear Sound
Absorption. Since MESA is a reliable measure of individual differences in MEM energy
reflection, the interaction between MESA and NiN_50 is examined. Variance in MEM
tone within the sample influences the transfer function of the ME, with increased
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stiffness causing greater energy absorption in the frequency range of the higher

formants (i.e., 1250 to 4500 Hz) and increasing noise tolerance on the NiN task. By
reducing energy transmission to the cochlea and decreasing the intensity of frequencies
below 1000 Hz relative to higher frequencies within the cochlea, the signal to noise ratio

within the cochlea should be increased.

[00192] Correlation with individual frequencies of Middle Ear Sound Absorption:

The right ear showed a consistent pattern of negative correlations within the frequency
band of the higher formants in human speech. Subjects with the highest tolerance for
noise reflected less energy in the middle ear (i.e., absorbed more energy into the inner
ear) at these frequencies, relative to 1000 Hz (FIG. 14).

[00193] The left ear presents a profile (FIG. 15) not entirely explained by the
proposed role of middle ear muscle tone. A strong relationship is found between energy
reflectance at the lowest frequencies and noise tolerance. Subjects who absorb less
low-frequency energy in the left ear have a higher tolerance for noise. There is also a
strong correlation in the expected direction at 4000 Hz. However, there is no
relationship between NiN_50 in the left ear and energy reflection between 1000 and
3000 Hz.

[00194] Correlation with summary statistics: The correlation between NiN_50 and
the MESA summary statistics is examined (Table 6). Energy reflection at a single
frequency, rather than over a range of frequencies, is a less precise measure of MEM
tone due to individual differences in ear morphology. The proposed role of individual
differences in MEM tone is that greater resting tone equates to a wider and deeper
region of increased energy transmission to the cochlea from 1000 to 4500 Hz (i.e., the
frequency band of the higher formants in human vocal communication). Greater
absorption (i.e., less energy reflectance) should correlate with improved performance on
the NiN task within this range. By providing the cochlea with more information in this
frequency range, relative to the low-frequency masking noise, the task of identifying the
spoken number should be facilitated. In essence, there should be a greater signal to
noise ratio in the cochlea of individuals with higher neural tone to the MEMs. Below
1000 Hz, energy reflection relative to 1000 Hz should not change as a result of variance
in MEM tone. The difference between the mid and low-frequency values is included as
the most general measure of middle ear efficiency (i.e., combining the region thought to

be due to MEM tone and the ‘passive’ transmission efficiency).
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[00195] FIG. 16 is the correlation between energy reflectance in the mid-frequency

bandwidth and NiN_50 in the right ear illustrated as a scatter plot and left ear (Table 7).

[00196] FIG. 17 is the correlation between energy reflectance in the low-frequency
bandwidth, below 1000 Hz, and NiN_50 in the left ear as a scatter plot.

[00197] Significant effect of Numbers in Noise performance on the MESA curves:
To test for the interaction between speech intelligibility (i.e., NiN_50) and energy
reflectance, an ANCOVA for the MESA distributions, with NiN_50 as a covariate is
applied. Each ear is tested separately, and the main effect of NiN_50 from the
ipsilateral ear was significant within the frequency bands used for the summary
variables. The significant effects are summarized in Table 8.

[00198] Split-half analysis of MESA as a function of Numbers in Noise
performance in the Right Ear: Based on the ANCOVA findings and the significant
correlations between the summary statistics and NiN_50, the split-half relationship of
MESA in each ear is explored. The normal hearing sample is divided into high and low
noise tolerance groups. There are eight subjects in the high tolerance group and nine in
the low tolerance group. Visual inspection of the curves for the two groups (FIG. 18)
clearly shows that in the right ear the MESA profiles match the predicted difference in
energy transfer due to resting MEM tone. Simply, the frequency region of advantage,
the region associated with the higher formants of human vocal communication (i.e.,
1000 to 4500 Hz) is larger and the advantage greater for the high noise tolerance group.
Subjects with reduced tolerance for noise have a narrower and shallower MESAS profile
in the region of the higher formants of speech.

[00199] The left ear profile does not complement the model of MEM tone affecting
middle ear reflectance (FIG. 19). The shape of the curve from its minimum around 1700
Hz to its next peak near 3500 Hz is not related to NiN_50. The visualization suggests
that it is the ability to reflect low-frequency energy and absorb frequencies above 3500
Hz that is related to speech intelligibility in the left ear system. For reference, FIGs 20-
21 are expanded views of the low-frequency limb of the MESA curve for each ear.

[00200] Covariation of loudness perception and MESA: There is no significant
correlation between the summary statistics for EqQL and MESA in the right ear.
However, several strong relationships between loudness scaling (i.e., difference
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between EqL frequency bands) and energy reflectance in the left ear (FIG. 22) are

observed.

[00201] Correlation with individual frequencies of MESA: The left ear presents a
profile similar to the right ear relationship with NiN_50. A strong relationship is found
between energy reflectance in the frequency band of the higher formants of speech and
loudness scaling. Subjects who absorb less mid-frequency energy in the left ear
increase the intensity of the low-frequency tones on the EqL task less than subjects who
absorb more mid-frequency energy. A flatter profile on the EqL task (i.e., smaller
difference between mid and low-frequency judgments) is hypothesized to be a feature of
hyperacusis. This type of profile is advantageous for detecting a threat (i.e., predator) in
the wild.

[00202] Correlation with summary statistics: The relationship is quite strong, and
clearly driven by the energy reflection in the mid-frequency range (Table 9). This
suggests that the frequency band in the left ear that determines speech intelligibility (i.e.,
low frequencies) may be orthogonal to the frequency band that determines loudness
perception (i.e., mid frequencies). It appears that individual differences in MEM tone

correlate with loudness perception in the left ear.

[00203] For reference, the relationship between loudness scaling and MESA
scaling (i.e., the difference between the average values of each mid-frequency and low-
frequency range) is plotted in FIG. 23.

[00204] Split-half analysis of MESA as a function of Equal Loudness contour Mid-
Low difference in the Left Ear: Following up on the significant correlations, for the left
ear only, between EqL judgments and energy reflectance above 2000 Hz, the split-half
distributions of MESA as a function of EqL Mid-Low difference is plotted (FIG. 24).
Subjects are split again into groups of nine and eight. In the previous split-half grouping
the smaller sample was taken from those with high tolerance for noise, assumed to be
an indicator of good MEM function. In this case, the smaller sample is from those with
the largest mean difference between mid-frequency and low-frequency responses to the
EqgL task. This is also presumed to be a feature of optimal MEM function. The
response matches the hypothesized function of increased MEM tone being associated
with greater separation between low-frequency and mid-frequency loudness. In other
words, subjects with a smaller perceived difference between high and low frequency
pure tones have a narrower MESAS profile, indicating reduced resting tension in the
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middle ear muscles. The curve closely matches the findings from the right ear, with the

groups split based on the NiN_50 score.

[00205] Covariation of MESA and self-reported hearing sensitivity: The composite
hyperacusis score also relates to the reflectance measure. This relationship is not
uniform across frequency, similar to the relationship between NiN_50 and MESA. When
referring to FIG. 25, it is important to remember that the measures are normalized at
1000 Hz, so the directionality of the correlations is expected to change at this point.
Energy reflection in the left ear is significantly related to self-reported sensitivity from low
frequencies through 2000 Hz, while the right ear showed a narrower band of significant
correlations close to 1000 Hz. Both ears showed a similar profile of correlations above
1000 Hz, suggesting that a weighted average of MESA may provide a more reliable
estimate of hearing sensitivity than any one frequency.

[00206] Study 2: Treatment Effect: One Week of the Listening Project: This subject
is an adult male with a diagnosis of autism spectrum disorder. The subject possesses
developed verbal skills and presented as a reserved but friendly individual. The subject
was very interested in the computer based assessments, although the subject did fixate
on several trials in the EqL task. This perseveration on the computer based tasks led to
a difficult testing session with all of the participating researchers agreeing that his
responses were not valid. In essence, the subject enjoyed manipulating the intensity of
the tones in the EqL task, but did not appear to make any decision regarding the
loudness matching portion of the task. He simply adjusted each tone until bored then

moved on to the next trial.

[00207] Although unable to obtain reliable measures of listening performance from
this subject, we were able to obtain reliable MESA measurements at each session. The
main finding from this subject is flexibility in the MESA measurement, with one ear
measurement changing while the other stays the same. This change is proposed to be
a result of the auditory intervention, The Listening Project. The findings are replicated
during a follow-up study performed two months after the initial auditory intervention. On
this follow-up visit the subject repeated pre and post testing and received the full day 5

intervention audio between the pre and post measures.

[00208] New probe tips are used on each visit to the lab: one for pretesting, one for
post, and one for the full follow-up visit. FIG. 26 is the test-retest reliability in the right
ear during the follow-up visit.
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[00209] Over the course of the intervention, the subject became increasingly

comfortable with the staff and research personnel. On arriving for post-testing of MESA,
the subject indicated that he had listened to the same music he had been listening to on
Monday. He indicated that on Friday it was easier to understand the words. Over the

course of that same week, this change in MESA is observed within the left ear (FIG. 27).

[00210] On returning to the lab two months after receiving the intervention, the
subject reports several improvements in social engagement behaviors. He had taken
on a job in a noisy environment, one which he previously attempted but could not
tolerate. While he was friendly at the first meeting, he was noticeably more outgoing
during the follow-up visit. However, in his left ear his MESA profile had reverted to the
shape seen on the first day of testing (i.e., before the intervention) (FIG. 28).

[00211] He repeated the cognitive testing and then listened to the full Listening
Project intervention from day 5. After a break of about five minutes, he returned to the
lab and repeated his MESA measurements. As before, the right ear showed only
minimal change (FIG. 29). However, his left ear showed significant change in energy
reflectance (FIG. 30), similar to the changes after the first round of the intervention.

[00212] Qualitatively, the left ear transitions from having a smaller than normal
frequency band of increased energy absorption in the middle ear to having a wider and
deeper than normal region of advantage (FIG. 31). The frequencies used in the probe
at the follow-up visit were the same as the normative data from study 1. Based on this
normal hearing sample, the subject had a left ear MESA Mid-Low difference with a z-
score of 9.39 at pretesting. This changed to -1.72 at the posttest measurement, within
the middle 95% of the distribution. This is the first demonstration of physiological
changes in the middle ear as a result of an auditory intervention.

[00213] The primary findings demonstrate that individual differences in middle ear
reflection within a normal hearing population, along the dimensions consistent with MEM
tone, are related to loudness scaling in the left ear and speech intelligibility in the right.
Thus, the neural regulation of the resting tone of the middle ear muscles is functionally
adjusting the “gain” of the auditory system along a continuum from hypersensitivity to
low-frequency noise with poor speech intelligibility at one end to normal sensitivity with
good speech intelligibility (but less vigilance to external threat) at the other end (Porges
& Lewis, 2010). The gain of the middle ear is greatest around the resonant frequency,
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approximately 1000 Hz, but the roll-off on each side of this frequency is modulated by

resting tension applied by the middle ear muscles.

[00214] Within the healthy population, the functional impact of small variations in
right and left middle ear muscle tone were observed by measuring loudness perception
and speech intelligibility independently in each ear. The findings have broad clinical
applications since hearing sensitivity and difficulty in extracting the information from
voice in background noise have been reported as a feature of several psychiatric
disorders (Stansfeld, 1992). Based on the findings herein, those reports can be
reasonably explained by disruption in the neural regulation of the middle ear muscles on
both sides of the head.

[00215] The decision to employ monaural measurements of loudness perception,
speech intelligibility, and energy reflectance is validated by several significantly different
relationships between right ear and left ear measures. The reflectance measure is
novel and the findings from the current study provide insights into an overlooked filtering
mechanism in the auditory periphery, resting tone of the middle ear muscles. The
laterality of middle ear function is consistent with the laterality of the vagal regulation of
the heart and the neural regulation of the striated muscles of the face (see Porges et al.,
1994).

[00216] This consistency between regulation of muscles of the face and vagal
regulation of the heart provides the possibility that resting middle ear tone may be part
of the same neural feedback circuit that links dynamic autonomic nervous activity to
expressed changes in the neural regulation of the striated muscles of the face and head
controlling facial expression and vocal prosody. Thus, the ability to listen either to
human voice or the low frequencies associated with predators would be dynamically
coordinated with both physiological (i.e., calm to listen to human voice or activated to
fight or flee) and the emotional expressions of the face and vocal intonation of voice.
This supports the model of a social engagement system that adjusts special visceral
efferent output based on detected social cues in the environment (Porges, 2007; Porges
& Lewis, 2010). In support of this model receptive language skills, vagal regulation of
the heart, and engagement behaviors (i.e., orienting towards the speaker) have recently
been shown to covary within a population of children with ASD. Children with greater
vagal inhibition of heart rate while being spoken to have better language and

communication skills later in life (Watson, 2010).
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[00217] The middle ear ossicles are regulated by two middle ear muscles.

Although the literature focuses on the stapedius muscle, regulated by a branch of the
facial nerve, the tensor tympani is also involved in the regulation of middle ear structures
via a branch of the trigeminal nerve. Reflexive contraction of the stapedius muscle in
response to intense acoustic stimulation is bilateral, as is the reflexive contraction of the
tensor tympani to internal behaviors like chewing and vocalizing. This does not
preclude the possibility that the tension applied by these muscles in a quiescent state
could vary between the right and left sides. In the current study, a relatively
homogeneous group of “normal” young adults were tested. It is assumed that with a
larger, more heterogeneous population, the range of differences in the variables
(sensitivity, loudness perception, speech intelligibility and energy reflectance) will
increase. Similarly, it is also assumed that as clinical populations are tested, the defining
features of pathology will be identified, including the parameters of dysregulation of the
middle ear muscles that may or may not be bilateral.

[00218] The autonomic regulation of the resting MEM tone may be lateralized, as
the autonomic system is in general (Porges, Roosevelt, Maiti, 1994). This difference in
neuromuscular tone may represent an individual difference that is constant (e.g., greater
density of neural connection from one hemisphere) or dynamic (e.g., a balance adjusted
depending on context). In either case, within this restricted sample (young and healthy
with good hearing), these laterality differences can be used to examine the functional
role of MEM tone on hearing in each ear. Research on individuals with concomitant
hyperacusis and difficulty hearing in noise can explore the lateral differences in MEM
tone. Some disorders associated with autonomic dysregulation will impact the resting
tone of the muscles in both ears, while other conditions (or possibly other individuals
with the same diagnosis) will show impairment in only one ear, such as seen in the case

study of the Listening Project intervention.

[00219] Consistent with these findings, click evoked brainstem auditory evoked
potentials have reliably been reported to indicate greater amplitude responses in the
right ear (Levine, 1983; Levine, 1988). More recent work on the brainstem level
encoding of acoustic information has indicated lateral differences specific to speech-like
information at the level of the thalamus (King, 1999) and the brainstem (Abrams, 2006).
These laterality differences for language comprehension are largely independent of
handedness, as they arise from the efficiency of neural communication between the
ears and cortical structures that process language and these structures are consistently
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lateralized regardless of handedness. Nevertheless, the potential for handedness to

interact with regulation of resting middle ear muscle tone should be explored in future
research using MESA.

[00220] Left ear measures are sensitive to features of hyperacusis: There is
evidence of a significant laterality in noise induced sensorineural hearing loss, with the
left ear more likely to suffer both permanent (Nageris, 2007; Boger, 2009) and
temporary (Pirila, 1991a; Pirila, 1991b) threshold shifts in response to noise exposure at
damaging intensity. However, reports of acoustic power flow in the ear indicate no
right/left differences in tympanometry (Feeney, 2004), impedance (Allen, 2005), or
reflectance (Beers, 2010) at the eardrum, which is in agreement with the MESA
measure. It is plausible that the increased prevalence of noise induced hearing loss
reflects a laterality difference in the transduction mechanisms of the cochlea. The
reported relationships between perceived loudness (EqL) and left ear reflection
suggests that loudness growth in the low-frequency end of the left ear system is related

to middle ear muscle tone.

[00221] This does not hold true for the right ear. The transduction mechanism that
maintains this loudness scaling (from the middle ear to the final perception of loudness)
is possibly also responsible for the increased susceptibility to noise induced damage
within the cochlea. Findings reported herein suggest laterality in the processing of
speech in noise, since the ears are sensitive to different portions of the frequency
spectrum with regards to this task. This adds to the body of evidence that identical
information received at the cochlea is not compressed into auditory nerve firings in the
same manner (Hornickel, 2009).

[00222] In addition to the left ear relationship between loudness perception and
low-frequency reflection in the region of 1250 to 4500 Hz, a relationship between left ear
reflection of low-frequency energy and self-reported sensitivity to noise (i.e., the
hyperacusis composite score) is reported. Those differences are not likely due to
variance in middle ear muscle tone, since the middle ear muscles should have a flat
attenuation of absorption for frequencies below 1000 Hz (Pang, 1989). However, there
is the possibility of an interaction between middle ear muscle tone and the resonance of
the ear canal that accounts for this difference. In addition, the observed difference in
the lowest frequencies may represent structural abnormalities in the middle ear (e.g.,

perforated ear drum). This can be explored through existing instruments (i.e.,
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tympanometry, acoustic impedance), and, can be examined in studies that incorporate

those more traditional clinical devices with the MESA measurement.

[00223] The left ear system is theorized to have a more direct connection to the
neuroceptive circuits of the right vagus (see Porges et al. 1994). Darwin observed that
monkeys communicate “anger and impatience by low” tones. Environmental dangers
are also associated with low-frequency noise (e.g., earthquakes, approaching
footsteps). All of these signals trigger reflexive responses to flee the source of the
noise. Perhaps a left ear system characterized by over absorption of low-frequency
energy biases the individual to hyperarousal or increased vigilance to the surroundings.
This explains the strong left ear relationship between energy reflection and reported

sensitivity to environmental noise.

[00224] Right ear measures are related to speech intelligibility: The predicted
relationship between MESA and speech intelligibility in the right ear is found. The right
ear auditory system may be more sensitive to the relative change in energy
transmission within the mid-frequency range than that of the left ear system. This is
likely due to the compression of acoustic information as it travels from the cochlea to the
language processing centers, maintaining information that was amplified by MEM tone
that the left ear system discards. There is an established right ear advantage for
processing language in binaural stimulation (Hugdahl, 2001). This is possibly a function
of more direct neural connection with fewer synapses between the right ear auditory
nerve and the language processing centers of the brain. The compression of
information as it travels along this pathway shows speech specific encoding differences
between right and left ear information at the level of the brainstem (Hornickel, 2009).
These effects include increased spectral resolution in the region of the first and higher
formants for the right ear as well as decreased latency to brainstem responses for right
ear speech. A right ear system that has become specialized for processing complex
language stimuli may maintain the flexibility to attend to this information only in safe
settings by regulating the middle ear muscles as hypothesized.

[00225] The compression of left ear information could complement the right ear
system by accurately reflecting the perceived acoustic environment with respect to the
spectral envelope. The compression of information in the left ear would then reliably
convey the amount of low, mid, and high frequency energy received by the cochlea

while the right ear system would sacrifice this intensity information in exchange for
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greater fidelity in the pitch differences at the mid frequencies (as transduced by the

cochlea).

[00226] Regardless of the mechanism, there is a difference in signal compression
at the cochlear level for nonspeech information (Sininger, 2004) and the brainstem
(Sininger, 2006). This is just the first processing difference in the right ear signal
transmission pathway and is also evident in measures from the cortex (Abrams, 2008).
The differences continue throughout the processing with the overall transmission path
from the right ear to the left hemispheric speech regions being more direct for at least

parts of the auditory information (Heffner, 1990).

[00227] Clinical application: a neural component to conductive hearing loss. The
measurement of middle ear muscle tone described herein, in addition to static middle
ear power flow, provides a clinician or researcher with tools to more fully determine the
conductive component of any hearing difficulties. The test is quick and reliable, with
consistent measurements in both ears being obtained in less than five minutes with
most subjects. By using hardware that is already approved for measurements of
otoacoustic emissions, in both adults and infants, the measurement can be translated
into clinical practice easily. Subjects across the full age and functional range can now
have their middle ear status assessed efficiently.

[00228] Currently, middle ear power analysis (e.g., Keefe, Margolis, Feeney, etc.)
is useful to screen for gross abnormalities in energy transmission due to blockages in
the middle ear. Complex tone energy reflection, measured within a bandwidth
influenced by middle ear muscle tone, provides information on a potentially critical
feedback system within the middle ear. This information is currently ignored as changes
in middle ear muscle tone are not considered to occur outside contractions due to
acoustic stimuli (i.e., the acoustic stapedial reflex) or internal events like chewing or
vocalizing. However, the individual differences reported in each ear provide evidence
that this peripheral filter is being tuned, and this tuning is playing a significant role in the
comprehension of speech and the perception of loudness.

[00229] Any impairment of this feedback system will lead to difficulty modulating
the resting tension on the middle ear muscles. One individual may develop spasticity,
which would increase the relative amplitude of frequencies above 1000 Hz within the
cochlea. Another may have atrophy and decreased stiffness in the ossicle chain
regardless of context. Both may present with acceptable audiometric levels due to
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intact middle ears and healthy cochlea; however, the individual with atrophy will have

more difficulty hearing in a noisy environment where the relative amplification of

frequencies above 1000 Hz would facilitate speech comprehension.

[00230] Further, from a clinical perspective, otoacoustic emissions (OAEs) are
rapidly becoming an integral component in the assessment of cochlear function.
Variance in MEM tone will influence the reverse transmission along the ossicle chain of
this information. Changes in OAE amplitude may represent changes in MEM tone due
to social context or another mechanism regulating the resting tone on the MEMSs.
Consider the situation: A child is referred to the clinic, and on the first visit, distortion
product OAEs (DPOAEs) cannot be measured in either ear. On a subsequent visit, the
DPOAEs are recorded with normal signal to noise levels. Does this reflect a change in
cochlear filtering mechanisms, or could the subject simply be more relaxed during the
follow-up visit, with greater tension being applied to the MEMSs, and thus, greater
amplitude DPOAEs being transmitted through the stiffened ossicle chain?

[00231] Clearly, more needs to be determined about the temporal aspects of MEM
tone. How does it change over the course of a normal day? The final case study
suggests that it is dynamic, but measures from typically hearing individuals are relatively
stable (data not shown). Does it change with age? The sample was homogenous and
young, but the autonomic nervous system undergoes significant age related changes in
almost all aspects.

[00232] The most obvious clinical application of the technology is as an objective
screening tool for hyperacusis. While the results from this normative sample should be
extended to subjects who exceed the clinical threshold for hyperacusis, the correlation
between left ear reflectance measures and established self-report measures of hearing
sensitivity indicate that MESA is potentially the first objective measure of hyperacusis
symptoms. Currently, there is no accepted physiological model that explains the
features of hyperacusis. Failure to properly regulate the left ear muscle tensions is a
mechanism for hyperacusis that has not fully been explored but shows promise. These
studies should include traditional measures of ME power flow in order to determine if the

effect is structural or neural.

[00233] Finally, by further refining the sensitivity of existing measures of the

conductive hearing system, the technology brings clinical diagnosis of sensorineural

hearing loss forward. The ability to identify pathological middle ear systems, both with
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structural abnormalities and now with neural regulation deficits, means that clinicians,

for example, can exhaustively test and then eliminate any conductive component to
detected hearing losses. Thus, the location of the deficit can more reliably be placed in
the central hearing structures (e.g., the cochlea, the brainstem).

[00234] Research tool: a new measure of physiological state. These results
demonstrate the applicability of the device for testing interventions that purport to treat
language processing deficits. Particularly, this MESA measurement is designed to
provide a fast and reliable measure of individual differences in MEM tone. This is most
difficult in clinical populations that include aggressive behaviors and acoustic and/or
tactile hypersensitivities. While other measures of acoustic power flow through the
middle ear may also be employed, it may not be possible for extremely sensitive
individuals to withstand the pulse train of clicks or chimes necessary for those
measures. We can establish the transformation between MESA and those measures of
acoustic power flow across the full frequency spectrum. Once this relationship is
established in normal hearing individuals, it will not be necessary for hypersensitive
subjects to participate in both tests. Since the test provided herein does not rely on

subject response, the measure of hearing sensitivity is objective.

[00235] A rigorous test of auditory interventions based on objective physiological
data is desperately needed in the ASD community (as well as other clinical populations).
Interventions are varied, costly, and often advertised with bold claims that are not
founded in empirical research. The results presented with the Listening Project
intervention suggest that such a quantitative test can be derived from energy reflectance

in the ear canal.

[00236] The normative data also support the theoretical model on which the
Listening Project was developed. Even within the restricted range of individual
differences (none of the subjects exceeded Khalfa's hyperacusis threshold of 26) there
was a strong relationship between low-frequency energy reflection in the left ear and the
composite hyperacusis score. Left ear reflectance in the mid-frequency band was also
related to the EqL profile, with "low MEM tone” individuals having a flatter EqL profile.
This is a unique contribution to the understanding of the interaction between
psychophysical perceptions, physiological state, and hearing sensitivity. The Listening
Project was designed around a theoretical model that physiological state modulates
both sensitivity to noise and the perception of loudness through regulation of the middle

ear muscles.
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[00237] The right ear shows a relationship between mid-frequency energy

reflectance (hypothesized to be under the influence of MEM tone) and speech
intelligibility. This finding suggests that individuals with chronically heightened vigilance
(i.e., increased sympathetic activation) may be at a disadvantage for understanding
human voice. Additionally, emotional information is conveyed through the higher
formants of human speech (i.e., in the frequency range above 1000 Hz). Therefore, a
deficit in speech intelligibility due to the middle ear transfer function should reduce
emotional intelligibility as well. Thus, the findings suggest a potential link between MEM
tone, physiological state regulation, language development, and vocal affect

comprehension.

[00238] Another dimension of variance not addressed by the current study is the
relative contribution of the two middle ear muscles to the energy reflectance of the
middle ear. Since the two muscles (stapedius and tensor tympani) differ considerably in
size and temporal characteristics of their responses (Borg 1972a; Borg, 1973), their
contributions to middle ear tension should be different at steady-state and during
dynamic changes. Research involving unique cases with disruptions to specific middle
ear muscles will determine the parameters of this relative contribution from each

muscle.

[00239] Provided herein is a novel measurement of energy reflected from the
activated ear canal. Measurements are optimized to maximize individual differences in
energy reflectance from the ear canal due to variance in resting MEM tone. MESA
magnitude was differentially related to loudness perception and speech intelligibility in
each ear. In the right ear, the hypothesized relationship between increased absorption
of frequencies corresponding to the higher formants correlated with improved speech
intelligibility. In the left ear, the hypothesized relationship existed between increased
loudness differences between high and low tones and energy absorption in the
frequency range of the higher formants. These findings have implications for the
autonomic regulation of the quiescent state of the middle ear muscles, which may be

lateralized in a normal hearing population.
[00240] Example 2: Atypical Hearing Evaluation

[00241] This example investigates covariation between neural regulation of middle
ear muscles and functional measure of hearing in a population of normal hearing young
adults and atypical subjects. One measure of “hearing” relates to the ability to
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understand spoken words in the presence of noise. We use measurements from a

novel device, referred herein as a “middle ear sound absorption system” (MESA). The
MESA device as a number of advantages, including being a fast screening tool, with a
reliable trial taking about 10 seconds, and at least two trials are provided per ear. The
MESA device and procedure has a high test-retest reliability, including with probe

replacement.

[00242] As discussed, the device and methods relate to measuring the absorption
at the ear drum as a function of frequency, such as be detecting the reflected energy
from an acoustic sound-wave input. In an embodiment, the input is a non-harmonic
acoustic input comprising a comb input that impacts the middle ear in a manner that is
fundamentally different than pure tones or other conventional inputs. In this manner, a
frequency-dependent absorption is obtained, with the plot providing the ability to
pinpoint potential concerns related to the middle ear. For example, increased resting
tension in the middle ear muscles increase absorption at frequencies above about 1250
Hz. Greater absorption of higher frequencies, relative to those about 1000 Hz and
below facilitate the “unmasking” of speech in noisy environments. In addition, wider and
deeper bowls in the frequency spectrum by the MESAS device is expected between
about 1200 and 3500 Hz.

[00243] As discussed, the reflected energy has been measured for an autistic
subject, along with effect of a therapeutic treatment (see, e.g., FIGs. 26-31) FIG. 32
shows the measured reflected energy for an individual with difficulty in hearing in a noisy
environment (labeled “subject”), relative to a reference (labeled “normative”) The upward
shift of the spectrum at higher frequencies indicate the test subject has difficulty hearing
in noisy environments. FIG. 33 is the reflected energy for a subject with a reported
hypersensitivity to speech sound (labeled “subject”) for each of the left and right ear.

For comparison and assessment purposes, a reference is provided from a normal or

typical individual.

[00244] Individuals having difficulty hearing show increased level of reflected
energy (e.g., less absorption) over certain frequency range (see FIG. 32). In contrast,
an individual with hypersensitivity to sound show showed a decreased level of reflected
energy (e.g., greater absorption) over certain frequency range (see FIG. 33). These
measures of reflected energy also illustrate the applicability of various algorithms to
assist in quantifying and assessing a subject for one or more atypical hearing states or

conditions. For example, an algorithm mav be employed to assess difficulty hearing in a
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noisy environment and another for hypersensitivity to speech sound. The “weighted

frequency” label in FIG. 32 represents a region where a frequency may be weighted in
an algorithm to assist in assessing subject status. In this manner, differences from a
reference can be rapidly calculated and quantified, thereby assisting in assessment in a
pass (result is typical) / fail (e.g., likelihood that the measurement is associated with an
“atypical” state) that is not subjective.

[00245] All references throughout this application, for example patent documents
including issued or granted patents or equivalents; patent application publications; and
non-patent literature documents or other source material; are hereby incorporated by
reference herein in their entireties, as though individually incorporated by reference, to
the extent each reference is at least partially not inconsistent with the disclosure in this
application (for example, a reference that is partially inconsistent is incorporated by

reference except for the partially inconsistent portion of the reference).

[00246] All patents and publications mentioned in the specification are indicative of
the levels of skill of those skilled in the art to which the invention pertains. References
cited herein are incorporated by reference herein in their entirety to indicate the state of
the art, in some cases as of their filing date, and it is intended that this information can
be employed herein, if needed, to exclude (for example, to disclaim) specific
embodiments that are in the prior art. For example, when a compound is claimed, it
should be understood that compounds known in the prior art, including certain
compounds disclosed in the references disclosed herein (particularly in referenced
patent documents), are not intended to be included in the claim.

[00247] Whenever a range is given in the specification, for example, an intensity
range, a time range, or a sensitivity range, all intermediate ranges and subranges, as

well as all individual values included in the ranges given are intended to be included in
the disclosure.

[00248] As used herein, “comprising” is synonymous with "including," "containing,
or "characterized by," and is inclusive or open-ended and does not exclude additional,
unrecited elements or method steps. As used herein, "consisting of" excludes any
element, step, or ingredient not specified in the claim element. As used herein,
"consisting essentially of" does not exclude materials or steps that do not materially
affect the basic and novel characteristics of the claim. Any recitation herein of the term
“‘comprising”, particularly in a description of components of a composition or in a
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description of elements of a device, is understood to encompass those compositions

and methods consisting essentially of and consisting of the recited components or
elements. The invention illustratively described herein suitably may be practiced in the
absence of any element or elements, limitation or limitations which is not specifically

disclosed herein.

[00249] The terms and expressions which have been employed are used as terms
of description and not of limitation, and there is no intention in the use of such terms and
expressions of excluding any equivalents of the features shown and described or
portions thereof, but it is recognized that various modifications are possible within the
scope of the invention claimed. Thus, it should be understood that although the present
invention has been specifically disclosed by preferred embodiments and optional
features, modification and variation of the concepts herein disclosed may be resorted to
by those skilled in the art, and that such modifications and variations are considered to
be within the scope of this invention as defined by the appended claims.

[00250] In general the terms and phrases used herein have their art-recognized
meaning, which can be found by reference to standard texts, journal references and
contexts known to those skilled in the art. The definitions provided herein are to clarify
their specific use in the context of the invention.

[00251] One skilled in the art readily appreciates that the present invention is well
adapted to carry out the objects and obtain the ends and advantages mentioned, as well
as those inherent in the present invention. The methods, components, materials and
dimensions described herein as currently representative of preferred embodiments are
provided as examples and are not intended as limitations on the scope of the invention.
Changes therein and other uses which are encompassed within the spirit of the

invention will occur to those skilled in the art, are included within the scope of the claims.

[00252] Although the description herein contains certain specific information and
examples, these should not be construed as limiting the scope of the invention, but as
merely providing illustrations of some of the embodiments of the invention. Thus,
additional embodiments are within the scope of the invention and within the following

claims.
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TABLES

Table 1: Distribution parameters of the composite hearing sensitivity

score, C.

Mean SD Skewness Kurtosis
C 0 0.91 -0.53 0.99

Table 2: Distribution parameters of the noise tolerance variable.

Variable Mean SD Skewness Kurtosis
NiN_50_Right 116.06 6.935 0.143 -1.177
NiN_50 Left 114 .46 6.300 1.113 427

Note: NiN_50 is unitless, but the value is linearly related to intensity in dB SPL.

Table 3: Distribution parameters of EqL

Frequency (Hz) Mean SD Skewness Kurtosis
RE 31.5 90.76 9.169 237 -.547
RE 50 85.35 8.732 871 1.605
RE 80 78.12 8.817 1.337 1.732
RE 125 75.53 7.451 57 537
RE 200 68.82 6.217 837 .089
RE 315 64.29 4.398 955 583
RE 500 60.82 2.963 472 -.640
RE 630 58.71 3.077 897 .758
RE 1250 57.94 3.092 465 -.927
RE 1600 58.00 4.528 -.247 -.237
RE 2500 60.88 5.243 190 460
RE 4000 60.71 6.049 .369 823
RE 6300 69.24 8.511 .188 -.967
RE 8000 74.00 7.961 -.101 -417
RE 10000 73.71 9.674 -.578 125
RE 12500 70.18 12.812 -174 -.587
LE 31.5 91.24 10.802 -.193 -534
LE 50 80.24 8.519 .842 2.400
LE 80 78.06 8.257 1.032 410

LE 125 73.06 6.878 1.002 817
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LE 200 70.59 9.056 2.791 9.783
LE 315 64.29 4.398 .705 .038
LE 500 61.76 4.116 .349 .090
LE 630 59.82 5.626 1.649 2.271
LE 1250 59.00 4.301 523 -.526
LE 1600 57.47 3.693 -.349 1.196
LE 2500 59.71 5.903 224 1.256
LE 4000 59.76 6.505 460 601
LE 6300 74.94 8.151 .793 976
LE 8000 75.00 7.657 -.816 .258
LE 10000 77.06 7.327 -1.120 1.102
LE 12500 70.47 9.375 -.046 -.536
Note, RE = Right Ear and LE = Left Ear.

Table 4: Distribution parameters of MESAS

Frequency (Hz) Mean SD Skewness Kurtosis

RE 280 32 .76 -.35 33
RE 336 .60 .84 -1.59 3.77
RE 476 1.08 .80 -1.05 .96
RE 644 1.38 .82 -1.49 1.76
RE 868 .79 52 -2.17 4.22
RE 1040 -.19 A1 1.16 78
RE 1248 -1.00 .81 40 -48
RE 1768 -2.61 1.06 49 -.30
RE 2392 -2.16 1.04 -.67 -.66
RE 2705 -1.31 1.58 .28 =27
RE 3224 1.03 2.07 .86 87
RE 3516.5 3.70 2.15 1.22 2.14
RE 3922.25 2.84 2.53 1.11 2.07
RE 4328 1.20 3.06 .84 1.98
RE 4869 72 4.09 -.37 2.46
LE 280 19 53 -.50 1.34
LE 336 .55 .55 .00 .36
LE 476 1.05 54 -.38 .30
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LE 644

LE 868
LE 1040
LE 1248
LE 1768
LE 2392
LE 2705
LE 3224
LE 3516.5
LE 3922.25
LE 4328
LE 4869

1.43
73
-.19
-1.15
-2.89
-2.51
-1.92
.56
3.17
2.48
1.49
1.48

.50
33
10
.67
73
.96
1.28
1.51
1.32
1.40
1.85
2.87

-47
-.89
37
.94
-.06
73
.94
.36
19
.66
-.06
-1.05

PCT/US2011/064602
-1.16

.94
-1.17
.54
-37
-43
-.36
-.69
-1.48
-.51
-.69
.99

Note, RE = Right Ear and LE = Left Ear.

Table 5: Distribution parameters of the difference measures based on the summary

statistics
Difference
Measure  Ear Frequencies compared Mean SD Skewness Kurtosis
Left Mid—Low (dB SPL) -16.77 411 0.43 -0.61
Right Mid—Low (dB SPL) -16.20 4.66 -0.93 1.09
EqL Left  High—Mid (dB SPL) 12.40 655  -0.11 456
Right High—Mid (dB SPL) 15.38 443 0.18 -1.079
Left Mid—Low (dB Re:1000Hz) -0.71 0.97 0.82 -0.13
MESAS Right Mid-Low (dB Re:1000Hz) -0.57 1.69 1.35 1.79

Note that all of the difference measures have skewness and kurtosis parameters within

the range (i.e., -2 to 2) acceptable for parametric analysis.

Table 6: Correlation between noise tolerance and MESAS summary statistics (right ear)

Right Ear

Low, 280 to 868 Hz

Mid, 1248 to 4328 Hz

Mid-Low difference

NiN_50

0.047

-0.64**

-0.54*

**<0.01, *p<0.05 N=17.
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Table 7: Correlation between noise tolerance and MESAS summary statistics (left ear)

Left Ear Low, 280 to 868 Hz Mid, 1248 to 4328 Hz Mid-Low difference

NiN_50 0.51* -0.22 -0.39

*indicates p < 0.05. N=17.

Table 8: ANCOVA between-subjects main effect for MESAS x NiN_50

Ear Left Right
MESAS 280-868 1248-4328 280-868 1248-4328
Range(Hz)
F(1,15) 5.36 0.76 0.034 10.07
p 0.035 0.40 0.86 0.0063
Ny’ 0.26 0.048 0.002 0.40

Note: The full range MESAS analysis excluded the 1040 Hz component.

Table 9: Correlation between left ear loudness scaling and MESAS summary

statistics

Left Ear Low-frequency band Mid-frequency band Mid-Low
MESA (280-868 Hz) = MESA (1248-4328 Hz) MESA difference

EqL (Mid—Low) -0.35 0.77* 0.77*

5 *p<0.01, *p<0.05. N=17.
Table 10: References in Example 1:
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CLAIMS

We claim:

1.

A method of evaluating dynamic middle ear muscle activity in a subject having
ossicles, said method comprising the steps of:

introducing a non-harmonic acoustic input to an ear of the subject, wherein said
non-harmonic acoustic input comprises a comb input that includes frequencies in
each of a low frequency range, a middle frequency range and high frequency
range, wherein the three frequency ranges span an input frequency range that is
at least greater than or equal to 100 Hz and less than or equal to 10,000 Hz,
wherein the ear has an intact ossicle chain having ossicles capable of movement
in ossicle directions, and said non-harmonic acoustic input generates movement

of the ossicles in all available ossicle directions; and

measuring reflected energy from the ear during said non-harmonic acoustic input
that generates movement of the ossicles in all available direction, thereby

evaluating dynamic middle ear muscle activity.
The method of claim 1, wherein:
the low frequency range is less than or equal to approximately 1000 Hz;

the middle frequency range is greater than approximately 1000 Hz and less than

approximately 3000 Hz; and
the high frequency range is greater than or equal to approximately 3000 Hz.

The method of claim 1, wherein the measuring step has a measuring time period
and the non-harmonic acoustic input is continuously introduced to the ear during

the measuring time period.

The method of claim 1, wherein the non-harmonic acoustic input is continuously

introduced to the ear for a time that is greater than or equal to 0.5 second.

The method of claim 1, wherein the measuring comprises:
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measuring said reflected energy over a measuring frequency range and obtaining

dynamic middle ear muscle activity as a function frequency.

The method of claim 5, wherein the measuring frequency range is selected from
a range that is greater than or equal to 200 Hz and less than or equal to 5000 Hz.

The method of claim 1, wherein said evaluating is by obtaining a magnitude of the
reflected energy at a measured frequency.

The method of claim 7, further comprising comparing the obtained magnitude

against a reference from a normal subject.

The method of claim 8, wherein the comparing is for the magnitude of the
reflected energy over a range of measured frequency.

The method of claim 9, further comprising calculating a difference between the
obtained magnitude and the reference magnitude at a one or more measured

frequency that is within the range of measured frequency.

The method of claim 10, further comprising calculating a composite measure by
weighting at a one or more weighted frequency value.

The method of claim 11, wherein the weighted frequency value corresponds to a
frequency associated with an atypical hearing condition or a sound processing
defect.

The method of claim 12, wherein the atypical hearing defect is:

difficulty in hearing speech in a noisy environment and the weighted frequency

value is selected from a frequency that is greater than 1300 HZ;

hypersensitivity to speech and the weighted frequency value is selected from a
frequency that is between about 1300 Hz and 4000 Hz;

hearing loss and the weighted frequency value is selected from a frequency that
is between about 1000 Hz and 5000 Hz;

hypersensitivity to noise and the weighted frequency value is between about 50
Hz and 1000 Hz; or
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impaired language development and the weighted frequency value is greater than
1300 Hz.

The method of claim 1, wherein said comb input comprises a plurality of
components each having a non-harmonic frequency, said components spanning
a frequency range that is greater than or equal to about 50 Hz and less than or
equal to about 15000 Hz.

The method of claim 14, wherein at least two components are provided in each of
the low, middle and high frequency ranges.

The method of claim 14, wherein said components have a total number selected
from a range that is greater than or equal to 3 and less than or equal to 100.

The method of claim 16, wherein said component number is greater than or equal
to 10 and less than or equal to 20.

The method of claim 14, wherein said comb input comprises components that are

not integer harmonics.

The method of claim 14, wherein each of said components have substantially
equivalent power levels to the other components, and said power levels remain

substantially constant during said introducing step.

The method of claim 1, further comprising selecting the comb input to minimize or
avoid generating standing waves of air pressure on the reflected energy.

The method of claim 14, wherein each of said components is a hon-square wave

having a full-width at half-maximum that is less than or equal to 5 Hz.

The method of claim 5, wherein said evaluating comprises determining the
difference between the measured reflected energy and a normal reflected energy

from a normal subject.

The method of claim 1, wherein said middle ear muscle activity is identified as

atypical.

The method of claim 1, further comprising obtaining information useful for
diagnosing a middle-ear related abnormality, wherein said abnormality is selected

from the group consisting of: conductive hearing loss; auditory processing
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deficits; noise hypersensitivity; speech hypersensitivity and speech
hyposensitivity.

The method of claim 24, wherein said information corresponds to higher reflected
energy at a higher frequency, wherein said higher frequency is greater than or
equal to 2000 Hz.

The method of claim 1, further comprising quantifying dynamic middle ear muscle
activity for a subject suspected of a clinical disorder or under a therapeutic
treatment of a clinical disorder.

The method of claim 26, wherein the clinical disorder is selected from the group
consisting of autism, post-traumatic stress disorder, language delay, language
disorder, and hearing disorder.

The method of claim 1, further comprising presenting a middle ear muscle
acoustic challenge to an ear contralateral to the ear in sound-wave

communication with the non-harmonic acoustic input.

The method of claim 23, further comprising providing the subject with a
therapeutic intervention and monitoring the effectiveness of the therapeutic
intervention by repeating the evaluation of dynamic middle ear activity after the

therapeutic intervention.

The method of claim 1, further comprising introducing a probe tone to the ear at a
frequency and intensity selected to elicit an acoustic response contraction of the

middle ear muscles.

A method of measuring a resting tension of middle ear muscles in a subject

having an intact ossicle chain, said method comprising the steps of:

exciting each ossicle of said ossicle chain by introducing a non-harmonic acoustic
input to an ear of the subject, thereby causing each of the ossicles to move in all

available ossicle movement directions; and

measuring reflected energy from the ear during said non-harmonic acoustic input
that generates movement of the ossicles in all available directions, thereby

measuring the resting tension of middle ear muscles.
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32. The method of claim 31, wherein the measured resting tension of the middle ear

muscle provides information useful in diagnosing a hearing or psychiatric

condition.

33. The method of any of the above claims, wherein a high-reliability status of the

middle ears of both ears of the subject is assessed in an assessment time that is

less than or equal to five minutes.

34. The method of any of claims 1-32, wherein the comb input is provided at an

intensity that is insufficient to generate an acoustic reflex response in the subject.

35. A device for measuring a resting tension of middle ear muscles in an active ear of

a subject, said device comprising:

a.

a signal generator for generating a steady-state non-harmonic acoustic

input comprising a comb input;

a speaker for emitting a sound wave that is generated from the signal

generator;

a probe containing the speaker for positioning the speaker in sound-
communication with an ear, wherein the emitted sound wave vibrates
ossicles of an intact ossicle chain of the ear in all available ossicle
directions;

a microphone in sound wave communication with the speaker for detecting
a reflected sound wave of the emitted sound wave during ossicle vibration

in all available ossicle directions; and

a processor for calculating changes in an acoustic transfer function from
middle ear muscle movement based on a reflectance phase shift or
magnitude change between the emitted sound wave and the reflected
sound wave, wherein the emitted sound wave, detected reflected sound
wave, and calculated acoustic transfer function are continuous and

synchronized with the emitted sound wave.

36. The device of claim 35, wherein the acoustic transfer function is calculated by

spectral analysis with frequency dependent resolution having a tolerance for each
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component of the comb signal within 0.1 radians per second, thereby minimizing

effects of bodily noise.

The device of claim 35, wherein the comb input comprises a plurality of
components each having a non-harmonic frequency, said components spanning
a frequency range that is greater than or equal to about 50 Hz and less than or
equal to about 15000 Hz, and at least one component is in each of a low
frequency range that is less than or equal to about 1000 Hz, a middle frequency
range greater than approximately 1000 Hz and less than approximately 3000 Hz;

and high frequency range greater than or equal to approximately 3000 Hz.
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