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SYSTEM AND METHOD FOR OBJECTIVE
EVALUATION OF HEARING USING AUDITORY
STEADY-STATE RESPONSES

[0001] This patent is a continuation-in-part of U.S. appli-
cation Ser. No. 09/859,637 filed May 18, 2001, now U.S.
Pat. No. 6,602,202, which claims the benefit of provisional
applications serial No. 60/205,469, filed May 19, 2000,
serial No. 60/247,999, filed Nov. 14, 2000 and serial No.
60/287,387, filed May 1, 2001, the disclosures of which are
hereby expressly incorporated herein by reference.

TECHNICAL FIELD

[0002] This patent is in the field of auditory assessment
and relates to the identification and evaluation of hearing
impairment. More particularly, the patent describes a system
and method for objectively evaluating an individual’s hear-
ing abilities by recording auditory steady-state responses.

BACKGROUND

[0003] Hearing-impairment is a significant health prob-
lem, particularly at the two ends of the human life span.
Approximately one in a thousand newborn infants and more
than a quarter of adults over the age of 65 have a significant
hearing loss. In the case of infants, early detection of hearing
loss is necessary to ensure that appropriate treatment is
provided at an early stage and that the infant can develop
normal speech and language. The detection of a hearing-
impairment requires a measurement of how well someone
can hear sound (i.e. audiometry).

[0004] Conventional audiometry is performed by having a
subject respond to acoustic stimuli by pressing a button,
saying “yes”, or repeating words that may be presented in
the stimulus. These tests are subjective in nature. Audiom-
etry allows an audiologist to determine the auditory thresh-
old of the subject, which is defined as the lowest intensity at
which a sound can be heard. The audiologist evaluates the
auditory threshold of a subject by using a stimulus that most
commonly consists of a pure tone. The stimulus is presented
via earphones, headphones, free field speakers or bone
conduction transducers. The results are presented as an
audiogram which shows auditory thresholds for tones of
different frequencies. The audiogram is helpful for diagnos-
ing the type of hearing loss a subject may have. The
audiogram can also be used to fit a hearing aid and adjust the
level of amplification of the hearing aid for subjects who
require hearing aids.

[0005] Audiometry may also involve subjective testing at
supra-threshold intensities to determine how well the sub-
ject’s auditory system discriminates between different
sounds (such as speech) presented at intensities at which
they normally occur. The audiologist will therefore deter-
mine how many simple words a subject can accurately
recognize at different intensities with and without different
amounts of background noise. The audiologist may also
conduct tests which measure how well the subject can
discriminate changes in the intensity or frequency of a sound
or how rapidly these changes occur.

[0006] Conventional audiometry cannot be performed if
the subject is an infant, young child or cognitively impaired
adult. In these cases, objective tests of hearing are necessary
in which the subject does not have to make a conscious
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response. Objective audiometry is essential for detecting
hearing impairment in infants or elderly patients as well as
for evaluating functional hearing losses. Furthermore, few
objective tests have been developed for supra-threshold tests
of speech, frequency, or intensity discrimination.

[0007] One form of objective audiometry uses auditory
evoked potentials. Auditory evoked potential testing consists
of presenting the subject with an acoustic stimulus and
simultaneously or concurrently sensing (i.. recording)
potentials from the subject. The sensed potentials are the
subject’s electroencephalogram (EEG) which contain the
subject’s response to the stimulus if the subject’s auditory
system has processed the stimulus. These potentials are
analyzed to determine whether they contain a response to the
acoustic stimulus or not. Auditory evoked potentials have
been used to determine auditory thresholds and hearing at
specific frequencies.

[0008] One particular class of auditory evoked potentials
is steady-state evoked potentials (SSAEPs). The stimulus for
the SSAEP consists of a carrier signal, which is usually a
sinusoid, that is amplitude modulated by a modulation signal
which is also usually a sinusoid. The SSAEP stimulus is
presented to the subject while simultaneously recording the
subject’s EEG. If the auditory system of the subject
responded to the SSAEP stimulus, then a corresponding
steady-state sinusoidal signal should exist in the recorded
EEG. The signal should have a frequency that is the same as
the frequency of the modulation signal (i.e. modulation
frequency). The presence of such a corresponding signal in
the EEG is indicative of a response to the SSAEP stimulus.
Alternatively, the phase of the carrier signal may be fre-
quency modulated instead of or in addition to amplitude
modulation to create the SSAEP stimulus.

[0009] The SSAEP stimulus is sufficiently frequency-spe-
cific to allow a particular part of the auditory system to be
tested. Furthermore, the SSAEP stimulus is less liable to be
affected by distortion in free-field speakers or hearing aids.
Typical modulation frequencies which are used in SSAEP
stimuli are between 30 to 50 Hz or 75 to 110 Hz. The latter
range may be particularly useful for audiometry because at
these rates, the SSAEP responses are not significantly
affected by sleep and can be reliably recorded in infants.
Furthermore, SSAEP responses at these rates result in audio-
metric threshold estimates that are well correlated with
behavioral thresholds to pure tone stimuli. In SSAEP testing,
the presence or absence of an SSAEP response to an SSAEP
stimulus can be determined using several statistical tech-
niques.

[0010] However, objective audiometry employing SSAEP
testing is time-consuming because the amplitude of the
SSAEP response is quite small compared to the background
noise which is the subject’s ongoing brain activity (i.e. EEG)
while the test is being conducted. The SSAEP response thus
has a small signal-to-noise ratio (SNR) which makes it
difficult to detect the SSAEP response in a short time period.
One technique to reduce SSAEP testing time is to use a
multiple SSAEP stimulus which combines several SSAEP
test signals (i.e. where a test signal is meant to mean one
SSAEP stimulus). The potentials sensed from the subject
during the presentation of the multiple SSAEP stimulus
contains a linear superposition of SSAEP responses to each
SSAEP test signal in the multiple SSAEP stimulus. This
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makes it possible to record the SSAEP responses to multiple
(e.g., four or eight) stimuli in the same time that it takes to
record the response to a single stimulus. Therefore, this
technique results in a reduction of test time since the SSAEP
responses to several SSAEP test signals may be detected
concurrently. However, the SNR for each SSAEP response
is still small and the testing time for recording the response
to a single SSAEP stimulus has not been reduced. To reduce
the SSAEP test time techniques are required-to-either
increase the amplitude of the-SSAEP response and/or
decrease the amplitude of the noise that is recorded along
with the SSAEP response. A more sensitive statistical
method that can detect SSAEP responses with small SNRs
would also be useful.

[0011] While objective testing identifies that a subject has
a hearing loss, the next step is usually to treat the subject by
providing them with a hearing aid. However, if the subject
is an infant, a method is required to objectively adjust the
hearing aid since this cannot be done with conventional
subjective methods. Some objective methods have been
developed such as determining the real-ear insertion gain
when a hearing aid is in place. However, this method is only
useful if one knows the actual unaided audiometric thresh-
olds of the subject so that the hearing aid can be infant can
be challenging. There have also been methods based on click
evoked auditory evoked potentials (i.e. wave V of the
click-evoked ABR) but the stimuli used in these methods are
restricted to certain frequency ranges and do not test the
ability of the hearing aid to process continuous signals like
speech. Accordingly, there still remains a need for an objec-
tive method to measure the benefits of a hearing aid in
patients where behavioral thresholds and real-ear measure-
ments are difficult to obtain.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] For a better understanding of the present invention
and to show more clearly how it may be carried into effect,
reference will now be made, by way of example, to the
accompanying drawings which show a preferred embodi-
ment of the present invention and in which:

[0013] FIG. 1a is a schematic of an embodiment of the
apparatus according to a preferred embodiment of the
present invention;

[0014] FIG. 1b is a flow diagram illustrating the general
objective auditory test methodology;

[0015] FIG. 2a is a histogram of EEG amplitudes during
a noisy recording session;

[0016] FIG. 2b is a histogram of EEG amplitudes during
a quiet recording session;

[0017] FIG. 2¢ is the amplitude spectrum of the result of
performing normal time averaging on the EEG data shown
in FIG. 2a;

[0018] FIG. 2d is the amplitude spectrum of the result of
performing normal time averaging on the EEG data shown
in FIG. 2b;

[0019] FIG. 2¢ is the amplitude spectrum of the result of
performing sample weighted averaging on the EEG data
shown in FIG. 2a;

[0020] FIG. 2f is the amplitude spectrum of the result of
performing sample weighted averaging on the EEG data
shown in FIG. 2b;
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[0021] FIG. 2g is the amplitude spectrum of the result of
performing amplitude rejection on the EEG data shown in
FIG. 24 and then performing normal time averaging;

[0022] FIG. 2% is the amplitude spectrum of the result of
performing amplitude rejection on the EEG data shown in
FIG. 2b and then performing normal time averaging;

[0023] FIG. 3z is a plot of the results of the F-test on an
averaged sweep of EEG data points containing an SSAEP
response;

[0024] FIG. 3b is a plot of the results of the phase
weighted t-test for the same set of data shown in FIG. 3a;

[0025] FIG. 44 is a graph of SSAEP response amplitudes
to an MM SSAEP stimulus and an AM SSAEP stimulus for
a 50 dB SPL stimulus intensity and a frequency modulation
depth of 25%;

[0026] FIG. 4b is a graph of SSAEP response amplitudes
to an MM SSAEP stimulus and an AM SSAEP stimulus for
a 40 dB SPL stimulus intensity and a frequency modulation
depth of 25%;

[0027] FIG. 4c is a graph of SSAEP response SSAEP
amplitudes to an MM SSAEP stimulus and an AM SSAEP
stimulus for a 30 dB SPL stimulus intensity and a frequency
modulation depth of 25%;

[0028] FIG. 44 is a graph of SSAEP response amplitudes
to an MM SSAEP stimulus and an AM SSAEP stimulus for

a 50 dB SPL stimulus intensity and a frequency modulation
depth of 10%;

[0029] FIG. 4e is a graph of SSAEP response amplitudes
to an MM SSAEP stimulus and an AM SSAEP stimulus for
a 40 dB SPL stimulus intensity and a frequency modulation
depth of 10%;

[0030] FIG. 4fis a graph of SSAEP response amplitudes
to a MM SSAEP stimulus and an AM SSAEP stimulus for
a 30 dB SPL stimulus intensity and a frequency modulation
depth of 10%;

[0031] FIG. 5a is a plot illustrating how the response to an
SSAEP stimulus containing amplitude modulated and fre-
quency modulated components can be modeled as the vector
addition of the SSAEP response to the amplitude modulated
component of the SSAEP stimulus and the SSAEP response
to the frequency modulated component of the SSAEP stimu-
lus;

[0032] FIG. 5b is a graph illustrating how the response to
an SSAEP stimulus containing amplitude modulated and
frequency modulated components can be modeled as a
sinusoid when the phase of the frequency modulated com-
ponent of the SSAEP stimulus is varied with respect to the
phase of the amplitude modulated component of the SSAEP
stimulus;

[0033] FIG. 6a is the amplitude spectrum of the SSAEP
response to an AM SSAEP stimulus, an FM SSAEP stimulus
and an IAFM SSAEP stimulus;

[0034] FIG. 6b is a group of polar plots showing the
detection of the SSAEP responses shown in FIG. 6a;

[0035] FIG. 7a is a graph of test results showing percent
increase in SSAEP responses when using an exponential
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modulation signal in the SSAEP stimulus as compared to an
AM SSAEP stimulus for a stimulus intensity of 50 dB pSPL;

[0036] FIG. 7b is a graph of test results showing percent
increase in SSAEP responses when using an exponential
modulation signal in the SSAEP stimulus as compared to an
AM SSAEP stimulus for a stimulus intensity of 30 dB pSPL;

[0037] FIG. 7c is a graph of test results showing ampli-
tudes of SSAEP responses when using an exponential modu-
lation signal in the SSAEP stimulus as compared to an AM
SSAEP stimulus for a stimulus intensity of 50 dB pSPL;

[0038] FIG. 7d is a graph of test results showing ampli-
tudes of SSAEP responses when using an exponential modu-
lation signal in the SSAEP stimulus as compared to an AM
SSAEP stimulus for a stimulus intensity of 30 dB pSPL;

[0039] FIG. 8 is a pair of graphs of the latencies calculated
for 80 and 160 Hz modulation rates for SSAEP responses in
response to SSAEP stimuli presented to the right and left
ears of a group of subjects;

[0040] FIG. 9 is a plot of word discrimination as a
function of the number of significant responses to IAFM
SSAEP stimuli for various subjects;

[0041] FIG. 10 is a graph of amplitude of SSAEP
responses as a function of SSAEP stimulus modulation rate
for a group of young control subjects and for an older subject
with minor hearing loss;

[0042] FIG. 11 is a schematic diagram of how an audio-
metric threshold can be estimated using an algorithm that
automatically adjusts sound intensity on the basis of whether
an SSAEP response is detected;

[0043] FIG. 12 is a schematic of an objective multi-
modality test apparatus; and,

[0044] FIG. 13 is a schematic of a portable version of the
objective audiometric test apparatus which is also adapted to
perform multi-modality testing.

DETAILED DESCRIPTION

[0045] This disclosure describes preferred embodiments
of an apparatus for recording steady-state evoked potentials
and a set of methods for using the apparatus to test various
aspects of a subject’s hearing. The basic hardware and
software components of the apparatus will be discussed first.
Noise reduction methods will be discussed next followed by
response detection. Test signals which can be used for
SSAEPs will then be discussed. Finally, protocols for objec-
tive audiometric testing based on SSAEP stimuli will be
discussed.

[0046] Hardware and Software Components of the Pre-
ferred Embodiments

[0047] Referring to FIG. 14, the objective audiometric test
apparatus 10 includes a processor 12, a data acquisition
board 14 having a digital to analog converter (DAC) 16 and
an analog to digital converter (ADC) 18, an audiometer 20
having a filter 22 and an amplifier 24, a transducer 26, a
sensor 28, a second amplifier 30, a second filter 32, a master
database 52 having a plurality of databases D1, D2, to Dn,
a storage device 34 and a display monitor 36. The processor
12 is suitably programmed with a software program 40
comprising a signal creator module 42, a modulator module
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44 and an analysis module 46 having a noise reduction
module 48 and a detection module 50.

[0048] A personal computer, for example a Pentium 750
running Windows 98, may provide the processor 12, storage
device 34 and display monitor 36. The software program 40
is run on the personal computer and the master database 52
along with the plurality of databases D1 to Dn can be stored
in the memory of the personal computer and can commu-
nicate with the software program. Alternatively, these com-
ponents may be effected on a laptop, a handheld computing
device, such as a palmtop, or a dedicated electronics device.

[0049] The objective audiometric test apparatus 10 can be
used to assess the auditory system of a subject 60 by
presenting SSAEP stimuli to the subject 60. While the
stimulus is being presented, the objective audiometric test
apparatus 10 records sensed potentials (i.e. EEG data) and
amplifies the EEG data. This is done while substantially
simultaneously presenting the SSAEP stimuli to the subject
60. The EEG data is then processed and statistically evalu-
ated to determine if the recorded EEG data contains SSAEP
responses. For example, data processing may show the
responses that are statistically significantly different than the
background EEG noise levels. The design of the objective
audiometric test apparatus 10 follows clear principles con-
cerning the generation of the acoustic stimuli, the acquisi-
tion of artifact-free data, the analysis of EEG data in the
frequency-domain and the objective detection of SSAEP
responses in noise.

[0050] The processor 12 may be any modern processor
such as a Pentium 750. The data acquisition board 14 is a
commercial data acquisition board (AT-MIO-16E-10) avail-
able from National Instruments. Alternatively, another data
acquisition board with a suitable number of input and output
channels may be used. The data acquisition board 14 allows
for the output of data via the DAC 16 as well as the input of
data via the ADC 18.

[0051] The output from the DAC 16 is sent to the audi-
ometer 20 which may also be under the control of the
processor 12. The audiometer 20 acts to condition the
stimulus which is presented to the subject 60 via the filter 22
and the amplifier 24. Rather than using the audiometer 20,
functionally similar amplifying/attenuating and filtering
hardware can be incorporated into the audiometric test
apparatus 10 to control the intensity and frequency content
of the stimulus that will be presented to the subject 60.

[0052] The SSAEP stimulus is presented to the subject 60
via the transducer 26 which may be a pair of speakers,
headphones or at least one insert earphone. The insert
earphones may be earphones designed by Etymotics
Research. The transducer 26 allows the SSAEP stimulus to
be presented to the left and/or right ears of the subject 60.
The stimuli may also be presented using free-field speakers,
bone conduction vibrators or other acoustic transducers.

[0053] While the stimulus is being presented to the subject
60, the EEG is substantially simultaneously sensed from the
subject 60 using the sensor 28 which is typically electrodes.
The electrodes generally include one active electrode placed
at the vertex of the subject 60, one reference electrode
placed on the neck of the subject 60 and a ground electrode
placed at the clavicle of the subject 60. Other configurations
for the electrodes are possible. It may also be possible to use
more electrodes.
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[0054] The sensed EEG data is then sent to the amplifier
30 which amplifies the sensed EEG data to a level that is
appropriate for the input range of the ADC 18. The amplifier
30 may use a gain of 10,000. The amplified sensed EEG data
is then sent to the filter 32 which filters the amplified sensed
EEG data such that sampling can be done without aliasing
by the ADC 18. The filter 32 may have a lowpass setting of
300 Hz and a highpass setting of 1 Hz. The ADC 18 receives
the filtered amplified EEG data and samples this data at a
rate of approximately 1000 Hz. The sampling rate depends
on the settings of the filter 32. Other sampling rates may also
be used, however, provided that the Nyquist rate is not
violated as is well understood by those skilled in the art.

[0055] The objective audiometric test apparatus 10 shown
in FIG. 1a may be extended to comprise other circuitry such
as attenuation circuits which may be used in the calibration
of the apparatus. Other circuitry may be added to the
objective audiometric test apparatus 10, to effect other
audiometric tests such as performing an aided hearing test in
which the subject 60 has at least one hearing aid and the
objective audiometric test apparatus 10 is adapted to alter
the gain of the hearing aid so that the subject 60 can hear the
SSAEP stimuli which are presented to the subject 60 via
free-field speakers.

[0056] The objective audiometric test apparatus 10 can
clearly be embodied in various ways. For example, many
different types of computers may be used. In addition, the
data-acquisition board 14 may have both multiple inputs
(ADCs) and multiple outputs (DACs). Multiple inputs may
be used when SSAEP responses are recorded at multiple
electrode sites on the subject 60 and the EEG data obtained
from these electrode sites are used to increase the SNR of the
SSAEP responses. Furthermore, principal component analy-
sis, or source analysis, may be used, where the variance of
the EEG data points are projected onto at least one dipole
source and data not related to the dipole source are removed
from the EEG data, thereby separating signal from noise.
Multiple outputs may also be used (e.g. 8 DACs) to create
the acoustic stimuli that are presented to each ear of the
subject 60. This would allow some components of the
SSAEP stimulus to be manipulated independently from the
others. For example, multiple DACs may allow a band-
limited noise-masker to be increased in intensity when the
SSAEP response to a particular SSAEP stimulus, presented
through one of the DAC channels, becomes significant.

[0057] The software program 40, also known as the MAS-
TER (Multiple Auditory Steady-State Response) program
allows a user to select a particular auditory test to perform
on the subject 60. The software program 40 is preferably
programmed using the LabVIEW™ software package avail-
able from National Instruments, but could be instantiated
with other software packages. The software program 40
comprises a plurality of modules which are not all shown in
FIG. 1a to prevent cluttering the Figure. The software
program 40 controls test signal generation via the signal
creator module 42 and the modulator module 44. The
software program 40 also allows the operator to select from
a number of objective audiometric tests which will be
discussed later in more detail. The signal creator module 42
creates data series for the carrier signals that are used in the
SSAEP stimulus. The signal creator module 42 will typically
employ the modulator module 44 to amplitude modulate
and/or frequency modulate these carrier signals. The soft-
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ware program 40 then controls analog to digital conversion
and digital to analog conversion according to the protocol of
the auditory test that is being performed.

[0058] The software program 40 then analyzes the sensed
EEG data via the analysis module 46 which includes the
noise reduction module 48 and the response detection mod-
ule 50. As previously described, the SNR of the SSAEP
response is quite small. Therefore, the sensed EEG data must
be processed to reduce background noise. Accordingly, the
noise reduction module 48 may employ sample weighted
averaging, time averaging and/or adaptive artifact rejection
(which will all be described later in more detail). The
reduced noise signal is then sent to the detection module 50
to determine whether at least one SSAEP response is present
within the data. The detection module 50 may employ the
phase weighted t-test, the phase zone technique or the MRC
method which will later be described in more detail.

[0059] The software program 40 can also display test
results in the frequency domain on the display monitor 36.
The software program 40 can also save the test results on the
storage device 34 which may be a hard drive or the like for
further extensive analysis by other programs. The software
program 40 also allows the test results to be printed by a
printer (not shown).

[0060] The software program 40 also communicates with
the master database 52 which comprises a plurality of
databases D1 to Dn. Only a few of these databases have been
shown in FIG. 1 for reasons of clarity. The databases contain
normative data from sample populations of subjects relating
to a variety of parameters for SSAEP testing. For instance,
the databases include normative phase data which can be
used to create an optimal vector SSAEP stimuli having
amplitude and frequency modulated components which are
adjusted to evoke SSAEP responses with increased ampli-
tudes. The databases further contain information about the
amplitude of SSAEP responses to various SSARP stimuli.

[0061] The software program 40 implements a graphical
user interface which consists of a series of interactive
screens. These interactive screens allow a user to control the
software program 40, perform a desired auditory test and
analyze test results. The interactive screens comprise a Main
screen, a Stimulus Set-Up screen, a View Stimulus screen, a
Recording Parameters screen, a Record Data screen, a
Process Data screen and several Test Result summary
screens.

[0062] The Main screen permits the user to select a
particular audiometric test to perform. The Main screen also
allows the user to navigate through the various other screens
that are available.

[0063] The Stimulus Set-Up screen permits the user to
define up to 8 SSAEP test signals which can be combined in
a multiple SSAEP stimulus that can be presented to both ears
of the subject 60. Other embodiments of the invention will
allow more than eight stimuli to be presented. For example,
eight stimuli may be presented to each of the two ears of the
subject 60 for a total of 16 stimuli. The user can define the
frequency of the carrier signal (i.e. carrier frequency), the
frequency of the modulation signal (i.e. modulation fre-
quency), the amplitude modulation depth, the frequency
modulation depth, the stimulus intensity, and the phase of
the frequency modulation component relative to the phase of
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the amplitude modulation component for a particular type of
SSAEP stimulus. The Stimulus Setup-Up screen therefore
allows the user to choose the SSAEP stimulus to comprise
an amplitude modulation test signal (AM), a frequency
modulation test signal (FM), a combined amplitude modu-
lation and frequency modulation test signal (referred to as
mixed modulation or MM), an optimum vector combined
amplitude modulation and frequency modulation test signal
(OVMM) and an independent amplitude modulation and
frequency modulation test signal (IAFM). Furthermore, the
user can also define the envelope of the carrier signal by
choosing a particular modulation signal. In particular, the
user can choose a sinusoidal signal as the modulation signal
or an exponential modulation signal as the modulation
signal. Some exemplary exponential modulation signals
include a sinusoid that has an exponent of 2, 3, 4 or 5.
Alternatively, fractional exponents may be used.

[0064] Once, the carrier frequency and modulation fre-
quency are chosen, the signal creator 42 automatically
adjusts these frequencies to ensure that an integer number of
cycles of the carrier signal and modulation signal can fit in
the output buffer of the DAC 16 and the input buffer of the
ADC 18. This is important to avoid spectral spreading in the
generated acoustic stimulus as well as to avoid spectral
spreading in the sensed EEG data which are digitized by the
ADC 18. The signal creator 42 may also be used to present
test signals to the subject 60 with constant peak-to-peak
amplitudes or constant RMS amplitudes, whereby the ampli-
tude of the envelope of the test signal is increased to
compensate for the modulation depth.

[0065] The signal creator 42 can also generate stimuli
consisting of tones, broad-band noise, high-pass noise, low-
pass noise, or band-pass noise all of which can be either
modulated or unmodulated. Noise stimulus may further
consist of white noise, pink noise or speech spectra. In the
case of noise, the signal creator 42 may allow the user to
adjust the band-pass and band-stop characteristics of the
noise including the roll-off of the transition region that is
between the band-pass and band-stop regions. Currently the
objective audiometric test apparatus 10 uses a circular buffer
in the DAC 16. However, in the case of noise stimuli, the
incorporation of a double buffering technique may be used
where data is read from one half of the buffer and written to
the other half of the buffer. The data that was just written to
the buffer is then shifted to the half of the buffer where data
is read from.

[0066] The Recording Parameters screen enables the user
to define the rate of the ADC 18, the rate of the DAC 16
(which must be a multiple of the A/D rate) and the epoch
duration (i.e. the size of the input buffer contained in the
ADC 18). The user may also define an artifact rejection
level, calibration coefficients, phase adjustment coefficients
and whether on-line computations are made upon weighted
or un-weighted (i.e. raw) data. The user may also choose
amplification values for data acquisition boards which pro-
vide amplification such as the AT-MIO-16e-10 board. The
artifact rejection level may be based on an absolute thresh-
old value or upon the average amplitude of the high fre-
quency range of the sensed EEG data.

[0067] The View Stimulus screen enables the user to view
the SSAEP stimuli that will be presented to the subject 60.
The View Stimulus screen also allows the user to view the
amplitude spectra of the SSAEP stimuli.
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[0068] The Record Data screen allows the user to view the
sensed EEG data for the current epoch that is being sampled.
The user can also view the amplitude spectra of the average
sweep (a sweep is a concatenation of epochs and the average
sweep is the result from averaging a plurality of sweeps).
When the average sweep is displayed, the frequencies of the
SSAEP responses in the EEG data are highlighted for easy
comparison with background EEG activity (i.e. background
noise). The Record Data screen also allows the user to
control the acquisition of the EEG data and to modify the
testing procedure and/or recording criteria, e.g., pause the
test, increase or decrease the intensity of the stimulus, etc.
The Record Data screen may also provide visual alerts,
which may also be in connection with audio alerts, prompt-
ing the test administrator during manual or semi-automatic
administration of a test. In addition, the Record Data screen
allows the user to view both the numerical and graphical
results of statistical analyses that are conducted on the EEG
data to detect the presence of at least one SSAEP response
to the SSAEP stimulus.

[0069] The Process Data screen enables the user to choose
different methods of viewing, storing, combining and ana-
lyzing data sets, which either contain sweeps or SSAEP
responses from a single subject or from a plurality of
subjects. The data sets may be combined so that each sweep
that goes into a final average is weighted by the amount of
data from which it is created or by the number of separate
data sets combined. The data sets may also be subtracted, in
order to enable the user to calculate, for example, derived-
band responses.

[0070] The software program 40 has options for collecting
and displaying data. For example, as is commonly incorpo-
rated into clinical audiometric devices, the parameters for
several clinical protocols can be stored in several parameter
files to enable several tests to be run automatically, for
example, each with different stimulus intensities or different
SSAEP stimuli. The results for tests incorporating different
SSAEP stimuli and different stimulus intensity levels can be
displayed in several Test Summary screens where all of the
audiometric test results of the subject 60 are presented, for
example, in traditional audiogram format.

[0071] In another embodiment of the objective audiomet-
ric test apparatus 10, the hearing tests may be performed
partly automatically or fully automatically and may be used
to adjust a hearing aid. In the case of a hearing aid, the gain
of the hearing aid may be adjusted by the objective audio-
metric test apparatus 10 according to the outcome of aided
hearing tests that are conducted. For example, during the
calibration of the hearing aid, the gain of the hearing aid for
a specific frequency region may be automatically increased
if an SSAEP response to a given SSAEP stimulus in that
specific frequency region was not detected. In this embodi-
ment, the objective audiometric test apparatus 10 can com-
municate with the hearing aid device using a physical
connection, such as a ribbon cable, or via RF telemetry as is
used to adjust other biomedical devices (such as implanted
stimulators).

[0072] FIG. 15 illustrates the general steps undertaken by
the objective audiometric test apparatus 10. The objective
audiometric test apparatus 10 first generates a test signal in
step M1 which is appropriate in testing an aspect of the
auditory system of the subject 60. The test signal comprises



US 2004/0064066 Al

a wide variety of signals including tones, noise, amplitude
modulated signals, frequency modulated signals, optimum
vector amplitude and frequency modulated signals, indepen-
dent amplitude and frequency modulated signals, signals
which have envelopes that are modulated by an exponential
modulation signal, and the like. Accordingly, this step may
comprise selecting a test signal and then modulating the test
signal to obtain a modulated test signal. This procedure may
also be done on more than one test signal so that the test
signal comprises at least one modulated test signal. The next
step M2 is to transduce the test signal to create a stimulus
and present this stimulus to the subject 60. The next step M3
is to record the EEG data of the subject 60 simultaneously
with presentation of the stimulus. The presentation of the
stimulus and the acquisition of the EEG data must be
synchronized with the objective audiometric test apparatus
10 to accurately represent signals of interest. The next step
M4 consists of analyzing the recorded EEG data to deter-
mine whether there are any responses present in the EEG
data. This step will typically involve performing a noise
reduction method on the EEG data and then applying a
detection method to the noise reduced data. The next step
M35 may be to report test results. The steps outlined in FIG.
1b may be part of a larger audiometric test that will involve
performing each of the steps several times. These particular
audiometric tests and the steps which are involved are
discussed in more detail below.

[0073] SSAEP Detection

[0074] The EEG data that is sensed during the presentation
of a multiple SSAEP stimulus contain superimposed
responses to the multiple components of the SSAEP stimu-
lus as well as background noise. Accordingly, it is difficult
to distinguish the SSAEP responses in the time domain.
However, if the EEG data is converted into the frequency
domain, using a Fast Fourier Transform (FFT) for example,
the amplitude and phase of each SSAEP response can be
measured at the specific frequency of each modulation
signal in the multiple SSAEP stimulus.

[0075] As previously stated, the SNR of the SSAEP
response is very small. Accordingly, a large amount of EEG
data needs to be collected to increase the SNR of the SSAEP
data. Conventional approaches to increase the SNR of the
SSAEP response include artifact rejection and time averag-
ing. These conventional approaches are implemented by the
analysis module 46 since these techniques are still fairly
popular with clinicians and research scientists in the field of
audiometry.

[0076] As previously mentioned, epochs of EEG data are
acquired during SSAEP testing. Artifacts may contaminate
the data and introduce large noise spikes that are due to
non-cerebral potentials such as movement of facial muscles
or the like. Accordingly, artifact rejection involves analyzing
each epoch to determine if the epoch contains data points
that are higher than a threshold level such as 80 uV. Artifact
rejection is useful in removing spurious noise components to
noise reduction techniques such as time averaging to be
more effective. The noise reduction module 48 is adapted to
effect artifact rejection on the epochs which are recorded. If
an epoch is rejected, the next epoch that does not exceed the
artifact rejection threshold is concatenated to the last accept-
able epoch. This concatenation procedure does not cause
discontinuities in the data because the SSAEP stimulus
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which evokes the SSAEP response is constructed so that
each epoch contains an integer number of periods of the
SSAEP response.

[0077] Time averaging comprises concatenating epochs to
form sweeps. A plurality of sweeps are then averaged in time
to yield an average sweep. Time averaging reduces the level
of background noise activity that are not time-locked to the
stimuli. After the average sweep is obtained, it is converted
into the frequency domain via the FFT. In this case, the
sweep duration is an issue since increasing the sweep
duration distributes the background noise power across more
FFT bins without affecting the amplitude of the SSAEP
response which is confined to a single FFT bin since the
SSAEP response occurs at a single frequency and the noise
is broadband. Thus increasing the duration of the sweep
increases the frequency-resolution of the FFT. The specific
frequencies available from the FFT are integer multiples of
the resolution of the FFT which is 1/(Nt), where N is the
number of data points and t is the sampling rate. One
possible implementation uses a sampling rate of 1000 Hz, an
epoch length of 1024 points and sweeps that are 16 epochs
long (16,384 points). Accordingly, the resulting frequency
resolution is 0.61 Hz (1/(16*1.024*0.001)) and the fre-
quency region in the FFT spans DC (0 Hz) to 500 Hz.
Alternatively, sweeps may also be 8 epochs long or 12
epochs long.

[0078] The detection module 50 may provide a noise
estimate which is derived from neighboring frequencies in
the amplitude spectrum (i.e. FFT) at which no SSAEP
response occurs. If there were no SSAEP response in the
recorded data then the power at the modulation frequency,
where the response should occur, would be within the range
of the noise power at the neighboring frequencies. An F-ratio
may then be used to estimate the probability that the
amplitude at the modulation frequency in the resulting FFT
is not statistically different from the noise estimate. When
this probability is less than 0.05 (p<0.05), the SSAEP
response may be considered significantly different from
noise, and the subject 60 is considered to have chosen.
Currently, the objective audiometric test apparatus 10 pro-
vides an F-Ratio where each SSAEP response in the ampli-
tude spectrum associated with a frequency of modulation is
compared to the FFT data in 60 noise bins above and 60
noise bins below the FFT bin that contains the SSAEP
response. Accordingly, this ratio is evaluated as an F-statistic
with 2 and 240 degrees of freedom.

[0079] The objective audiometric test apparatus 10 further
comprises the noise reduction module 48 which may be
adapted to employ artifact rejection in which epochs are
rejected based on high frequency activity. Artifact rejection
which simply chooses a threshold based on the sensed
potentials may not be optimally efficient because low-
frequency high-amplitude EEG activity (e.g. less than 20
Hz) dominates the amplitude of the sensed EEG data. Thus
the noise in the vicinity of the SSAEP response, which may
be in the frequency range of 70 to 200 Hz, is not appropri-
ately represented by the recorded EEG data. Accordingly,
rejecting epochs based upon the mean amplitude of the high
frequency EEG noise may be more appropriate.

[0080] In addition, the noise reduction module 48 may
employ an adaptive artifact rejection method in which an
adaptive threshold value is calculated which depends on a
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statistical property of the data points in an epoch. This
method comprises calculating the standard deviation of the
data points in the epoch and setting the threshold value to be
two times the calculated standard deviation value. If the
epoch contains data which is over this threshold limit, then
the epoch is rejected. This rejection method may be per-
formed offline, after the sensed EEG data has been recorded
from the subject 60 or the method may be performed online
while the sensed EEC data is being recorded from the
subject 60. The online artifact rejection method may provide
an idea of how much EEG data needs to be recorded from
the subject 60 based on the number of epochs which are
rejected. Alternatively, this adaptive artifact rejection
method can be done after the epoch is filtered by a bandpass
filter having a passband which is substantially similar to the
frequency region in which the SSAEP response may occur
(i.e. 70 to 110 Hz or the frequency range of 120 to 250 Hz).
Alternatively, other statistical measures may be used to
adaptively set the artifact rejection threshold.

[0081] The noise reduction module 48 may further employ
sample weighted averaging to reduce the noise in the sensed
EEG data. Under the sample weighted averaging method,
epochs are concatenated into sweeps of sufficient duration.
A plurality of sweeps are formed and aligned such that a
matrix is formed where the sweeps are the rows of the matrix
and the epochs are the columns of the matrix. Each sweep
is filtered and the epochs along each column are then
weighted by an estimate of the noise variance that is local to
the frequency region in which the SSAEP response resides.
The noise variance estimate is local to the frequency region
in which the SSAEP response resides because the bandpass
filtering of the sweeps is done such that the passband of the
filter is substantially similar to the frequency region in which
the SSAEP response should occur. For example, the pass-
band of the bandpass filter may be from 70 to 110 Hz. The
epochs are then weighted by the inverse of this noise
variance after the noise variance has been normalized. The
weighted epochs along each column of the matrix is then
summed to yield a resulting sweep which has a reduced
noise component compared to the case of simply performing
time averaging on the plurality of sweeps. Alternatively,
noise weighted averaging may be used where the amplitudes
of the steady-state responses are removed from the noise
estimate.

[0082] In pseudo-code format, sample weighted averaging
is effected according to the steps of:

[0083] a) obtaining a plurality of epochs while sens-
ing EEG data from the subject 60 while simulta-
neously presenting the SSAEP stimulus;

[0084] b) forming a plurality of sweeps by concat-
enating the epochs together;

[0085] c) filtering each sweep to obtain a plurality of
filtered sweeps;

[0086] d) aligning each sweep to form a first matrix
in which the sweeps are the rows of the matrix and
the epochs within the plurality of sweeps are the
columns of the matrix and aligning each filtered
sweep in a similar fashion to form a filtered matrix
which is used to calculate weights;

[0087] e) calculating the variance of each epoch in
the filtered matrix to obtain a noise variance estimate
for each epoch in the filtered matrix;
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[0088] f) normalizing the noise variance estimate for
each epoch in the filtered matrix by dividing the
noise variance estimate for each epoch in the filtered
matrix by the sum of all noise variance estimates for
the epochs along the column of the filtered matrix
which contains the epoch to obtain a normalized
noise variance estimate for each epoch;

[0089] g) inverting each normalized noise variance
estimate to obtain a weight for each epoch and
multiplying each corresponding epoch in the first
matrix by its respective weight to obtain a plurality
of weighted epochs; and,

[0090] b) summing all of the weighted epochs in the
first matrix along the columns of the first matrix to
obtain a signal estimate.

[0091] The use of weighted averaging is beneficial
because it counters some of the problems which occur due
to brief occurrences of noise, which are significantly larger
than the amount of noise which exists for the data record as
a whole, are added into the cumulative running sweep
average. However, while maintaining a lower overall level
of noise in the record, the SNR is necessarily changed,
because the size of both the signal and noise, in epochs
which have large amounts of noise, are decreased by the
weighted averaging procedure. Accordingly, when using
weighted averaging, an estimate of the background noise
level is really an estimate of the noise level in the weighted
average. This may be a problem when the background noise
level is used as an indication for when to stop the test, such
as would occur if the background noise level was used as a
recording criteria. The deviation of the weighted average
noise estimate, from the noise estimate which would have
been obtained using real data, will depend upon the vari-
ability of the noise across the recording, i.e., it will vary
depending both upon the amount of heterogeneity of noise
in the record (for the individual epochs), and the skewness
of the distribution noise in the record. An adjusted noise
level estimate for the weighted averaged data can be com-
puted by multiplying the noise level estimate of the
weighted average by the fraction created by dividing the
noise level estimate of the unweighted average with that
obtained using the weighted average. When the average
noise levels of the unweighted and weighted averages are
similar this fraction will be close to 1. An appropriate
constant may also be used.

Na=Nw*((Nn/Nw)*k)
[0092] Where:
[0093]
[0094]
[0095]
[0096]
[0097] alternatively, Na could be defined as

[0098] Na=(2*Nn)/(Nw+Nn), which may also be
multiplied by a constant.

Na=adjusted noise level estimate
Nw=weighted average noise level estimate
Nn=normal average noise level estimate

k=a constant

[0099] Other equations for adjusting the noise estimate of
a weighted average may also be appropriate.

[0100] Referring to FIGS. 2a-2h, sample weighted aver-
aging and artifact rejection (based on the mean amplitudes
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of higher frequency regions) are compared to normal aver-
aging. The results show that sample weighted averaging
results in SSAEP responses with the higher SNR. FIG. 2a
shows a histogram for amplitudes of recorded EEG data
points for a noisy recording (i.e. there were many artifacts
during the recording, the amplitudes of which are identified
by arrows in FIG. 2a). FIG. 2b also shows a histogram for
amplitudes of the recorded EEG data for a quiet recording
(i.e. there were not many artifacts during the recording). The
data points in FIGS. 2a and 2b were obtained from the same
subject who was presented a multiple SSAEP stimulus
comprising eight test signals at 50 dB SPL. FIGS. 2¢ and 2d
show the results from analyzing the data using normal
averaging. The SSAEP responses that have been detected
are denoted by the filled arrowheads. In FIG. 2¢, only four
of the eight SSAEP responses have been detected meanwhile
in FIG. 24, all eight of the SSAEP responses have-been-
detected. FIGS. 2¢ and 2f show the results from analyzing
the EEG data using sample weighted averaging. In FIG. 2e,
seven SSAEP responses have been detected and in FIG. 2f,
eight SSAEP responses have been detected. Furthermore,
comparing FIG. 2¢ with FIG. 2c¢ shows that sample
weighted averaging has detected 3 more SSAEP responses
as well as increased the average SNR of the SSAEP
responses by a factor of over 2. FIGS. 2g and 2/ show the
results from analyzing the EEG data using amplitude rejec-
tion in which rejection was based on the mean amplitude of
the EEG data in the higher frequency region. FIG. 2g shows
that this form of artifact rejection resulted in seven SSAEP
responses being detected while FIG. 2/ shows that all eight
SSAEP responses were detected.

[0101] Referring now to the detection module 50, a phase
weighted t-test is used to detect the presence of SSAEP
responses in the recorded EEG data. The phase weighted
t-test employs data biasing to detect the SSAEP response
based on a priori knowledge about the SSAEP response. In
particular, if the phase of the SSAEP response is known,
then the EEG data can be biased so that statistical analysis
(i.e. the detection method) is more likely to recognize an
SSAEP response with a phase that is similar to the expected
phase than noise data with a completely different phase. The
biasing of the data points is done by employing a weighting
function that provides larger weights for SSAEP responses
that have a phase which is close to the expected phase value.
The phase weighted t-test allows phase-weighting without
the need for empirical compensation of the probability level
at which the SSAEP response is detected.

[0102] Since the recorded EEG data is processed by the
FFT, the resulting data points are two-dimensional and have
real and imaginary components. The FFT bins which rep-
resent the SSAEP response and the surrounding noise can be
projected onto a single dimension oriented at the expected
phase by using the equation:

p=a; * cos(0;-0,) D

[0103] where
[0104] p; is the projected value;

[0105]
bin);

[0106] 6, is the phase of the FFT component; and,

a; is the amplitude of an FFT component (i.c.

[0107] 6. is the expected phase of the response.
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[0108] An upper confidence limit, based on-the amplitude
of the projected FFT components that contain noise can then
be estimated using a one-tailed Student t-test with p<0.05 (to
reduce the number of false positives, p<0.01 can be used).
An SSAEP response can then be recognized as being sta-
tistically significantly greater than noise (i.e. detected) if the
projected value of the FFT component whose frequency is
the same as that of the SSAEP responses which is being
detected is larger than the upper confidence limit.

[0109] The steps to employ the phase weighted t-test on
the EEG data points include the following steps:

[0110] a) forming a plurality of sweeps from the EEG
data points;

[0111] b) averaging the plurality of sweeps to obtain
a plurality of averaged data points;

[0112] c¢) calculating a plurality of Fourier compo-
nents for the plurality of averaged data points
wherein the Fourier components are calculated for
the frequency region where the response should
occur and adjacent frequencies thereof (for noise
estimation);

[0113] d) calculating the amplitude (a;) and phase (8,)
for the plurality of Fourier components which were
calculated in step (c);

[0114] e) biasing the amplitudes (a;) to obtain biased
data points (p;) according to the formula:

pi=a;" cos(6;-6,)

[0115] where 6, is the expected phase value (this is done
for the Fourier component at which the response should
occur as well as for adjacent Fourier components which
represent noise);

[0116] ) calculating upper confidence limits using a
one tailed Student t-test on the biased amplitudes
which represent noise in the vicinity of Fourier
components where the response should occur; and

[0117] g) comparing biased amplitudes of Fourier
components where the response should occur to the
upper confidence limits to determine if the biased
amplitudes are larger than the upper confidence
limit.

[0118] If the biased amplitudes for the response is larger
than the upper confidence limit, then the response is
detected; otherwise no response is detected. Note that in the
above method, some preprocessing techniques can be used
on the plurality of data points to reduce the background EEG
noise amplitude in the plurality of data points by the noise
reduction module 48. These preprocessing techniques may
include artifact rejection, adaptive artifact rejection, time
averaging and sample weighted averaging.

[0119] Referring to FIGS. 3a and 35, the use of a phase
weighted t-test is illustrated on some sample data. FIG. 3a
shows that the response 70 is within the upper confidence
limits which are defined by the circle 72. The upper confi-
dence limits 72 were obtained according to the procedure
previously described using two-dimensional F-statistics.
The SSAEP response 70 is therefore not statistically signifi-
cant (i.e. not detected) since the magnitude of the SSAEP
response 70 is not larger than the upper confidence limit 72.
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However, knowing that the expected phase of the SSAEP
response should be 104 degrees, in this example, allows for
the use of the phase weighted t-test which is shown in FIG.
3b. Biasing the FFT components that represent noise results
(i.e. the open circles in FIG. 3b) results in upper confidence
limits 76 that are now shown by a parabola (the actual upper
confidence limit is the single point where the parabola
intersects the line of the expected phase). Notice that the
apex of the parabola 76 has a smaller excursion from the
origin as compared to the circle 72 which makes it easier to
detect an SSAEP response if its phase is similar to that which
is expected. The SSAEP response is now biased by project-
ing it on the expected phase of 104 degrees. The SSAEP
response 74 now extends beyond the confidence limits 76 of
the projected noise measurements. The SSAEP response is
considered to be statistically significant and therefore
detected with the same number of noise data points shown
in FIG. 3a.

[0120] In the case of the multiple SSAEP stimulus which
contains multiple signals that evoke multiple SSAEP
responses, the phase weighted t-test is repeated for each of
the expected SSAEP responses, with each response having
a different expected phase since they were evoked by test
signals having various carrier frequencies.

[0121] The formula in equation (1) for biasing the ampli-
tudes based on the difference between the measured phase
and the expected phase can be made broader or tighter
depending on the weighting function that is used. For
instance, the cosine weighting in equation 1 can be replaced
with a cosine squared function in order to more strongly
punish values that deviate from the expected phase. Alter-
natively, the ‘tightness’ of the weight function can be
adjusted according to the normative inter-subject or intra-
subject variance of expected phase values. For example, the
standard deviation for the measured phase values in a
normative database, contained within the master database 52
can be normalized and used to weight the difference between
the expected and observed phases in equation 1.

[0122] Furthermore, phase coherence measurements can
be biased toward an expected phase in exactly the same way
as was done for the phase weighted t-test, whereby the phase
coherence estimate is biased by the difference between the
expected and observed phases. Additionally, these methods
of biasing the data can be used to evaluate responses in
average sweeps, single sweeps, or even across individual
epochs.

[0123] Alternatively, the average sweep is not always
calculated and the presence of a response can be statistically
assessed by assessing the SSAEP responses for each sweep
or even for each epoch.

[0124] Several approaches can be used to define the
expected phase. First and foremost, a database of normative
expected phase values are collected and stored in the master
database 52. These normative expected phase values can be
obtained by collecting the average phases of SSAEP
responses obtained from a group of normal subjects (who
may be matched for age and gender) who were presented
with similar stimuli. Another approach is to estimate the
expected phase from previously recorded data on the par-
ticular subject who is currently being tested. For example, if
an SSAEP response at 60 dB SPL has a phase of 80 degrees
then one may use this value or a slightly smaller phase as the
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expected phase for the SSAEP response that is recorded
during a test with a similar SSAEP stimulus that is at 50 dB
SPL. Alternatively, the phase measured from several earlier
sweeps of a recording period may be used to obtain an
estimate of the phase for the sweeps which are taken later in
the recording period. Another alternative would be in the
case of the multiple SSAEP stimulus which contains indi-
vidual SSAEP stimuli at different carrier frequencies. In this
case, the phases of the SSAEP responses that have reached
statistical significance (i.e. been detected) during a given
testing period can be used to estimate what the phase should
be for SSAEP responses that have not yet reached signifi-
cance. For example, if the phase of a response to an SSAEP
stimulus with a carrier signal comprising a 1000 Hz tone that
is amplitude modulated at 80 Hz is 45 degrees and the phase
of a response to an SSAEP stimulus with a carrier signal
comprising a 4000 Hz tone that is amplitude modulated at 90
Hz is 90 degrees then the predicted phase for an SSAEP
response to an SSAEP stimulus that with a carrier signal
comprising a 2000 Hz tone that is amplitude modulated at 85
Hz that has not reached significance may be interpolated as
being 60 degrees. Other interpolation methods may be used.

[0125] The detection module 50 may be further adapted to
perform a phase zone method to detect the presence of
SSAEP responses in recorded EEG data. While the statisti-
cal detection methods of the prior art, rely on the probability
of phases randomly occurring, a statistical detection method
may be made stronger if the distribution of phases is
expected to lie within a given number of degrees (i.e. the
target phase range) from an expected phase value. For
example, if the expected phase of a given response is 90
degrees, then the chance of the phase value landing within
N degrees of the expected phase is (N/360). Accordingly, if
N is set at 90 and the expected phase is 70 degrees, then there
is a 1 in 4 chance that each calculated phase value of a
recording without an SSAEP response will occur between 25
and 115 degrees (i.c. the target phase range). The number of
phases that fall within the target phase range can be com-
pared to the number of phases which fall outside of the target
phase range using binomial analysis, with a probability of
0.25 (i.e., 1 in 4) for this example. However, if the variance
of the calculated phases is small, then the target phase range
may also be made smaller (i.e. a target phase range less than
90 degrees). This will allow the SSAEP response to become
statistically significant (i.e. detected) with a smaller amount
of EEG data points since the binomial probability index will
get smaller as the target phase range gets smaller.

[0126] In terms of SSAEPs, the phase zone method is
effected by analyzing each sweep of data rather than using
the average sweep as is done in the F-test. The method
consists of the steps of:

[0127] a) presenting the SSAEP stimulus to the sub-
ject 60;

[0128] b) sensing the EEG from the subject 60 while
substantially simultaneously presenting the stimulus
to the subject 60 to obtain a plurality of data points;

[0129] c) separating the plurality of data points into
sweeps;

[0130] d) calculating a Fourier component for the
frequency at which the response should occur for
each sweep;
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[0131] e) calculating a phase value for each Fourier
component,

[0132] f) calculating a phase target range;

[0133] g) calculating the number of phases (Na) from
step (e) that are within the target phase range; and,

[0134] bh) using binomial analysis to analyze Na to
determine whether said plurality of data points con-
tains a response.

[0135] The phase target range can be calculated based on
a database of normative expected phases, stored within the
master database 52, that are correlated to the subject and the
SSAEP stimulus characteristics.

[0136] The detection module 50 may be further adapted to
perform another statistical method for detection referred to
as the MRC method. The use of an expected phase angle has
been incorporated as a variant of the Rayleigh test for
circular uniformity (RC) termed the modified Rayleigh test
(MRC). The RC method can be made more statistically
powerful if an expected phase angle is known. Hence the
MRC is developed which weights the RC value with a
weighting function that incorporates the expected phase
according to the following equation:

MRC=RC* cos(6,-6,) )

[0137] where O is the vector-averaged angle of the data
set and 0, is the expected angle.

[0138] In addition to detecting responses at the modulation
frequencies used in the SSAEP stimulus, the detection
module 50 may be adapted to detect the SSAEP responses
that occur at the carrier frequency. In this case, the sampling
rate of the ADC 18 would have to be increased so that EEG
data with frequency content in the range of the carrier
frequency could be properly sampled. However, this EEG
data may be difficult to interpret because stimulus artifacts,
which are created by electromagnetic inductance, will add to
the sensed EEG data and distort the data. These artifacts can
be minimized by various techniques such as shielding the
transducer 26 and separating it from the recording instru-
mentation (i.e. the sensors 28, the amplifier 30 and the filter
32). In addition, the use of insert earphones with a greatly
extended air-tube can aid in overcoming stimulus artifacts
(provided that the transfer function of the transducer is
adapted to compensate for the filtering effect of the length-
ened tube). Another technique to remove the stimulus arti-
fact may be based on the fact that the stimulus artifact
changes its amplitude linearly with changes in the intensity
of the SSAEP stimulus while the latency of the stimulus
artifact does not change, whereas an SSAEP response will
show non-linearities in its intensity relationship and will
change latency. Thus, if EEG data is recorded at more than
one stimulus intensity, algorithms may be constructed to
remove the stimulus artifacts based on its linearity with
respect to stimulus intensity.

[0139] At both high intensities and even at lower intensi-
ties it may be beneficial to automatically and intermittently
halt the SSAEP test when a subject is in a high arousal state.
For example, if an infant is to be tested at 30 dB SPL, then
being in a state of high arousal would lead to a level of
background EEG noise which may require a prohibitively
long testing time (e.g., 2 hours) for the SSAEP to be
detected. Recording a large section of “bad” data could

10
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increase the total testing duration because when the data
become “good”, the averaging will have to proceed in order
to counter the poor SNR of the data of the “bad” recording.
While weighted averaging could be used to counter the
presence of poor data (i.e., data with large amounts of
background noise), the performance will decrease when the
poor data constitutes a large proportion, for example, ¥ of
the total data collected. Additionally, if an infant is to be
tested with a high intensity stimulus, e.g., 80 dB SPL, then
performing a test while an infant is in an active state of
arousal may be harmful because the stimulus would be
presented for a long time. Accordingly, in one embodiment
disclosed herein the EEG may be collected for a specified
period and a noise level is estimated. This noise level is then
compared to a database which contains a table of acceptable
noise level values, and if the noise level value of the subject
is above these values, then a warning can appear on the
computer screen such as “too much background noise to run
test” Further, since multiple frequencies can be tested at the
same time the warning can be frequency specific, for
example, “too much background noise to run test for 500
Hz”. This process is repeated until the subject is in a quiet
enough state for the test to start. Of course, the medical
personnel have the choice of over-riding this option and
performing the test anyway given their expertise. The data-
base of noise levels can contain different noise levels
depending upon the age of the subject, stimulus intensity,
and stimulus type (e.g., 2 week old male baby, 30 dB SPL,
4 simultaneous mixed-modulation stimuli of 500, 1000,
2000, and 4000 Hz). It is possible to calculate the additional
time that would be required for a response to reach signifi-
cance based upon given size of the signal and the size of the
noise. For example, The time (T) required to reach this
criterion noise level is:
T=S(BIN)?

[0140] where S is the sweep time, B is the single-sweep
noise level, and N is the noise level at criterion. Using the
values from the Dimitrijevic study (B=80 nV and S=0.27
minutes) and a criterion (N) of 10 nV noise would predict a
total test time of about 17 minutes. Also, we can calculate,
based upon the test time and noise level, what the size of the
response must be: using a testing period of 17.5 minutes
would allow the detection of a 17 nV response using the F
test at the p=0.05 level of significance. Given the specified
noise level Accordingly, rather than, or in addition to, using
a normative database, the noise level criteria (which is a
recording criteria) can be based upon the size of the signal
and the size of the noise which was recorded at previous
intensities within the same subject. Additionally, when com-
paring a subject’s noise level or signal-to-noise level against
a reference value, such as a value from the database, the
software can automatically categorize a subject as a “low
noise”, “medium noise”, or “high noise” subject. This cat-
egorization can occur, for example, after the first 2 minutes
of testing and may be periodically updated based upon the
current noise levels or signal to noise levels. The noise level
may be estimation based upon the entire averaged spectra or
may be derived from a subsection of the spectra, for example
the frequencies between 70 and 110 Hz, and this estimation
is compared to an appropriate reference value such as a
population norm. At lower intensity levels, instead of stop-
ping the recording when poor data is being collected, it may
be more efficient for the instrument to intermittently re-
analyze the total recorded data for a given intensity, reject
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large sections (e.g, 1 or 2 minutes) of poor quality data, and
then statistically evaluate the presence of the responses. The
testing procedures can include recording criteria, which may
be a noise level criteria, and which must be met for a
response to be evaluated. A recording criteria can be an
amount of time which is determined based upon the stimulus
intensity being tested. For example, at 30 dB SPL, the
recording criteria for a test of the 500 Hz stimulus may
dictate that the response can not be evaluated until a speci-
fied noise level has been met. This noise level can be based
upon normative data stored in a database or upon the current
or prior data recorded from the subject. Recording criteria
decrease the chance of false positives and false negatives,
because responses are not formally evaluated statistically
until the criteria is met. There is no reason to evaluate a
response which occurs in response to a 500 Hz stimulus
presented at 30 dB SPL, until the noise level is below a
specified level (e.g., 10 nV) or a certain amount of time (e.g.
5 minutes) has elapsed since this response is small enough,
on average, that it would be very improbable for it to reach
significance immediately. Recording criteria can dictate that
the testing duration must be a certain amount of time at
given intensity levels. The recording criteria can be different
for the response statistical properties of the response, for
example, a recording criteria may specify that a response
must become significant and stay significant for a specified
number of sweeps. Recording criteria can also be based
upon the characteristics of the signal and noise, for example,
a recording criteria can specify that the variability of the
amplitude or phase of the evaluated response (either of the
average sweep at different points in time or of the individual
sweeps) must be below a specified level, which can be based
upon normative data or upon prior data from that subject.
The recording criteria can also be based upon the variability,
slope, or slope variability (computed upon subsections of the
data) of the noise estimate over time. In the same way that
recording criteria can guide the testing procedure, stopping
criteria can be used to determine when the testing of each of
the multiple has been completed. For example, if the
response to a stimulus has not reached significance at two
intensity levels, then threshold can be ascertained, and the
stimulus is removed from those being presented so that the
testing can continue without it.

[0141] SSAEP Stimuli

[0142] The objective audiometric test apparatus 10, via
signal creator 42 is adapted to construct a variety of test
signals which can be used in the SSAEP stimulus. These test
signals include tones, amplitude modulated signals (AM),
frequency modulated signals (FM), an optimum vector
combined amplitude modulated and frequency modulated
signals (optimum vector mixed modulation or OVMM) and
independent amplitude modulated and frequency modulated
signals (IAFM). The modulator 44 may also be used with the
signal creator 42 to provide envelope modulation with an
exponential modulation signal. The signal creator 42 can
also generate test signals consisting of broad-band noise,
high-pass noise, low-pass noise, band-pass noise, white
noise, pink noise, or speech spectra, all of which can be
either modulated or unmodulated.

[0143] The signal creator 42 may generate an optimum
vector combined amplitude modulation and frequency
modulation (OVMM) test signal such that the amplitude
modulation rate is the same as the frequency modulation
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rate. Furthermore, the phase of the frequency-modulated
component of the OVMM test signal may be adjusted with
respect to the phase of the amplitude modulated component
of the OVMM test signal such that the SSAEP response
evoked from the subject has an increased amplitude.

[0144] Referring to FIGS. 4a-4f, the amplitudes of
SSAEP responses to an SSAEP stimulus consisting of an
AM test signal (open square data points) and an SSAEP
stimulus consisting of an MM test signal (filled in circular
data points). The data was collected from eight test subjects.
The SSAEP responses were obtained for a variety of carrier
frequencies, stimulus intensities and frequency modulation
depths. FIGS. 4a-4f show that the MM SSAEP stimulus
evoked SSAEP responses with larger amplitudes than the
AM SSAEP stimulus for a variety of stimulus intensities and
carrier frequencies. The frequency modulation depth for the
MM SSAEP stimulus was 25% for FIGS. 4a-4¢ and 10% for
FIGS. 4d-4f (the frequency modulation depth indicates the
frequency deviation from the carrier frequency in the
SSAEP stimulus). The amplitude modulation depth was
100% for the AM SSAEP test results shown all Figures. In
FIGS. 4a-4c, at 50, 40 and 30 dB SPL, the amplitudes of the
SSAEP response were 30%, 49%, and 28% larger for
responses evoked by the MM SSAEP stimulus as compared
to those evoked by the AM SSAEP stimulus. FIGS. 4d-4f
show results from a different group of eight subjects in
which the SSAEP response amplitudes were 20%, 7%, and
8% larger when using MM SSAEP stimuli. These Figures
also show that it is possible to obtain enhanced response
amplitudes near threshold using frequency modulation
depths near 25%.

[0145] For the test results shown in FIGS. 4a-4/, the MM
SSAEP stimuli were not adjusted to evoke SSAEP responses
with optimal amplitudes. When an optimum vector mixed
modulation signal is used, the SSAEP response amplitudes
are larger for the higher frequency test results (i.e. 4000 to
6000 Hz). It should also be noted that the use of an FM depth
of 10% in the MM SSAEP stimulus is not sufficient to
increase the SSAEP response amplitudes as compared to the
response amplitudes obtained when using the AM SSAEP
stimulus. Rather, an FM depth of 25% is needed to evoke
larger amplitude SSAEP responses as is shown in FIGS. 4b
and 4c.

[0146] Referring to FIG. 5a, adjusting the phase of the
FM component of the MM SSAEP stimulus relative to the
phase of the AM component results in SSAEP responses
with different amplitudes. At one particular phase the
response will be larger than at other phases. This is the basis
of the optimum-vector mixed modulation stimulus. This
adjustment is based on the principle that the SSAEP
response 80 to an MM SSAEP stimulus is the vector sum of
the response to the AM component 82 of the SSAEP
stimulus and the FM component 84 of the SSAEP stimulus,
in which the components are independent or only interact to
a small degree. The SSAEP response to the AM component
82 is shown as the vector originating at the origin. Added to
the SSAEP response to the AM component 82 is the
response to the FM component 84 of the SSAEP stimulus
which has a different phase than the SSAEP response to the
AM component 82. These SSAEP responses were evoked by
an SSAEP stimulus in which the FM component had the
same phase as the AM component so that the relative phase
between the AM and the FM components of the SSAEP
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stimulus was zero. As is evident from FIG. 54, this results
in an SSAEP response to the MM stimulus that is smaller
than the response to the AM stimulus alone.

[0147] Referring to FIG. 5b, if the phase of the FM
component of the SSAEP stimulus was adjusted relative to
the phase of the AM component of the SSAEP stimulus in
a range from O to 360 degrees there would be a variation in
the amplitude of the response 86 which could be modeled as
a sinusoid. Increases in the phase of the FM component of
the SSAEP stimulus will rotate the FM response vector 84
clockwise. The SSAEP response to the MM SSAEP stimulus
for any phase value of the FM component relative to the AM
component of the SSAEP stimulus can then be obtained by
drawing a vector straight up from the x-axis to the response
curve 88. This line would be drawn at the point on the x-axis
which is the value of the phase of the FM component with
respect to the AM component for the SSAEP stimulus. One
example of a possible response is shown as the dotted-line
vector 86 which also happens to be the largest response
amplitude. In this case, the SSAEP response 84 to the FM
component of the SSAEP stimulus and the response 82 to
the AM component of the SSAEP stimulus will line up to
produce an optimum vector mixed-modulation (OVMM)
stimulus, which should produce the largest MM response
when the relative phase between the phase of the FM
component and the AM components of the SSAEP stimulus
is ¢. FIG. 5b thus indicates how the angle ¢ can be derived
using several MM response amplitudes obtained as the
relative phase between the FM and AM components of the
SSAEP stimulus is varied. The resulting SSAEP response
amplitudes can be fit with a sine wave having a baseline-
offset (as shown in FIG. 5b). The size of the baseline-offset
is equivalent to the amplitude of response to the AM
component of the SSAEP stimulus and the amplitude of the
sine wave 1s equivalent to the amplitude of the response to
the FM component of the SSAEP stimulus.

[0148] These stimuli are called optimum-vector mixed
modulation (OVMM) stimuli to distinguish then from other
MM stimuli where the relative phases of the AM and FM
components are arbitrarily set. OVMM SSAEP stimuli can
therefore be used to evoke SSAEP responses with larger
amplitudes. This is beneficial since SSAEP responses with
larger amplitudes have larger SNR which should allow for
SSAEP response detection in a smaller amount of time.

[0149] The process to test with OVMM SSAEP stimulus
follows the following steps:

[0150] a) create a test signal which contains at least
one combined amplitude modulation and frequency
modulation signal in which the phase of the FM
component of the test signal is adjusted relative to
the phase of the AM component of the test signal
such that an increased response can be evoked from
a subject;

[0151] b) creating the test signal further comprises
choosing the carrier frequency of the AM component
to be substantially similar to the carrier frequency of
the FM component and the modulation frequency of
the AM component to be substantially similar to the
modulation frequency of the FM component;

[0152] c¢) transducing the test signal to create an
acoustic stimulus and presenting the acoustic stimu-
lus to the subject;
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[0153] d) sensing potentials from the subject while
substantially simultaneously presenting the acoustic
stimulus to the subject; and,

[0154] e) analyzing the sensed potentials to deter-
mine whether they contain data indicative of at least
one steady-state response to the acoustic stimulus.

[0155] Testing with OVMM SSAEP stimuli preferably
utilizes a database of normative optimal phase values, stored
within the master database 52, that may be used to adjust the
phase of the FM component of the OVMM SSAEP stimulus
relative to the AM component of the OVMM SSAEP
stimulus. This basically entails creating a database of nor-
mative values. The database is stored in the master database
52. The database of normative values can contain phase
difference data (i.e. difference between the phases of the FM
and AM components of the OVMM SSAEP stimulus) which
is correlated to subject characteristics and stimulus charac-
teristics. Subject characteristics typically include the age of
the subject, the sex of the subject and the like. Stimulus
characteristics include the carrier frequency of the FM or
AM component, the intensity of the stimulus, the AM
modulation depth, the FM modulation depth and the like.

[0156] The following steps may be followed to create the
database of normative phase difference data:

[0157] a) Select a sample population to test which is
correlated to a group of subjects who will be exam-
ined; i.e., if testing will be performed on newborn
infants then a sample of 100 subjects may be tested,
who may be appropriately matched for age and for
sex;

[0158] b) Record EEG data from the sample popu-
lation that contain responses to SSAEP stimuli which
contain AM components only and responses to
SSAEP stimuli which contain FM components only;
this testing should be done for each of the stimuli
which will be used when examining the group of
subjects from step (a);

[0159] c¢) Detect the SSAEP responses in the
recorded EEG data and measure the phase of each
SSAEP response;

[0160] d) Calculate the differences in the phases
measured in step (c) between the SSAEP responses
to the AM component only SSAEP stimuli and the
FM component only SSAEP stimuli and plot the
resulting SSAEP response amplitudes (which is the
vector summation of the responses to the AM com-
ponent only SSAEP stimuli and the FM component
only SSAEP stimuli) to obtain a waveform as shown
in FIG. 5b; and,

[0161] ¢) Find the phase difference for which the
resulting vector summation of the response ampli-
tudes for the AM and FM components result in a
maximum amplitude; this phase value is then used in
the OVMM SSAEP stimulus to evoke increased
responses from test subjects.

[0162] The signal creator 42 can also generate another test
signal comprising an AM component and an FM component
wherein these two components are independent from each
other in that they evoke SSAEP responses that are indepen-
dent from each other. This property holds true for a multiple
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SSAEP stimulus that contains multiple independent AM and
FM components. Accordingly, the test signal is referred to as
an independent amplitude and frequency modulation signal
(IAFM). The IAFM signal has an AM modulation frequency
that is different from the FM modulation frequency.

[0163] Referring to FIG. 6a, a partial view of the ampli-
tude spectrum of the SSAEP responses for a multiple SSAEP
stimulus that contains AM test signals having 100% ampli-
tude modulation depth is shown in the top panel. The middle
panel shows a partial view of the amplitude spectrum of the
SSAEP responses for a multiple SSAEP stimulus that con-
tains FM test signals having 20% frequency modulation
depth and the bottom panel shows the SSAEP responses for
a multiple SSAEP stimulus that contains IAFM test signals.
The frequencies of the SSAEP responses are indicated by
inverted triangles. FIG. 6b shows the corresponding polar
plots for each of the SSAEP responses. The circles represent
the confidence limits of each SSAEP response. If the circle
does not contain the origin, then the SSAEP response can be
considered to be statistically significantly (p<0.05) different
from the background noise and therefore detected. The
SSAEP responses in the bottom panel tend to be slightly
smaller in amplitude than those obtained when only one type
of modulation was used in the SSAEP stimulus. However,
the phases between the SSAEP responses in the bottom
panel and the corresponding responses in the top and middle
panels are quite similar. Thus, IAFM stimuli allow for the
independent testing of the parts of the auditory system that
respond to amplitude modulation and the part of the auditory
system that responds to frequency modulation. The separate
SSAEP responses (i.e. in response to either an AM or FM
SSAEP stimulus) can be used to evaluate hearing for a
particular frequency region by incorporating both of these
SSAEP responses to evaluate if a SSAEP response is present
using the Stouffer method.

[0164] Experimental results have also shown that FM
SSAEP stimuli can evoke SSAEP responses when the fre-
quency modulation depths as little as 2% are used. Further-
more, SSAEP responses can be evoked when using faster
FM modulation rates. Experimental data has also shown that
SSAEP responses to FM stimuli could be elicited at these
rapid rates and low modulation depths while producing a
different phase as compared to the SSAEP response to an
AM SSAEP stimulus. This suggests that the FM SSAEP
stimulus was being processed differently than the AM
SSAEP stimulus. This is important for testing paradigms
that will rely on these faster rates. Furthermore, experimen-
tal data has shown that the use of AM and FM stimuli
presented at supra-threshold intensities with depths of
modulation less than 100% and rates of modulation over 70
Hz evoke SSAEP responses whose amplitudes have a cor-
respondence to behavioral thresholds.

[0165] The signal creator 42 is also adapted to create a test
signal comprising a carrier signal that is modulated by two
modulation signals that modulate in the same manner but at
different modulation rates. This test signal may be called a
dual modulation signal. For instance, there may be 2 modu-
lation signals which amplitude. modulate a carrier signal at
different modulation rates. An SSAEP stimulus based on this
type of test signal may be useful in certain situations. For
instance, the two SSAEP responses that are evoked by the
dual modulation SSAEP stimulus can be evaluated using the
Stouffer Method. Additionally, it may be useful to set the
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lower modulation rate in the 30-40 Hz range while the
higher modulation rate is in the 70-90 Hz range. Accord-
ingly, by using the Stouffer method, responses for both the
30-40 Hz and 70-90 Hz ranges can be simultaneously
assessed. If a subject is alert, the SSAEP responses to lower
modulation rates will become significant faster, while a
subject that begins to doze off may cause the SSAEP
responses to the faster stimuli to become significant faster.

[0166] The Stouffer method statistically compensates for
trying to detect 2 rather than 1 response, however, a potential
drawback may occur when an SSAEP response that is highly
significant when evaluated independently fails to reach
significance when assessed in concert with another SSAEP
response. For example, an 80 Hz SSAEP response that is
highly significant should not be assessed as being not
significant if it is combined with a 40 Hz SSAEP response
that is far from being significant. The software program 40
can compensate for this by using Bonferroni corrections or
by allowing the user to choose different recording criteria for
detecting an SSAEP response (i.e. choosing the p<0.01 or
p<0.001 criteria instead of the p<0.05 criteria).

[0167] One possible use of the dual modulation test signal
may be to monitor the level of arousal for a patient who is
subjected to anesthesia. The use of anesthesia will reduce the
amplitude of the 40 Hz SSAEP response but not the ampli-
tudes of the higher frequency SSAEP responses. Thus, to
ensure that the measurement of data is not contaminated by
some peripheral dysfunction, such as the earphone not
working correctly or the ear developing a conductive hear-
ing loss, it would be beneficial to monitor both the 40 Hz and
30 Hz SSAEP responses simultaneously. The 80 Hz SSAEP
response could e used to demonstrate that the peripheral
auditory function of the subject 60 patient is normal.
Another use for the dual modulation test signal is in the
assessment of the ability of the subject 60 to process
temporal modulation functions (as is discussed in greater
detail below).

[0168] The signal creator 34 creates the various test sig-
nals which are used in the SSAEP stimulus according to
Equation 2. Accordingly, Equation 2 can be used to create
AM, FM, MM, OVMM and IAFM test signals.
s(=a[1m,  sin(2f )] sin@afer+E D)/ (1+m,’
2t @
[0169] where:

F()=(myf J(2F p))sin (2] 5, ti+0m/180) 3
[0170] i is an address in the DAC output buffer

[0171] tis the DAC rate,

[0172] 6 is the phase difference in degrees between
the AM and FM components of the test signal s(t);

[0173] f, is the modulation frequency for amplitude
modulation; and,

0174] £, is the modulation frequency for frequency
f:
modulation.

[0175] The test signal s(t), consists of sinusoidal tones
having a carrier frequency of f_. The AM is performed by the
terms within the square brackets. The AM test signals are
created by modulating the amplitude (a) of the carrier signal.
The amplitude modulation depth is (m,) controls the influ-
ence of the modulation signal on the envelope of the carrier
signal.
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[0176] The FM ftest signal is formed by modulating the
phase of the carrier waveform according to the function F(i)
shown in equation 3. The frequency modulation depth (my)
is defined as the ratio of the difference between the maxi-
mum and minimum frequencies in the frequency modulated
signal compared to the carrier frequency. For example, when
a 1000 Hz carrier tone is frequency modulated with a depth
of 25%, the frequency varies from 875 Hz to 1125 Hz which
is a deviation #12.5% from the carrier frequency of 1000 Hz.
The term mf /(2f;,) represents the frequency modulation
index (often denoted by ). The final divisor in equation 2
is used to maintain a constant root-mean-square amplitude
for various amounts of amplitude-modulation.

[0177] If m; equals zero, then the test signal s(i) becomes
an AM sinusoid. If m, equals zero, then the test signal s(i)
becomes an FM sinusoid. If f, , and f;, are equal and if both
m, and m, are greater than zero, then the test signal s(i)
becomes an MM test signal. If f,, and f;, are not equal and
if both m, and m; are greater than zero, the test signal s(i)
becomes an IAFM test signal.

[0178] The signal creator 42 can also create a test signal in
which the envelope of the signal is modulated by an expo-
nential modulation signal. In order to use exponential ampli-
tude modulation, the formula for AM (in the square brack-
ets) of Equation 3 becomes:

[2m, (A +sin(2af o ti))/2)°*==0.5)+1] @

[0179] where earn is the exponent. In this equation, the
test signal is adjusted to maintain the same root-mean-square
value for the intensity of the resulting SSAEP stimulus
regardless of the exponent used in the exponential modula-
tion signal. In order to form an FM test signal with an
exponential envelope, a running integral of the envelope
equation must be maintained. The running integral sums all
the envelope values up to the present address in the buffer
according to:

d &)

[0180]

x;=(Zerffct)(((1+sin(2mffmti))/2)efm—0.5) ©)

and the envelope that is being integrated is:

[0181] where efm is the exponent for the exponential
modulation signal. The integrated value is then inserted into
Equation 3 instead of the value F(i). In addition, changes in
the phase of the envelope may be made by shifting the
function in time.

[0182] Referring to FIGS. 7a-74d, the usage of exponential
envelope modulation for both AM and FM SSAEP stimuli
produce larger responses than AM SSAEP stimuli. FIGS. 7a
and 7b show the percent increase in response amplitude
when using AM SSAEP stimuli with exponential envelopes
compared to AM SSAEP stimuli without exponential enve-
lopes for a 50 dB pSPL and 30 dB pSPL stimulus intensity.
FIGS. 7¢ and 7d show response amplitudes in nV corre-
sponding to the data shown in FIGS. 74 and 7b. At 50 dB
pSPL the exponential envelope modulation increases the
SSAEP response amplitude in the lower and higher fre-
quency ranges. At 35 dB pSPL, the exponential envelope
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modulation increases the SSAEP response amplitude espe-
cially for the lower frequencies.

[0183] An informal analysis of the results shown in FIGS.
7a-7d indicates that using a sinusoidal signal to the power of
2 or 3 at stimulus intensities of 30 and 50 dB pSPL provides
the larger SSAEP response amplitudes. Alternatively, frac-
tional exponents may also be used. It should be noted that an
increase in SSAEP response amplitude by 40% will enable
the test time to be reduced by a factor of 2 when detecting
the SSAEP response since the EEG noise decreases with the
square root of the data (i.e. 1.4142=(2)"?). Thus, modulating
the envelope of the SSAEP stimulus with an exponential
signal may result in a reduction of test time.

[0184] Exponential envelopes may also be created using
AM depths below 100%, such as 80%, in order to more
closely maintain the steady-state nature of the SSAEP stimu-
lus. Additionally, the use of exponential envelopes tends to
increase the amplitude of the SSAEP responses at harmonic
of the modulation frequency. Accordingly, hearing tests may
be utilized where envelopes are modulated by an exponen-
tial sinusoid in the 40 Hz range and the SSAEP responses are
evaluated at the second harmonics of the modulation fre-
quency. A detection method may also be devised in which
the sensed EEG data is evaluated at both the modulation
frequency and the second harmonic of the modulation
frequency using the Stouffer method or a Stouffer method
which defaults to the evaluation of a single harmonic when
ne of the two harmonics meets some criteria (i.e. p<0.01 or
p<0.001).

[0185] In the objective audiometric test apparatus 10
according to the wvarious preferred embodiments, the
SSAEPs can be evoked by various stimuli that repeat fast
enough that the responses to individual bursts of energy
overlap. The amplitude modulated steady-state stimulus can
be conceived of as a series of bursts of frequency specific
energy having a rising slope, a plateau region, and a falling
slope. The bursts occur at a fast enough rate to produce a
steady-state response. The exponential modulation envelope
acts to increase the rising and falling slopes and to increase
the time between successive stimuli so that the neurons have
more time to recover prior to the each subsequent burst.
Prior to the experiments described herein, steady-state
responses were obtained responsive to sine wave modulated
acoustic stimuli, due to their good frequency specificity.
However, while decreasing the frequency specificity of the
stimuli, using tone-bursts rather than modulated signals will
also cause the rising and falling slopes to increase and will
decrease the amount of energy in the inter-burst sections of
the waveform. Other types of modulation functions may also
act to increase the size of the steady-state response. Accord-
ingly, the data presented in FIGS. 7a-d, would suggest to
one skilled in the art that any stimulus which increases the
slope of the rise function and decreases the amount of energy
between “bursts” will cause an increase in the size of the
steady-state response. As is known to those skilled in the art,
steady-state responses which are evoked by an amplitude
modulated stimulus, may also be evoked by a rapidly
repeating transient stimulus or a frequency modulated stimu-
Ius which may also include such modulations of frequency
as are evident in a chirp stimulus, or an amplitude modulated
chirp stimulus. According to the preferred embodiments
herein described, steady-state responses are evoked by
stimuli such as an “SSAEP stimulus”, a “modulated wave-
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form”, an “amplitude modulated acoustic stimulus”, a
“modulation signal”, an “evoked potential stimulus”, and a
“steady-state test signal”. All of these terms refer generally
to the set of stimuli which are repeated or modulated fast
enough that consecutive evoked responses have some degree
over overlap.

[0186] Audiometric Testing Using Steady-State Evoked
Potentials

[0187] The objective audiometric test apparatus 10 is also
adapted to perform various audiometric tests in an objective
manner using SSAEP stimuli without any necessary user
control other than the selection and initiation of a particular
audiometric test. Testing is objective in the sense that the
subject does not have to subjectively respond to the stimuli
used in the test and the individual conducting the test does
not have to subjectively interpret the recorded data since
statistical methods are used to analyze the recorded data.
Thus, the “completely objective auditory testing system”
(i.e. COATS) performs these tasks objectively. The objective
audiometric test apparatus 10 may be used to evaluate
hearing in subjects with normal who use hearing aids.

[0188] In general, the objective audiometric test apparatus
10 presents SSAEP stimuli, records EEG data and deter-
mines whether SSAEP responses are present in the EEG
data. The objective audiometric test apparatus 10 then
presents further SSAEP stimuli to obtain more precise
information. However, the individual performing the audio-
metric tests can make decisions about which SSAEP stimuli
to present and the duration of each test.

[0189] The objective audiometric test apparatus 10 is
further adapted to obtain multiple audiometric thresholds
concurrently. In addition, the objective audiometric test
apparatus 10 is adapted to perform audiometric testing on
subjects with aided and unaided hearing. With respect to
aided hearing tests, the objective audiometric test apparatus
10 can be used to adjust the various parameters of a hearing
aid. The objective audiometric test apparatus 10 can also
perform latency tests, AM/FM discrimination tests, rate
sensitivity tests, aided hearing tests, depth sensitivity tests
and supra-threshold tests.

[0190] The objective audiometric test apparatus 10 also
utilizes one of the databases of normative data, stored in the
master database 52, to construct SSAEP stimuli, detect
SSAEP responses and determine whether detected SSAEP
responses are indicative or normal or abnormal hearing. The
databases contain data which is correlated by subject char-
acteristics such as age, sex and state over a variety of
stimulus characteristics such as type of modulation, type of
modulation envelope, modulation rate and modulation
depth, etc. The database also contains data about SASEP
responses such as latency, the ratio of amplitudes of SSAEP
responses to AM and FM SSAEP stimuli, etc.

[0191] The objective audiometric test apparatus 10 may be
used to objectively measure the audiometric threshold of
patients with hearing loss. In the case of significant hearing
loss, where the hearing threshold level for at least one of the
tested frequencies is significantly elevated above normal
levels, performing a threshold test by presenting SSAEP
stimuli for long periods of time may be problematic due both
to adaptation effects (e.g., temporary threshold shift) and
increasing the chance of inducing tinnitus. Further, even for
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short periods of testing time, when testing at can increase
and possibly lead to inaccurate results, due to masking
effects of the multiple stimuli, or other mechanisms which
will decrease the amplitude of the evoked responses.
Accordingly, part of the solution to conducting the SSAEP
test at high intensity levels is to present only a single
stimulus (e.g., 4000 Hz stimulus), or two stimuli separated
by more than one octave (e.g., 500 and 2000 Hz, or 1000 and
4000 Hz), per ear when testing above a specified intensity
level (e.g. 80 dB SPL). However, even when presenting one
stimulus, testing at high intensities is still difficult because,
as mentioned, the probability increases for adaptation effects
or causing harm such as tinnitus. To counter this problem,
the SSAEP test can be carried out in a discontinuous fashion
rather than using a conventional test which presents the
stimulus continuously until it reaches significance. For
example, the test can be carried out using an automatic and
computer controlled “on-off-on” design where the stimulus
is presented for certain durations (e.g., 32 seconds), which
may be specified by the user, and which are interspersed
with “stimulus off” periods, during which no stimulus is
presented and the auditory system of the subject is allowed
to recover. Because pausing the stimulus may increase
testing time, instead of simply stopping the test procedure
(i.e., presenting a stimulus and recording SSAEP data), at
least one other stimulus can be tested. For example, the
computer software program can automatically alternate
between the various stimuli that are being tested. An
example of this iterative automatic process for assessing
thresholds at high stimulus levels could be as follows:
[0192] Stimulus A=500 Hz, B=1000 Hz, C=2000 Hz,
D=4000 Hz, Starting Intensity (S)=80 dB SPL.
Specified Intensity step=M, (M may change based
upon rules, e.g., decreases by % in each subsequent
step).
[0193] Starting condition: Stimulus 1=Stimulus A; Stimu-
lus 2=Stimulus B

[0194] Step 1: Present Stimulus 1 at intensity S for 32
seconds.

[0195] Step 2: Present Stimulus 2 at intensity S for 32
seconds.

[0196] Step 3: Check if response to Stimulus 1 has been
detected or if recording criteria have been met.

[0197] If response to Stimulus 1 has been detected then
replace with Stimulus C or D and repeat Step 1.

[0198] If response to Stimulus 1 has not been detected, and
recording criteria have not been met then repeat Step 1.

[0199] Ifresponse to Stimulus 1 has not been detected, and
recording criteria have been met then repeat Step 1 and
increase intensity to S+M dB.

[0200] Step 4: Check if response to Stimulus 2 has been
detected or if recording criteria have been met.

[0201] If response to Stimulus 2 has been detected then
replace with Stimulus C or D and repeat Step 1.

[0202] Ifresponse to Stimulus 2 has not been detected, and
recording criteria have not been met then repeat Step 2.

[0203] If response to Stimulus A has not been detected,
and recording criteria have been met then repeat Step 2 and
increase intensity to S+M dB.
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[0204] Step 5: Repeat steps 1-4 until thresholds for all
stimuli have been detected or until maximum intensity has
been reached.

[0205] In addition to the illustrative example just pro-
vided, the iterative automatic process for assessing thresh-
olds at high stimulus levels could also include periods of
silence where no stimulus is presented in order to give the
auditory system a rest and attenuate effects of adaptation.
Further, when responses to three of the four stimuli have
been detected, then only one stimulus need be evaluated and
the testing procedures revert to an on-off-on design which
utilizes these periods of silence. Further, in the illustrative
example just provided the intensities can be adjusted in a
downward rather than upward fashion, and the test stops
when all responses fail to reach significance. Further, in the
illustrative example just provided when a response reaches
significance and the recording criteria have been met, the
intensity may subsequently be iteratively adjusted down-
wardly and upwardly according to the COATS method as is
illustrated in FIG. 11.

[0206] The objective audiometric test apparatus 10 can
perform audiometric tests to assess the supra-threshold
hearing of a subject. The supra-threshold tests comprise
assessing the threshold of a subject’s auditory system in
detecting changes in the frequency or intensity of a stimulus
at supra-threshold stimulus intensities. Accordingly, the
supra-threshold test comprises an intensity limen and a
frequency limen. The intensity limen test protocol involves
varying the intensity of a stimulus by varying the AM depth.
In particular, the intensity limen involves estimating the
threshold for detecting a change in the amplitude modulation
depth of the stimulus. The frequency limen involves varying
the frequency content of the SSAEP stimulus by varying
frequency modulation depth. In particular, the frequency
limen involves estimating the threshold for detecting a
change in the FM depth of an SSAEP stimulus. The intensity
and frequency limens correlate with the subject’s 60 ability
to discriminate supra-threshold sounds of various intensities
and frequencies.

[0207] The procedure for determining the intensity limen
preferably involves the following steps:

[0208] a) Constructing an SSAEP stimulus with an
AM component having an AM depth of 100%);

[0209] b) Recording the EEG data while presenting
the SSAEP stimulus to the subject 60;

[0210] c¢) Analyzing the EEG data to determine if
there was a response to the SSAEP stimulus;

[0211] d) If there is a response, then decreasing the
AM depth of the AM component by half and repeat-
ing steps (b) and (¢); and,

[0212] e) if no response is detected then the intensity
limen is determined as the lowest AM depth which
resulted in an SSAEP response being detected.

[0213] Likewise, the frequency limen can be conducted
according to the following steps:

[0214] a) Constructing an SSAEP stimulus having an
FM component with an FM modulation depth of
40%;
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[0215] b) Recording the EEG data while presenting
the SSAEP stimulus to the subject;

[0216] <) Analyzing the EEG data to determine if
there was an SSAEP response to the SSAEP stimu-
lus;

[0217] d) If there is a response, then decreasing the
FM depth of the FM component by half and per-
forming steps (b) and (c); and,

[0218] e) if no response is detected then the fre-
quency limen is determined as the lowest FM depth
which resulted in an SSAEP response being detected.

[0219] The supra-threshold hearing test may further
involve varying the modulation depths in an SSAEP stimu-
lus and examining the size of the resulting SSAEP responses
compared to population normative values.

[0220] The supra-threshold hearing test may further com-
prise a method which should be less prone to inter-subject
differences. The method comprises measuring the amplitude
of the SSAEP response when presenting the subject with an
AM SSAEP stimulus that has an AM depth of 100%. This
response amplitude may then be compared to SSAEP
response amplitudes that are obtained when presenting the
subject with an AM SSAEP stimulus that has smaller AM
depths. Accordingly, a demonstrative measure may be the
ratio of the amplitude of an SSAEP response which is
recorded while presenting a subject with an AM SSAEP
having a 50% AM depth to the amplitude of an SSAEP
response obtained while presenting a subject with an AM
SSAEP having a 100% AM depth. As in the case of absolute
amplitudes, normative values can be obtained for these
ratios using appropriate age and sex matched control popu-
lations that were exposed to similar stimuli. These normative
values can be obtained from one of the databases in the
master database 52.

[0221] The objective audiometric test apparatus 10 may
also perform latency tests on the subject to determine if the
subject has normal or abnormal hearing. Through the use of
a “preceding cycles technique”, experiments have shown
that SSAEP responses have reliable and repeatable latency
values in normal healthy ears. The latency values are
obtained from the phases of the detected SSAEP responses.
The latency of an SSAEP response is important for diag-
nosing various kinds of sensorineural hearing loss. An
abnormally long latency value may indicate that an acoustic
neuroma is present. Alternatively an abnormally short
latency value may indicate that the subject has Meniere’s
disorder.

[0222] Referring to FIG. 8, the results of a set of experi-
ments using dichotic stimulation are shown. A multiple
SSAEP stimulus with four carrier signals having carrier
frequencies that were separated by an octave were presented
to one ear and four stimuli at intervening carrier frequencies
were presented to the other ear for a group of subjects. The
SSAEP stimuli were then reversed and applied to the oppo-
site ear. The data shown in FIG. 9 are the latencies derived
by modeling the vector-averaged phase delays measured
across eight subjects in the subject group. These phase
delays were measured as having occurred after 1 preceding
cycle in the stimulus waveform. Phase delay was found to be
similar for SSAEP responses evoked by SSAEP stimuli
having one test signal component or SSAEP stimuli having
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more than one test signal component, as long as adjacent
carrier frequencies in the SSAEP stimulus were separated by
at least 1 octave. The experimental results showed that phase
(and hence latency) are stable over time and change as
expected with the intensity level of the stimulus. Phase delay
was also the same for monaural and binaural presentation.

[0223] Since phase delay was found to be consistent, a
normative database, stored within the master database 52,
containing appropriate age and sex matched normative
phase delay or latency values for various stimuli may be
constructed. This normative database of phase delay values
may then be used as a reference to detect abnormalities in
subjects by measuring their phase delay or latency. In
addition to absolute latency values, normative values for the
differences between the latencies for responses to pairs of
stimuli may be useful in the detection of abnormal hearing.
For instance, the difference between the latency estimate for
SSAEP stimuli with 2000 and 4000 Hz carrier frequencies
may be used.

[0224] The procedure for measuring latency uses the fol-
lowing steps:

[0225] a) Record the steady-state response to an
SSAEP stimulus and measure the onset phase of the
response in degrees;

[0226] b) Convert the onset phase to a phase delay
(P) by subtracting it from 360° (it may be necessary
to make the phase delays ‘rational” across different
carrier frequencies, i.e. an extra 360 degrees may be
added to the phase delay (i.e. phase unwrapping) so
that the phase delay for a carrier frequency with a
lower frequency is longer than the phase delay for a
carrier frequency with a higher frequency, (a situa-
tion which makes sense since higher frequencies are
transduced near the basal end of the cochlea)); and,

[0227] c¢) Convert the phase delay to a latency (L)
value in milliseconds according to the formula:

L=1000*(P+N*360)/(360*f,,) €

[0228] where f, is the modulation frequency for the
SSAEP stimulus that evoked the SSAEP response and N is
chosen as the number of preceding cycles. For modulation
frequencies in the range of approximately 75-100 Hz, N can
be chosen to be 1. The value of N can be determined from
normative studies using different modulation frequencies. N
is set for each response in order to bring the latency values
calculated for a subject as close as possible to normative
latency values.

[0229] Another way of determining the latency value is to
present an SSAEP stimulus at a given carrier frequency and
vary the modulation frequency. The phase of the response to
each different modulation frequency is then measured and
plotted versus modulation frequency. The latency value is
then estimated from the slope of the phase versus modula-
tion frequency plot.

[0230] The objective audiometric test apparatus 10 can
also perform AM/FM discrimination tests using SSAEP
stimuli. The AM/FM discrimination tests correlates with
speech discrimination tests. One test involves using the
number of responses to multiple IAFM SSAEP stimuli as an
estimate of the ability of a subject’s auditory system to
discriminate the frequencies and intensities necessary for
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speech perception. If the SSAEP responses suggest that the
auditory system of the subject cannot make these discrimi-
nations then the subject will not be able to discriminate all
of the words. Accordingly, the intensity of the SSAEP
stimulus would be similar to the intensity at which words
would be presented during a subjective speech discrimina-
tion test in terms of root mean square SPL.

[0231] Referring to FIG. 9, the percentage of words that
were correctly discriminated by a subject versus the number
of significant SSAEP responses that were detected when a
multiple ITAFM SSAEP stimulus was presented to the subject
is shown. The multiple IAFM SSAEP stimulus comprised
AM and FM signals with carrier frequencies of 500, 1000,
2000 and 4000 Hz. The areas of the plotted circles are
related to the number of data points, with the largest circle
representing 7 data points. This scattergram shows a corre-
lation between the number of detected (i.e. significant)
SSAEP responses and the word discrimination. The IAFM
stimulus may be a good stimulus for looking at word
discrimination since it presents multiple AM and FM stimuli
simultaneously. Other multiple stimuli may also be used. For
example, eight separate carrier signals may be presented
with four of these amplitude-amplitude and frequency dis-
crimination at multiple frequencies.

[0232] Accordingly, a test protocol that could be used to
indicate the speech processing ability of the subject may
consist of determining the number of SSAEP responses that
were evoked by a multiple IAFM SSAEP stimulus. The test
period may persist for a certain amount of time, for example
12 minutes, or until the residual noise background reached
a minimal limit. The testing may be done both in the absence
and presence of noise masking as is conventionally done in
subjective speech discrimination tests. The use of noise
masking is important in testing subjects who have difficulty
listening to speech with background noise. The word rec-
ognition score is then be estimated from a function that
correlates the number of detected SSAEP responses which
were evoked by the multiple IAFM SSAEP stimulus to the
word recognition score. The actual function may be deter-
mined from studies on a normative sample population of
subjects. Control recordings need to be included to ensure
that responses can be reliably recorded (and that the noise
levels are not too high). These control tests may employ
SSAEP response to single tones (i.e. sinusoids) with 100%
amplitude modulation.

[0233] The AM/FM discrimination test could further com-
prise testing the ability of the subject to discriminate fre-
quency changes from amplitude changes. The amplitude of
the SSAEP response to an FM component of an IAFM
SSAEP stimulus could be compared to the amplitude of the
SSAEP response to an AM component of an ITAFM SSAEP
stimulus in the form of a response amplitude ratio (denoted
by FM/AM). Alternatively individual FM SSAEP and AM
SSAEP stimuli may be used. This FM/AM ratio can then be
compared to normative FM/AM ratios that may be com-
puted for all age groups and stored in a database within the
master database 52. Initial studies suggest that FM/AM
ratios for 500 to 6000 Hz carrier frequencies are between
approximately 1 and 2 for younger subjects and below
approximately 1 for older subjects. Deviations from this
range may be used to indicate a problem in the part of the
auditory system that processes AM signals or the part of the
auditory system that processes FM signals.



US 2004/0064066 Al

[0234] The objective audiometric test apparatus 10 can
also perform rate sensitivity tests in which the amplitude of
the SSAEP response to an SSAEP stimulus with increasing
modulation frequencies may be measured. The various
SSAEP stimuli that have been discussed (i.e. AM, FM,
OVMM, MM, IAFM) and the use of exponential envelope
modulation can be presented with modulation rates that vary
from a few Hz to several hundred Hz. In general, as the
modulation frequency (or modulation rate) increases, the
amplitude of the SSAEP response to the SSAEP stimulus
decreases with the exception of local maxima that can occur
in the 40, 80, and 160 Hz ranges. However, this rate of
response amplitude decrease can vary for different subjects,
particularly if the different subjects include individuals with
normal hearing and abnormal hearing.

[0235] Referring to FIG. 10, the SSAEP response ampli-
tudes of an older subject 100 measured in response to
SSAEP stimuli having a range of modulation frequencies is
compared to the average SSAEP response amplitudes
obtained from a group of normal control subjects 102. The
data shows that the decrease in SSAEP response amplitude
with increasing modulation rate occurs more rapidly for the
older subject 100 who also had a minor hearing loss.
Although the older subject 100 could hear the SSAEP
stimuli with higher modulation frequencies, the SSAEP
response amplitudes for the SSAEP stimuli with higher
modulation frequencies did not produce large amplitude
SSAEP responses. Therefore, by comparing the rate of
decrease in the SSAEP response amplitude (i.e. the rate
sensitivity) that occurs with increasing SSAEP stimuli with
increasing modulation rates to those obtained from an appro-
priate normative population, subjects with abnormal hearing
can be detected. Alternatively, instead of using the absolute
value of the SSAEP response amplitude (which is shown in
FIG. 10), a ratio of SSAEP response amplitudes may be
used such as the ratio of the SSAEP response amplitude for
an SSAEP stimulus with a low modulation frequency to the
SSAEP response amplitude for an SSAEP stimulus with a
high modulation frequency.

[0236] The larger decay in SSAEP response amplitude that
occurs with increasing modulation frequency in the older
subject (with a minor hearing loss) is similar to the decay
that would be predicted by studies on older adults who
display large gap detection thresholds and more rapid decay
in their temporal modulation transfer functions. Since an
AM SSAEP stimulus with a carrier frequency of 100 Hz can
be considered similar to a stimulus which is on for half a
cycle and off for half a cycle then a 100 Hz AM SSAEP
stimulus may be considered similar to having a stimulus on
time of 5 msec and a gap duration of5 msec. Additionally, an
AM SSAEP stimulus with a 200 Hz carrier frequency is
similar to having a stimulus “on” time of 2.5 msec, with a
gap duration of 2.5 msec. Accordingly, the SSAEP responses
which are recorded in response to SSAEP stimuli with
modulation frequencies in the range of 100 to 200 Hz may
be used to provide a physiological correlate of the modula-
tion transfer function or the gap function of an individual for
gaps ranging from 5 msec to 2.5 msec. The period of the gap
of the SSAEP stimulus may be functionally increased by
decreasing the modulation frequency or by increasing the
exponent when using an exponential modulation signal with
the SSAEP stimulus. Alternatively, both of these operations
may be applied to the SSAEP stimulus.
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[0237] The rate sensitivity test may further comprise using
a multiple SSAEP stimulus comprising 4 AM test signals.
The modulation frequencies of the 4 AM test signals can
initially be chosen to be 40, 44, 48, and 52 Hz for example.
If the two ears of a subject have been shown to have similar
hearing ability, then the other ear of the subject may be
presented with a multiple SSAEP stimulus that comprises 4
AM test signals with modulation frequencies of 42, 46, 50,
and 54 Hz. After each recording is done, the modulation
frequency of each AM test signal may be increased by 10
Hz. In this manner, estimates of SSAEP response amplitude
may be measured in 10 Hz steps from approximately the 40
to 190 Hz range. A plot of SSAEP response amplitude versus
modulation frequency may then be generated for each of the
AM test signals or for a combination of the SSAEP
responses to the 4 AM test signals such as the mean SSAEP
response amplitude at each modulation frequency. If the
mean values at each of the modulation frequencies are found
to be more useful than using information obtained for each
of the 4 AM tones separately, then single rather than multiple
stimuli may be used in this test. Alternatively, the carrier
waveform could be band-limited noise that is modulated at
a single modulation rate. Since broadband noise can evoke
a larger SSAEP response than that evoked by a single AM
tone, the duration of this test should be shorter.

[0238] The objective audiometric test apparatus 10 may
further estimate a threshold above which the auditory system
of a subject no longer responds to the modulation frequency
used in the SSAEP stimulus. This test yields a “cutoft”
modulation frequency threshold at which the auditory sys-
tem of the subject no longer recognizes SSAEP stimuli with
higher modulation frequencies.

[0239] The objective audiometric test apparatus 10 may
also be used with subjects who have hearing aids. In this
case the objective audiometric test apparatus 10 may be used
to adjust the settings (e.g. gain) of the hearing aid so that the
subject can hear sounds near his/her threshold. The adjust-
ment protocol comprises presenting the subject with an
SSAEP stimulus while recording the EEG of the subject.
The EEG is then analyzed to determine if an SSAEP
response to the SSAEP stimulus occurred. If an SSAEP
response did not occur, then the gain of the hearing aid may
be increased in step changes until an SSAEP response to the
SSAEP stimulus can be detected (or until some maximum
level of gain is reached which is necessary to prevent the use
of any gain levels which may damage the ear). Typically, this
protocol would use SSAEP stimuli with an intensity level
similar to that of conversational speech which may be
approximately 50-60 dB HL. The SSAEP stimuli would also
use modulation depths that are typical of speech sounds such
as FM test signals having an FM depth of approximately
20% and AM test signals having an AM depth of approxi-
mately 50%.

[0240] Depending on the parameters that can be adjusted
in the hearing aid, the adjustment protocol can be made more
or less specific in its operations. For example, the gain of the
hearing aid may be adjusted separately for different fre-
quency regions. Therefore, these gains may be separately
and concurrently adjusted. Alternatively, if only the gain and
the filter slope of the hearing aid can be adjusted then a
different adjustment protocol may be used to adjust these
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parameters on the basis of the recognized SSAEP responses
when presenting SSAEP stimuli at different frequencies to
the subject.

[0241] The objective audiometric test apparatus 10 may
further include another hearing aid adjustment protocol
known as the Seek and Adjust Single-Multiple (SASM)
technique. In this case, the gain of the hearing aid is
automatically increased, by the objective audiometric test
apparatus 10, until an SSAEP response to an SSAEP stimu-
lus is detected. After this has been done for all the SSAEP
stimuli, several paired SSAEP stimuli may then be presented
to the subject. Alternatively, rather than pairs, four or more
AM test signal may be used in the multiple SSAEP stimulus.
This is done because it has been shown that the thresholds
for a multiple SSAEP stimulus (which may be more similar
to natural sounds such as speech) may be higher than the
thresholds for SSAEP stimuli having comprising single test
signals. For example, in the case of a high frequency hearing
loss that is steeply sloping near 4 kHz, both a 2 kHz and a
4 kHz AM sinusoid may be presented together in a multiple
SSAEP stimulus. If a 60 dB SPL stimulus needed to be
amplified by 20 dB in order for the auditory system of the
subject to detect the 2 and 4 kHz AM test signals, then the
multiple AM SSAEP stimulus may first be presented to the
subject using a 20 dB gain. If a significant SSAEP response
is not obtained for either component of the multiple SSAEP
stimuli, the gain for this frequency region in the hearing aid
may be increased a maximum of 3 times in +5 dB SPL steps
for example. If, on the other hand, a significant SSAEP
response 1s not obtained for either component of the multiple
SSAEP stimulus, then the gain of the hearing aid corre-
sponding to the frequency region of either the first compo-
nent of the multiple SSAEP stimulus, or the second com-
ponent of the SSAEP stimulus, or both components of the
SSAEP stimulus may be increased a maximum of 3 times in
+5 dB SPL steps (for example). In this manner, interactions
can be evaluated, and the gain parameters that result in the
lowest overall gain will be automatically chosen for the
hearing aid.

[0242] The objective audiometric test apparatus 10 may
also be used to objectively measure the audiometric thresh-
olds of a subject by presenting multiple SSAEP stimuli at
multiple stimulus intensities to the subject and recording the
SSAEP responses. The objective audiometric test apparatus
10 may then adjust the intensity levels of the SSAEP stimuli
based on the detection of SSAEP responses and the ampli-
tude of the SSAEP responses. Since a multiple SSAEP
stimulus may be used, multiple audiometric thresholds may
be estimated simultaneously. Experimental results have
shown that audiometric threshold estimated with SSAEP
stimuli are correlated with behavioral audiometric thresh-
olds.

[0243] The objective audiometric threshold assessment
method involves using a multiple SSAEP stimulus compris-
ing 4 or more AM SSAEDP test signals having an amplitude
modulation depth of 100% and carrier frequencies that are
separated by at least one-half octave. Alternatively, the
multiple SSAEP stimulus may comprise FM test signals
each having an FM modulation depth in the range of 20%.
The use of these modulation depths for the AM and FM
components of the multiple SSAEP stimulus permit the
audiometric testing to be frequency specific. The SSAEP
stimulus may also comprise MM or OVMM SSAEP test
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signals having similar modulation depths. Furthermore, the
SSAEP stimulus could also have an envelope that is modu-
lated by an exponential modulation signal with the modu-
lation being done such that the resulting SSAEP stimulus is
predominantly frequency specific.

[0244] The objective audiometric threshold assessment
method may further involve adjusting the intensity of each
component of the multiple SSAEP stimulus either indepen-
dently or simultaneously. In the independent case, the inten-
sity of a component of the multiple SSAEP stimulus is
reduced when the corresponding SSAEP response has been
detected in the recorded EEG data. This independent inten-
sity adjustment can be achieved if each component of the
multiple SSAEP stimulus is sent to a separate DAC that can
be adjusted in real time. Alternatively, the components of the
multiple SSAEP stimulus may be combined digitally and
then presented through 2 DACs (1 for each ear of the
subject). In this case, the intensity of a given component of
the multiple SSAEP stimulus may be digitally adjusted
independently of the other components and combined in the
multiple SSAEP stimulus. This may be done provided that
the DAC has sufficient resolution (e.g. 16 or more bits) to
allow for the accurate presentation of less intense compo-
nents in the presence of higher intensity components.

[0245] To illustrate this principle, a multiple SSAEP
stimulus may comprise 4 AM test signals with carrier
frequencies of 0.5, 1, 2, and * kHz presented at 50 dB SPL.
Each of the 4 test signals are represented in a 16 bit buffer
with about 16,384 bits each (this of course depends on the
particular data acquisition board that is used in the test
apparatus). If the SSAEP response to the AM test signal with
a carrier frequency of 1 kHz becomes significant first, in
order to present this AM test signal at 40 dB SPL while the
other test signal components are presented at 50 dB SPL, the
test signal must be decreased by 10 dB SPL. Since the
multiple SSAEP stimulus is stored in the RAM of the
processor 12, a new multiple SSAEP stimulus may be
created by adding together the test signal components (now
with a reduced intensity AM test signal component having a
1 kHz carrier frequency), and sent to the output buffer of the
DAC 16. In this case, a dual buffer technique can be used in
which the output buffer can be originally defined as being
twice as long as an SSAEP stimulus. The multiple SSAEP
stimulus is then loaded into the first half of the buffer. When
a new multiple SSAEP stimulus is created, it can be loaded
into the second half of the output buffer, such that when the
end of the first buffer is reached, the new multiple SSAEP
stimulus can be seamlessly presented to the subject by
simply changing the memory address where the DAC 16
looks for data to convert into analog data.

[0246] Alternatively, rather than recreating the entire mul-
tiple SSAEP stimulus, the intensity of a single component
within the multiple SSAEP stimulus may be adjusted using
the Stimulus Flux method. The Stimulus Flux method
involves changing the intensity of a single component within
the multiple SSAEP stimulus by creating and separately
storing a waveform for each component of the multiple
SSAEP stimulus. When the intensity of a particular compo-
nent of the multiple SSAEP stimulus must be adjusted, the
amplitude of the corresponding waveform is multiplied by
the required amplitude factor such that when this waveform
is subtracted from the multiple SSAEP stimulus, the inten-
sity of the desired component will be adjusted to the desired
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value. The new multiple SSAEP stimulus may then loaded
into the output buffer of the DAC 16 and subsequently
presented to the subject 60.

[0247] An algorithm to carry out the objective audiometric
threshold assessment method may involve an adaptive stair-
case method. The adaptive staircase method is designed to
bracket the audiometric threshold as efficiently as possible
by adjusting the value of a step size. The step size is used to
increase or decrease the intensity of components within the
multiple SSAEP stimulus during subsequent presentations
of the multiple SSAEP stimulus to the subject. The step size
may be adjusted on the basis of SSAEP response detection
at a given stimulus intensity and the sequential replication of
the audiometric threshold estimates. One possible definition
of the audiometric threshold may be the intensity of a
particular component (for which the audiometric threshold is
being determined) of the multiple SSAEP stimulus between
the last two stimulus intensities which resulted in detected
and not detected SSAEP responses when using a minimum
step size. The audiometric thresholds may be then confirmed
based on replicated audiometric threshold estimates using
the staircase procedures shown in FIG. 11.

[0248] When evaluating auditory steady-state responses to
multiple stimuli that are independently changing dynami-
cally in their intensity, rather than using one averaged sweep,
the responses (and the appropriate noise-values) may be
derived from separate averages on the basis of the modula-
tion-frequency and intensity of the stimulus. The computer
thus stores a set of averaged spectra at different intensities,
with each response averaged sufficiently either to recognize
it as different from noise or to determine that it is not
significantly larger than some criterion. The software may
include algorithms to assess responses, to decide on the next
intensity, to allocate responses to appropriate memory loca-
tions and to keep track of these different responses. This can
be done by creating a separate matrix of sweeps for each
stimulus at each intensity. Each matrix only contains the
sweeps which correspond to a particular modulation com-
ponent, of the multiple stimulus, when it is presented at a
given intensity. Further, because holding, for example, eight
separate matrices, in the computer’s memory may become
quite large, especially at lower intensity ranges where con-
siderable data is collected prior to a response reaching
significance, a reference table can be created which lists the
sweeps that were collected for each component of the
multiple stimulus complex, at a specific intensity. Accord-
ingly, rather than storing 8 separate matrices of EEG data,
only one copy of the data is made. The appropriate subav-
erages for each component at each intensity are then gen-
erated by obtaining the average only for the sweeps refer-
enced in the cell of the reference table. This may produce a
great savings in the computer memory.

[0249] The objective audiometric threshold assessment
method also includes the selection of initial stimulus inten-
sity, initial step-size and minimum step-size. Maximum and
minimum limits for the stimulus intensities must also be set
above and below which the method will not look for
audiometric thresholds. The rules for step size changes may
also be defined. Furthermore, the step-size itself may
decrease with time or vary with the remaining range of
stimulus intensities that are to be tested (c.g. the step size can
be defined as half of the distance between the present
stimulus intensity and the minimum or maximum stimulus
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intensity which will be tested). There must also be a mini-
mum step size that will determine the precision whereby the
audiometric threshold is estimated (e.g. this may be 5 or 10
dB SPL). Other parameters that need to be set are the criteria
whereby an SSAEP response is judged to be present or
absent. The Phase weighted t-test or the phase zone method
may be used to detect the response. Alternatively, any
detection method known in the art may be used. The
criterion for judging that an SSAEP response to an SSAEP
stimulus is processed EEG data. This criterion may also
include a time limit for which the test expires. Alternatively,
both of these recording criteria may be used.

[0250] The objective audiometric threshold assessment
method may be implemented as follows. Several test signals
components are combined in a multiple SSAEP stimulus
which is presented at a given intensity level. Alternatively,
a single test signal component may be used in the SSAEP
stimulus. EEG data is simultaneously recorded, while the
SSAEP stimulus is presented to the subject. The recorded
EEG data is subsequently analyzed for SSAEP response
detection. As soon as one SSAEP response is detected, the
intensity of the test signal component (denoted as TS1)
which evoked this SSAEP response is reduced by a step-size
equal to half the dB SPL distance between the current
intensity level for the test signal component TS1 and the
minimum intensity level which will be tested in the audio-
metric threshold test. Accordingly, a new multiple SSAEP
stimulus will be constructed based on this new test signal
component TS1. The method now involves the same steps as
before: presenting the multiple SSAEP stimulus, recording
EEG data and analyzing the data for any SSAEP responses.
The protocol also involves halving the step size for the
component in the multiple SSAEP stimulus that evoked a
detected SSAEP response. Therefore, if an SSAEP response
is detected for the test signal component TS1, then the
stimulus intensity for the test signal component TS1 is
reduced by the new step size. Alternatively, if a response was
not detected for the test signal component TS1, then the
intensity level for the test signal component TS1 is increased
by the new step size. An estimate of noise level of the
recorded EEG data may also be made to ensure that a lack
of SSAEP response detection is not due to excessive noise
in the recorded EEG data. The noise estimate may also be
used as a multiplicative factor to increase the test time when
presenting a given multiple SSAEP stimulus. Thus, the test
time may be extended as a function of the amount of noise
in the recorded EEG data.

[0251] The objective audiometric threshold assessment
method further comprises obtaining threshold crossings
until thresholds for all test signal components in the multiple
SSAEP stimulus have been obtained. Alternatively, when a
sufficient number of threshold crossings have been obtained
for some test signal components in the multiple SSAEP
stimulus but not for other test signal components, a new
multiple SSAEP stimulus could be constructed comprising
the test signal components for which thresholds have not
been obtained. Testing would then continue with this new
multiple SSAEP stimulus.

[0252] The objective audiometric threshold assessment
method may further comprise adjusting the intensities of all
of the test signal components in the multiple SSAEP stimu-
lus simultaneously. Some test signal components of the
multiple SSAEP stimulus may then be removed after a
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specified duration of time if SSAEP responses have been
detected for these test signal components. The remaining test
signal components in the multiple SSAEP stimulus are then
presented for another duration of time such as 90 seconds for
example. Since the detection of an SSAEP response to a
single SSAEP stimulus may require about 90 seconds, this
audiometric threshold detection procedure will be approxi-
mately 2 times as fast as testing with an SSAEP stimulus
which has single test signal components. Additionally, since
SSAEP stimuli comprising AM, FM, OVMM or MM test
signals can be presented binaurally to a subject (i.e. to both
ears of the subject), the objective audiometric threshold
assessment method may be 4 times as fast as testing with an
SSAEP stimulus comprising single test signals presented
separately to each ear.

[0253] The objective audiometric threshold assessment
method may alternatively present test signal components in
the multiple SSAEP stimulus at different intensities. Since
SSAEP responses to test signals having carrier frequencies
of 500 Hz and 4000 Hz typically require more time to be
detected compared to SSAEP responses to test signals
having carrier frequencies of 1000 and 2000 Hz, the stimu-
lus intensity of the former test signal components may be
increased relative to the later test signal components.
Accordingly, the intensity of the test signal components
having 500 Hz and 4000 Hz carrier frequencies may be
presented at 10 dB SPL above the intensity level for the test
signal components having carrier frequencies of 1000 Hz
and 2000 Hz (note that these exact frequencies do not have
to be used and are shown for illustrative purposes; it is the
frequency region in which they reside that is important). In
this fashion, the SSAEP responses to the test signal com-
ponents may all be detected at approximately the same time.
Alternatively, the multiple SSAEP stimulus may comprise
only 2 test signal components, such as test signal compo-
nents having 500 Hz and 4000 Hz carrier frequencies since
these test signals will be transduced by separate, fairly
spaced apart regions of the basilar times to detected.

[0254] When the objective audiometric threshold assess-
ment method has been completed, the results can be pre-
sented in a standard audiometric format as is commonly
known to those skilled in the art. The presentation of the test
results may include highlighting whether SSAEP responses
to test signal components were detected when the test signal
components were presented alone or in combination with
other test signal components. For example, these SSAEP
responses may be circled or highlighted with a particular
color. In addition to the actual audiometric thresholds that
were obtained from testing, estimates of audiometric thresh-
olds may also be made which are extrapolated from detected
SSAEP responses for test signal components which were
presented at higher stimulus intensities. For example, by
taking the decrease in the amplitude of the SSAEP responses
obtained for a test signal component presented at 60, 50, and
40 dB SPL, an estimate of when an SSAEP response will not
be detected may be made by projecting a line connecting the
amplitude of these detected SSAEP responses to the level of
the average background EEG noise.

[0255] Multi-Modality Testing

[0256] Referring to FIG. 12, an alternate embodiment of
the objective audiometric test apparatus 10 comprises an
objective multi-modality test apparatus 200. Please note that
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in FIG. 12, like numerals were used to represent elements
that are similar to the elements of the objective audiometric
test apparatus 10 shown in FIG. 1a. The objective multi-
modality test apparatus 200 may be used to concurrently test
other modalities while the auditory system of the subject 60
is being tested. In this embodiment, the visual and soma-
tosensory modalities are concurrently tested with the audi-
tory modality. In other embodiments, other sensory modali-
ties may be concurrently tested with the auditory system.
The testing of multiple modalities may allow for the deter-
mination of whether an auditory abnormality is part of a
more widespread disorder of the nervous system such as
multiple sclerosis for example. In addition, multi-modality
testing may be used to investigate neurological disorders.

[0257] The objective multi-modality test apparatus 200
comprises the processor 12, a data acquisition board 202
having at least one DAC 204 and at least one ADC 206,
amplifiers 22, 208 and 210, filters 24, 212 and 214, trans-
ducers 26, 216 and 218, sensors 28, 220 and 224, amplifiers
30, 224 and 226 and filters 32, 228 and 230. The processor
12 further comprises a software program 232 that encodes
the functionality of the objective multi-modality test appa-
ratus 200. The software program 232 comprises a signal
creator 234, a modulator 236 and an analysis module 238
having a noise reduction module 240 and a detection module
242. The software program 232 is also coupled to a plurality
of a master database 250 which comprises a plurality of
databases D1 to Dn. The processor 12 is also coupled to the
storage device 34 and the computer display 36.

[0258] In use, the signal creator 234 generates test signals
that are appropriate as stimuli for evoking auditory, visual
and somatosensory response potentials. The modulator 236
may be employed in the creation of the test signals. The test
signals are then sent to the DAC 204 which may comprise
a plurality of output channels or may be a plurality of single
channel DACs. The DAC 204 sends the test signals to the
amplifiers 22, 208 and 210. The amplifiers 22, 208 and 210
amplify the test signals to adjust the intensity level of the test
signals to levels that are suitable for testing. The amplified
test signals are then sent to filters 24, 212 and 214 to remove
any noise from the digital to analog conversion process and
the amplifying process.

[0259] The filtered, amplified test signals are then sent to
the transducers 26, 216 and 218 so that the test signals may
be transduced by and simultaneously presented to the sub-
ject 60. The transducer 26 may be an auditory transducer that
transduces the appropriate test signal into an auditory stimu-
lus. Accordingly, the transducer 26 may be a pair of head-
phones or at least one insert earphone. The particular test
signals used for the auditory stimulus can be any of the
stimuli that were previously discussed for the objective
audiometric test apparatus 10. For instance the auditory
stimulus may be two AM sinusoids (i.e. tones) at different
carrier frequencies, having modulation frequencies of 87
and 93 Hz.

[0260] The transducer 216 may be a visual transducer that
transduces the appropriate test signal into a visual stimulus.
Accordingly, the transducer 216 may be a strobe light which
can produce a pulsating flash or the transducer 216 may be
a grid of light emitting diodes. The visual stimuli may be
presented at modulation rates of 16 and 18 Hz, for example,
to the left and right eyes of the subject 60. Alternatively, the
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visual stimuli may be presented to only one eye of the
subject 60. As in the case of the auditory stimuli, multiple
modulated visual stimuli may be presented to a single eye.

[0261] The transducer 218 may be a tactile transducer that
transduces the appropriate test signal into a tactile stimulus.
Accordingly, the transducer 218 may be a vibrotactile stimu-
lator or the like. The vibrotactile stimulator may be applied
to at least one finger of the subject 60. For instance, the
vibrotactile stimulator may be applied to the left and right
index fingers of the subject 60. The tactile stimuli may be
presented at rates of 23 and 25 Hz although other presen-
tation rates may be used.

[0262] When presenting the multi-modality stimulus to
the subject 60, the test signals which are used must be
chosen such that the frequencies of the responses to each of
the auditory, visual and tactile stimuli are not equal to each
other, are not integer multiples of each other and share a
minimum of common factors. This must be ensured so that
the responses and their harmonics do not interfere with one
another.

[0263] EEG data is recorded while the multi-modality
stimulus is presented to the subject 60. The EEG data of the
subject 60 is recorded using sensors 28, 220 and 222 that are
typically electrodes. These electrodes are placed on certain
regions of the subject 60 to obtain EEG data with better
signal to noise ratios. The sensors 220 that measure the
response to the visual stimulus may be placed over the
occipital regions of the brain of the subject 60. The sensors
222 that measure the response to the tactile stimulus may be
placed over the central scalp which is contralateral to the
presentation of the tactile stimulus. The sensors 28 that
measure the response to the auditory stimulus may be placed
on the vertex of the subject 60. In each of these cases
alternative placements of the electrodes is possible. For
instance, the placement of these sensors may also involve
using a plurality of electrodes placed at numerous (i.e. 32 or
64) locations on the scalp of the subject 60.

[0264] Each of the sensed potentials (i.e the EEG data
which is also understood to be a time series data) may then
be amplified by amplifiers 30, 224 and 226 to an amplitude
level that is sufficient for digitization. The amplified EEG
data may then be filtered by filters 32, 228 and 230. The
amplified, filtered EEG data is then sent to the ADC 206 for
digitization at a sampling rate that is sufficient to sample the
EEG data without aliasing.

[0265] The sampled data is then analyzed by the analysis
module 242. The data is first preprocessed by the noise
reduction module 240 to reduce the amount of noise in the
sampled data and produce noise reduced EEG data. The
noise reduction module 242 may use the sample weighted
averaging method to reduce noise. The noise reduction
module 242 may also use adaptive artifact rejection. Alter-
natively, the noise reduction module 242 may use any noise
reduction algorithm that is known in the art.

[0266] The noise reduced EEG data is then analyzed by
the detection module 242 to determine whether there are any
responses present in the noise reduced EEG data. The
detection module 242 may implement the phase weighted
t-test, the phase zone technique or the MRC method. Alter-
natively, the detection module 242 may use other detection
algorithms that are known in the art. The detection module
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242 may also provide a probability estimate that a detected
response is truly a signal and not noise. The detected
responses may then be compared to normative data on other
subjects which is contained in the master database 250. This
comparison may provide an indication of whether the sub-
ject 60 has a widespread disorder of the neural system.

[0267] Based on the objective multi-modality test appa-
ratus 200, a procedure for multi-modality testing would
comprise the following steps:

[0268] (i) Attach electrodes to the subject 60;

[0269] (i) Set up or attach transducers to present the
multi-modality stimuli to the subject 60;

[0270] ({ii) Present the multi-modality stimuli to the
subject 60 wherein the stimulus for each modality is
synchronized with the objective multi-modality test
apparatus 200 so that the multiple responses can be
recognized by their signature modulation frequen-
cies;

[0271] (iv) Record the EEG data at each electrode
location to obtain three EEG data time series;

[0272] (iv) Reduce the noise in each EEG data time
series to produce a set of noise reduced EEG data
time series;

[0273] (v) Detect the steady-state responses in each
noise reduced EEC data time series wherein a
steady-state response is recognized at the modulation
frequency specific to the modality stimulus that
evoked the response; and,

[0274] (vi) Compare the amplitudes of the detected
responses to normative values matched for age and
sex (alternatively the comparison can be done within
the subject 60 if modality stimuli are presented to
both the left and right sides of the body of the subject
60).

[0275] Portable Objective Multi-Modality Test Apparatus

[0276] The present invention further comprises a portable
objective multi-modality test apparatus 300 as shown in
FIG. 13. The portable objective multi-modality test appa-
ratus 300 is similar to the objective multi-modality test
apparatus 200 that was shown in FIG. 12 and therefore
comprises many of the same components. The portable
objective multi-modality test apparatus 300 comprises a
laptop computer 302 which has a screen 304, a software
program 306, a storage device 308, a master database 390
comprising a plurality of databases D1 to Dn and a PCMCIA
data communication card 310. The software program 306
comprises the signal creator 234, the modulator 236 and the
analysis module 238 including the noise reduction module
240 and the detection module 242. The objective multi-
modality test apparatus 300 further comprises a control box
312 having amplifiers 314, 316, 318, 320, 322, 324, 326 and
328, filters 330, 332, 334, 336, 338, 340 and 342, transduc-
ers 350, 352, 354, 356, 358 and 360 and sensors 362, 364
and 366.

[0277] The portable objective multi-modality-test appara-
tus 300 operates in much the same manner as the objective
multi-modality test apparatus 200 except that the apparatus
is based on the laptop 302 and the control box 312. Alter-
natively, a palmtop or other portable computing device may
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be used. On the screen 304 there are various graphical user
interlaces (GUI) windows that are implemented by the
software program 306. There is a Load protocol window
370, a View Stimuli window 372, a View EEG window 374,
a data acquisition window 376, a continue acquisition win-
dow 378 and a process data window 380. These GUI
windows allow a user to operate the portable objective
multi-modality test apparatus 300 and perform various tests
on the subject 60.

[0278] The PCMCIA data communication card 310, which
may be a National Instrument DAQCard-6062e card,
enables functional communication and data transfer between
the laptop 302 and the control box 312. The PCMCIA data
communication card 310 provides test signals to the control
box 312 and receives the recorded EEG data. Other com-
munication systems may also be used to support data
transfer between the components of the system provided that
they can support the necessary data transfer rates.

[0279] The control box 312 contains two audio amplifiers
314 and 316 which amplify the test signals, provided by the
PCMCIA data communication card 310, and provide the test
signals to two transducers 350 and 352 which transduce the
test signals into acoustic stimuli and present the acoustic
stimuli to the subject 60. The laptop 302 controls the
intensity of the acoustic stimulus via the gain of the audio
amplifiers 314 and 316. Alternatively, eight or more audio
amplifiers may be contained in the control box 312 in order
to permit separate intensity control of test signals contained
within a multiple SSAEP stimulus that may be presented to
the subject 60. The output of the audio amplifiers 314 and
316 are then sent to filters 330 and 332 to remove any
digitization noise or artifacts in the test signals. The filters
330 and 332 nay also be used to introduce pass band
masking signals into the test signals. In a like manner, the
control box 312 further comprises other amplifiers 318 and
320 and filters 334 and 336 that manipulate the test signals
before they are transduced into visual and tactile stimuli.

[0280] The various test signals are then transduced by the
transducers 350, 352, 354 and 356. The transducers 352 and
354 may be headphones or insert earphones. The transducer
352 and 354 may also be speakers if the ears are not to be
tested separately. The transducer 354 provides the visual
stimuli to the subject 60 and may be a strobing light source
or goggles that can be placed over the eyes of the subject 60.
The transducer 356 provides the tactile stimuli to the subject
60 and may be at least one vibration transducer that is
attached to at least one finger of the subject 60. Each
stimulus in each modality is modulated at a unique fre-
quency. Each stimulus must also be synchronously initiated
and locked to the portable objective multi-modality test
apparatus 300 so that the steady-state responses to the
multi-modality stimulus can be recognized by their signature
modulation frequencies (the steady-state responses occur at
the modulation frequency used in the modality stimulus).

[0281] To record the steady-state responses to each of the
modality stimuli, groups of electrodes 362, 364 and 366 are
placed on the scalp of the subject 60 as was previously
described for the objective multi-modality test apparatus
200. Multi-modality steady-state testing could also be
achieved by using multiple scalp recordings (e.g. using 32
electrode locations over the scalp) or by recording the EEG
data with a small number of input data channels (e.g., 3) with
specifically located electrodes.
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[0282] The electrodes 362, 364 and 366 provide sets of
EEG time series data to the control box 312. These sets of
EEG time series data are then amplified by the amplifiers
324,326 and 328 and filtered by the filters 338, 340 and 342.
Alternatively only one amplifier and one filter may be used.
The amplifiers 324, 326 and 328 have gain settings which
are under the control of the laptop 302. The filters 338, 340
and 342 may be programmable analog filters for lowpass,
highpass, and notch filtering the sets of EEG time series
data. These filters 338, 340 and 342 may also be controlled
by the laptop 30 (the laptop may also control the other
amplifiers and filters within the control box 312). The
filtered and amplified sets of EEG time series data are then
sent to the PCMCIA data communications card 310 where
the sets of EEG time series data are digitized and sent to the
analysis module 238. The sets of EEG time series data can
then be processed to remove noise, via the noise reduction
module 240 and then analyzed for response detection via the
detection module 242 as was previously described for the
objective multi-modality test apparatus 200.

[0283] The portable objective multi-modality test appara-
tus 300 may further comprise means to enable the adjust-
ment of hearing aid devices which may be worn by the
subject 60. In particular, the control box 312 may be adapted
to communicate with hearing aid devices 358 and 360. The
communication may be via a physical connection such as a
ribbon cable 361. Alternatively, in the case of implanted
hearing aid devices, the communication may occur via RF
telemetry as is used to adjust other implanted biomedical
devices (such as implanted stimulators). The portable objec-
tive multi-modality test apparatus 300 may then be used to
adjust the frequency specific gain settings, the filter slope
setting or other relevant settings of the hearing aid devices
358 and 360 as described previously in the method of
adjusting hear aids using SSAEP stimuli. The adjustment of
the hearing aid devices 358 and 360 may be done by a
trained medical professional or may be adjusted automati-
cally by the laptop 302 based upon the pass/fail results of the
SSAEP testing procedure.

[0284] Tt should be understood that various modifications
can be made to the preferred embodiments described and
illustrated herein, without departing from the present inven-
tion, the scope of which is defined in the appended claims.

1. Amethod of testing the hearing of a subject, the method
comprising the steps of:

(a) creating a test signal having an exponential modulated
component;

(b) transducing the test signal to create an acoustic
stimulus;

(c) presenting the acoustic stimulus to the subject;

(d) sensing potentials from the subject while substantially
simultaneously presenting the acoustic stimulus to the
subject; and

(¢) analyzing the potentials to determine whether the
potentials comprise data indicative of the presence of at
least one steady-state response to the acoustic stimulus.

2. The method of claim 1, wherein the test signal com-

prises at least one of an amplitude component and a fre-



US 2004/0064066 Al

quency component, the at least one of the amplitude com-
ponent and the frequency component being exponentially
modulated.

3. The method of claim 1, wherein the test signal comprise
transient components.

4. The method of claim 3, wherein the transient compo-
nents are sufficiently periodic to evoke responses having a
degree of overlap.

5. An apparatus for testing the hearing of a subject
comprising:

(a) a signal creator adapted to create a test signal with an
exponential modulated component;

(b) a transducer electrically coupled to the processor and
adapted to transduce the test signal to create an acoustic
stimulus and present the acoustic stimulus to the sub-
ject;

(c) a sensor adapted to sense potentials from the subject
while the acoustic stimulus is substantially simulta-
neously presented to the subject; and

(d) a processor electrically coupled to the sensor and
adapted to receive the potentials and analyze the poten-
tials to determine if the potentials comprise data indica-
tive of at least one response to the acoustic stimulus.

6. The apparatus of claim 5, wherein the test signal
comprises at least one of an amplitude component and a
frequency component, the at least one of the amplitude
component and the frequency component being exponen-
tially modulated.

7. The apparatus of claim 5, wherein the test signal
comprises transient components.

8. The apparatus of claim 7, wherein the transient com-
ponents are sufficiently periodic to evoke responses having
a degree of overlap.

9. A method of analyzing potentials to determine whether
the potentials comprise data indicative of the presence of at
least one steady-state response to an acoustic stimulus,
wherein the method comprises the steps of:

(a) presenting an acoustic stimulus to a subject;

(b) sensing potentials from the subject while substantially
simultaneously presenting the acoustic stimulus to the
subject to obtain a plurality of data points;

(c) transforming the plurality of data points into a second
plurality of data points;

(d) biasing the second plurality of data points with an
expected phase value to obtain a plurality of biased data
points; and,

(e) applying a statistical test to the plurality of biased data

points to detect the response.

10. A method of analyzing electroencephalogram (EEG)
data to determine whether the data are indicative of the
presence of at least one steady-state response to a steady-
state evoked potential (SSAEP) stimulus, the method com-
prising the steps of:

(a) presenting a SSAEP stimulus to a subject;

(b) sensing EEG data from the subject while substantially
simultaneously presenting the stimulus to the subject;

(c) forming at least one sweep from the EEG data;
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(d) calculating a plurality of Fourier components for the
sweep.

(¢) biasing the Fourier components with an expected
phase value to obtain a plurality of biased components;
and

(D) applying a statistical test to the plurality of biased data
points to detect the response.
11. The method of claim 10, wherein the step (¢) com-
prises the steps of:

(g) calculating the amplitude (ai) and phase (qI) for the
plurality of Fourier components;

(h) biasing the amplitudes (ai) to obtain biased data points
(pi) according to the formula:

pi=ai* cos(gl-ge)

wherein ge is the expected phase value.
12. The method of claim 10, wherein the step (f) com-
prises the steps of:

(i) calculating upper confidence limits using a one tailed
Student t-test on biased amplitudes which represent
noise in the vicinity of Fourier components where the
response should occur; and,

(j) comparing biased amplitudes of Fourier components
where the response should occur to the upper confi-
dence limits to determine if the biased amplitudes are
larger than the upper confidence limits.

13. The method of claim 10, wherein the expected phase
value is obtained from a database of normative expected
phase values correlated to subject characteristics and stimu-
lus characteristics.

14. The method of claim 10, wherein the expected phase
value is obtained from previous testing on the subject.

15. The method of claim 10, wherein the stimulus con-
tains other components for which responses are detected and
the expected phase value is obtained from extrapolation of
the phase values for the detected responses.

16. A method of objectively testing the hearing of a
subject, wherein the method comprises the steps of:

(2) selecting an auditory test to be administered to the
subject;

(b) creating a test signal comprising at least one compo-
nent for the auditory test;

(¢) transducing the test signal to create a stimulus
(d) presenting the stimulus to the subject;

(¢) sensing a potential from the subject while substantially
simultaneously presenting the stimulus to the subject;
and,

(D) analyzing the potential to detect a response.

17. The method of claim 16, wherein the stimulus com-
prises a steady-state evoked potential stimulus.

18. The method of claim 16, wherein the acoustic stimulus
comprises a stimulus having transient components.

19. The method of claim 18, wherein the transient com-
ponents comprise at least one of tone pips and clicks.

20. The method of claim 18, wherein the transient com-
ponents are sufficiently periodic to evoke responses having
a degree of overlap.
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21. The method of claim 16, wherein the stimulus has an
“on” duration and an “off” duration.

22. The method of claim 21, wherein the “on” duration
and the “off” duration are automatically controlled.

23. The method of claim 21, wherein the “on” duration
and the “off” duration are manually controlled.

24. The method of claim 21, wherein the “off” duration
corresponds to a subject recovery period.

25. The method of claim 16, wherein the-auditory test-
is-an-aided hearing test which comprises the following
steps:

(g) providing the subject with a hearing aid,
(h) performing steps (b) to (f);

(i) automatically adjusting the settings of the hearing aid
for at least one frequency region which is substantially
similar to at least one frequency region of a component
in the test signal for which a response was not detected
in step (e); and,

(j) performing steps (h) and (i) until a specified number of
steady-state responses have been detected in the poten-
tials, the specified number which may be chosen by the
medical personnel, or which may be chosen automati-
cally based upon the unaided audiometric profile of the
subject or from appropriate normative values obtained
for similar stimuli.

26. The method of claim 25, wherein the step (i) com-
prises adjusting the gain of the hearing aid for a frequency
region which is substantially similar to the frequency region
of a component in the test signal for which a response was
not detected.

27. The method of claim 16, wherein the test signal
comprises noise masking.

28. The method of claim 27, wherein the noise masking
comprises one of white noise, pink noise, band-pass noise
and band-pass spectra noise.

29. The method of claim 16, wherein the auditory test
comprises a supra-threshold test comprising an intensity
limen test and the test signal comprises an amplitude modu-
lated component having a modulation depth of approxi-
mately 100%, wherein the intensity limen test comprises the
steps of:

(k) performing steady state evoked potential testing while
minimizing the modulation depth of the test signal
upon each detected response to determine a minimum
modulation depth at which a response is detected; and,

() comparing the minimum modulation depth with a
database of normative minimum modulation depths to
obtain an indication of the status of the auditory system
of the subject.

30. The method of claim 29, wherein the supra-threshold
test comprises a frequency limen test and the test signal
comprises an amplitude modulated component having a
frequency modulation depth, wherein, the frequency limen
test comprises the steps of:

(m) determining a minimum modulation depth at which a
response is detected; and,

(n) comparing the minimum modulation depth with a
database of normative minimum modulation depths to
obtain an indication of the status of the auditory system
of the subject.
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31. The method of claim 16, wherein the auditory test is
an auditory threshold test and wherein the auditory threshold
test comprises the step of:

(o) iteratively carrying out steps (c) to (e) at several
intensity levels in order to determine a minimal stimu-
lus intensity for which a response is detected for each
component of the test signal.

32. The method of claim 16, wherein the auditory test is
an auditory threshold test and the test signal comprises two
or more combined amplitude modulation and frequency
modulation signals having carrier frequencies which are
separated by at least one-half octave, wherein, each com-
bined amplitude modulation and frequency modulation sig-
nal has a frequency modulated component and an amplitude
modulated component wherein at least the envelope of each
combined amplitude modulation or frequency modulation
signal is modulated by an exponential modulation signal.

33. The method of claim 16, wherein the auditory test is
conducted for a maximum time limit.

34. The method of claim 33, wherein the maximum time
limit is adjusted depending on an amount of noise in the
potentials.

35. The method of claim 16, wherein a component of the
test signal is changed based upon the response and a
recording criteria.

36. The method of claim 35, wherein the recording criteria
comprise an amount of noise in the potentials.

37. The method of claim 35, wherein the component of
the test signal is changed automatically.

39. The method of claim 35, wherein the component of
the test signal is changed manually.

40. The method of claim 35, further comprising the step
of indicating to a test administrator the status of at least one
of the response and the recording criteria.

41. The method of claim 40, wherein the step of indicating
comprises at least one of providing a visual indicator and an
audio indicator.

42. The method of claim 16, wherein the auditory test
comprises upwardly adjusting the intensities of components
in the test signal which tend to evoke responses having
smaller amplitudes, so that all components in the stimulus
evoke responses having similar amplitudes.

43. An apparatus for objectively testing the hearing of a
subject comprising:

(2) a selector adapted for selecting an auditory test to
perform on the subject;

(b) a signal creator electrically coupled to the selector and
adapted to create an appropriate test signal comprising
at least one component for the test;

(¢) a transducer electrically coupled to the signal creator
and adapted to transduce the test signal to create an
acoustic stimulus and to present the acoustic stimulus
to the subject;

(d) a sensor adapted to sense potentials from the subject
while the acoustic stimulus is substantially simulta-
neously presented to the subject;

(¢) a processor e¢lectrically coupled to the sensor and
adapted to receive the potentials and analyze the poten-
tials to determine if the potentials comprise data indica-
tive of at least one response to the acoustic stimulus;
and
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(f) an interface adapted to operably couple the processor
to a programmable hearing aid, the programmable
hearing aid having a plurality of programmable gain
factors, the interface operable to communicate pro-
gramming data from the processor to the programmable
hearing aid based on at least one detected response to
at least one component of the acoustic stimulus.

44. An iterative adaptive staircase method for automati-
cally obtaining frequency specific threshold estimation for
one or more acoustic stimuli presented to a subject com-
prising the steps of:

(a) presenting to the subject at least one acoustic stimulus
to evoke at least one steady-state response from the
subject while simultaneously recording -electroen-
cephalograph (EEG) data from the subject;

(b) statistically assessing the presence of at least one
steady-state response in the EEG data;

(c) repeating steps (a) and (b) until a recording criterion
is reached,;

(d) decreasing the intensity of the at least one acoustic
stimulus a specified amount;

(e) repeating steps (a), (b), (¢) and (d) for a specified range
of intensities; and

(f) generating summary results based upon the absence of
a steady-state response at one or more intensities.

45. The method of claim 44, wherein the recording
criterion is a noise level based upon the intensity of the
acoustic stimuli.

46. The method of claim 44, wherein the step (d) com-
prises decreasing the intensity of a component of the at least
one acoustic stimulus.

47. The method of claim 44, wherein the step (d) com-
prises decreasing the intensity of the at least one acoustic
stimulus a specified amount if the steady-state response
associated with the at least one acoustic stimulus was
detected and maintaining the intensity or increasing the
intensity of the at least one acoustic stimulus a specified
amount if the steady-state response associated with the at
least one acoustic stimulus was failed to be detected.

48. The method of claim 44, wherein step (b) comprises:

(g) creating an n by m table where each cell of the table
contains an index with values of the sweep numbers for
each stimulus at each intensity level; and

(h) detecting a response to each stimulus at each intensity

level by averaging data in a particular cell of the table.

49. An iterative adaptive staircase method for obtaining

frequency specific threshold estimation for two or more
simultaneously presented stimuli comprising the steps of:

() presenting at least two acoustic stimuli to a subject,
each of which evoke a steady-state response in the
subject;

(b) recording electroencephalograph (EEG) data from the
subject until a recording criterion is reached;

(c) decreasing the intensity of each of the at least two
acoustic stimuli a specified amount;

(d) repeating steps (a), (b) and (c) until a stopping criteria
is met; and
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(¢) generating summary results based upon failure to
detect a steady-state response at one or more intensi-
ties.

50. The method of claim 49 wherein step (c) comprises
decreasing the intensity of each stimulus for which a cor-
responding steady-state response has been detected and has
fulfilled a recording criteria.

51. The method of claim 49, wherein the recording criteria
comprises reaching significance and staying significant for a
specified amount of time.

52. The method of claim 49 wherein a recording criterion
is selected to be one of: a level of residual background noise;
a level of residual background noise proximate to the
frequency of at least one steady-state response which is
being evaluated; a time limit; an absolute time limit; a time
limit based upon normative values for similar stimuli and
intensities; and a time limit based upon an estimate of
background noise levels estimated from at least part of the
total recorded data.

53. The method of claim 49 wherein the recording crite-
rion is based upon the intensity level of the stimulus, and is
chosen based upon at least one of: a normative database;
previously recorded data of the subject; and a combination
of a normative database and previously recorded data of the
subject.

54. The method as described in claim 49 wherein step (c)
comprises decreasing the intensity of each stimulus which
has been detected and has reached a recording criteria or
increasing the intensity of a stimulus for which a response
has failed to be detected.

55. A method of testing the hearing of a subject, the
method comprising the steps of:

(2) creating a periodic test signal, the period being suffi-
cient to evoke responses having a degree of overlap;

(b) transducing the test signal to create an acoustic
stimulus;

(c) presenting the acoustic stimulus to the subject;

(d) sensing potentials from the subject while substantially
simultaneously presenting the acoustic stimulus to the
subject; and

(¢) analyzing the potentials to determine whether the
potentials comprise data indicative of the presence of at
least one steady-state response to the acoustic stimulus.

56. The method of claim 55, wherein the test signal
comprises a modulated signal having at least one of slopes
steeper than sine wave modulated signal slopes and regions
between maxima having less energy than corresponding
regions of a sine wave modulated signal.

§7. The method of claim 55, Wherein the test signal
comprises transient components.

58. The method of claim 55, wherein the transient com-
ponents are sufficiently periodic to evoke responses having
a degree of overlap.

59. The method of claim 55, wherein the test signal has an
“on” duration and an “off” duration.

60. The method of claim 59, wherein the “on” duration
and the “off” duration are automatically controlled.

61. The method of claim 59, wherein the “on” duration
and the “off” duration are manually controlled.

62. The method of claim 59, wherein the “off” duration
corresponds to a subject recovery period.
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63. A method of testing the hearing of a subject, the
method comprising the steps of:

(a) presenting at least one acoustic stimulus to the subject
to evoke at least one steady-state response from the
subject while simultaneously recording electroen-
cephalograph (EEG) data from the subject;

(b) statistically assessing whether at least one steady-state
response was present in the EEG data;

(c) repeating steps (a) and (b) until a recording criterion
is reached,;

(d) repeating steps (), (b), and (c) for a specified range of
intensities;

(¢) determining the stimulus intensity to be above a
specified level;

(f) altering the testing procedure when the stimulus inten-
sity exceeds the specified level; and

(g) repeating steps (a)-(e) until the detection of at least one
said response has occurred or until a recording criteria
has been met.

64. The method of claim 63, wherein the step of altering
the testing procedure comprises automatically pausing for a
specified time period.

65. The method of claim 63, wherein the step of altering
the testing procedure comprises presenting an alternate
acoustic stimulus to the subject.

66. The method of claim 63, wherein the step of altering
the testing procedure comprises automatically switching to
between two or more acoustic stimuli to be tested.
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67. The method of claim 63, wherein the step of altering
the testing procedure comprises presenting the acoustic
stimulus for a “on” duration and ceasing presentation of the
acoustic stimulus for an “off” duration.

68. A method of objectively testing the hearing of a
subject, wherein the method comprises the steps of:

(2) selecting an auditory test to be administered to the
subject;

(b) creating a test signal comprising at least two modu-
lation signals having carrier frequencies separated by
approximately one-half an octave;

(¢) transducing the test signal to create a stimulus
(d) presenting the stimulus to the subject;

(¢) sensing a potential from the subject while substantially
simultaneously presenting the stimulus to the subject;

(D analyzing the potential to detect a response;

(g) decreasing the intensity of a modulation signal of the
test signal that elicited a response that was detected;

(h) iteratively repeating steps (c¢)-(g) for a specified period
of time or until a specified noise floor has been
achieved; and

(i) determining a minimal stimulus intensity for which a
response was detected for each stimulus based upon the
response data.
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