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Audiology clinicians experience significant
frustrations with ABR and ASSR

Auditory Brainstem Response (ABR) and Auditory Steady State
Response (ASSR) are quite difficult to administer for many
clinicians, particularly in post-screening assessment and
Operating Room (OR) environments:

Noise is FRUSTRATION # 1 reported by 84 % of U.S. clinics

Noise artifacts lead to unclear results and long test times 7 up to 90-
120 min, typically 45-60 min per test

Long test time results in low patient throughput and difficulty of intra-
operative monitoring

Abrading the skin increases the risk of infection

(Ferree et al., 2001. Scalp electrode impedance, infection risk, and EEG data quality.
Clin. Neurophysiol., 112, p. 536-544)

A The above factors result in higher risks of misdiagnosis, infection and
operating costs, and reduce diagnostic value of ABR

o I Do I»

Source: Tannenbaum, S: US infant post-screening market survey (The Hearing ViVOSOniC 2
ReV|eW, Jan 2005) . Chrcal efhconcy Iheough INNovaton



Recording of ABR and ASSR depends largely on the
level of noise

AEP signal recording, analysis, and detection depends on
three factors:
A Signal, S

A Noise, and {}
A Signal-to-Noise Ratio (SNR)

SNR

The same signal (S) may or may not be
detected depending on noise (N) and SNR

The four major sources of noise artifacts in AEP are:
A Physiological

A Electric i field-induced interferences and power line

A Magnetic i field-induced interferences

A Radio-Frequency (RF) interferences
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ABR has diagnostic, screening, and
threshold-finding applications

Auditory Brainstem Response (ABR) is a transient
response, provides valuable information on hearing
thresholds and useful for differential diagnostics:

A Obijective, non-invasive
A Known generators (unlike ASSR)
A Well researched over several recent decades

A Responses are looked for in the time domain in the form
of characteristic waves

A Recommended by many established NHS protocols

A Amplitude: 0.1-1 €V (1 gV is a millionth of V)
A Frequency range: 50-3,000 Hz

Source: Multiple publications by J. Hall I1l, M. Hyde, C. Berlin, L. Hood, and others. vivosonic 4



Click-ABR is used mostly for screening and
differential diagnostics

Diagnostic applications:

A Response is generated by Acoustic
Nerve and Brainstem nuclei

A Characteristic wave structure
A 70-80 dB nHL click

IV

A Latencies of Waves I, I, V, and 0
I-111, 111-V, |-V intervals

A Diagnostics of Acoustic Neuroma
and Auditory Neuropathy

Screening application:

A 30-50 dB nHL 100 ¢s click stimulus
A Detecting Wave V

A Typically automated detection (e.qg.

|-V

e—|-|[]>e—]l]-V—] VO 10 ms

AABR®) A

AABRP® is aregistered trademark of Natus Medical Inc.
Stacked ABR® is a trademark of Bio-logic Systems Corp.

10 ms
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Tone-burst ABR is used mostly for finding thresholds

A Well researched, established and
recommended protocols

A Frequency-specific
A Tone bursts instead of click v
stimuli: typically
500, 1000, 2000, 4000 Hz W\ﬁj
A Levels vary to find the threshold

A Looking for Wave V threshold

A Technically similar to screening
click-ABR, but not automated

A Detect thresholds up to 80 dB HL

0 10 ms
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ASSR is a promising tool for finding hearing
thresholds

Auditory Steady State Response (ASSR) Is a stationary
(continuous) response and has been proven to provide
valuable information on hearing thresholds, particularly in
Infants

A Objective, non-invasive

A Frequency-specific, as tone-burst-ABR

A Not site-specific (generators are unknown)

A Typically faster than tone-burst ABR

A Detects hearing thresholds up to 110 dB HL

A Accurate, particularly at higher HL, above 40 dB HL
AfiNomearingd responses may appear

Source: Multiple publications by Terry Picton, Sasha John, David Stapells, and others. vivosonic 7



ASSR is a frequency-specific Evoked Potential

Auditory Steady State Response (ASSR) is a tone-like
response present as long as stimulus is presented.

AElicited by amplitude (AM) or Frequency (FM) or combined
AM+FM modulation of carrier frequencies.

AAudiometric carrier frequencies: 500, 1000, 2000, 4000 Hz
AModulation

A 40 Hz i sensitive to sleep (probably cortical origin)
A 80-110 Hz i insensitive to sleep (probably Brainstem origin)
AResponses are looked for in the frequency domain i at

modulation frequencies, not carrier frequencies
A h holds i f ior f . Multiple-frequency
Thresholds 1 for carrier frequencies ASSR responses

AAmplitudes: 10-50 nV (billionth of V) LUVLLL.U..W
AFrequencies i AM and/or FM

82 84 86 88 92 96 Hz

Source: Multiple publications by Terry Picton, Sasha John, David Stapells, and others. vivosonic 8



Noises are introduced to AEP by multiple sources
In most clinical environments

Physiological
AEEG 1 increases in sleep
A ECG i does not decrease in sleep
A EOG, EMG i decrease in sleep

Electric and magnetic

A Power line noise: 50 or 60 Hz and their harmonics
A Electric field noise

A Magnetic field noise

A Radio-frequency (RF) interferences

Digitization noise in A/D conversion

A May be introduced if A/D resolution is insufficient

- L)
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Multiple physiological sources introduce noise
artifacts in AEP recording

NOiZ?::IB the Fr;enCIgUee’rl‘_ICZy Amplitude
EEG awake 3-40 5-10eV
EEG sleep 3-16 21 400 eV

Electr(c)é)(gté?gram 0.5-10 10-500 eV
Electr(zlcé%rgi)ogram 0.5-50 80eVi 2mV
Electzgmé%gfam 30-500 10eV -2 mV

Source: Cutmore, James (1999). Identifying and reducing noise in physiological

recordings. Int. J. Physiol., V. 32, No. 2, pp. 129-150.
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ECG noises may be stronger in infants
than in adults

¥ The heatrt is positioned more
centrally i aligned with the
sagittal plain

¥ The heart is much larger
relatively to the body

@ The heart is closer to the head T+'s g 6(0“’% //

C « Q‘Lf‘

@ The heart-beat rate Is twice 2
higher than in adults W’{;’\
¥ Temporary post-natal heart -

conditions may increase ECG
noise frequency - up to 100 Hz

vivosonic 11



Filtering after the first stage of amplification
Introduces distortion in conventional AEP amplifiers

a dDHz Saturation ]
Nii(fe/‘\ Distorted [ Distorted
Ep WA signal signal

.\
@
Amp 1 | BPF TAmp 2

High gain in the 15! stage results in saturation by the unfiltered, often
EEG noise, i.e. reaching the maximum voltage of the 1stst age 0 s
dynamic range. Saturation distorts the signal: The 15t stage output
contains periods of the maximum voltage, and these periods become
Interruptions in EP signal after band-pass filtering (BPF).

Low gain reduces EP amplitude and signal-to-noise ratio (SNR) at the
amplifier output.

Both saturation and low gain complicate signal detection.
vivosonic 12



Electric field noises are induced through wires and
cables acting as antennas

Introduced by:

AElectronic equipment
AElectric wiring in the building
Almproper grounding

Typical strength of electric fields

In North American clinics:,

average 5.5 V/m, range 1-200 V/m
(5Hz 1 2 kHz band)*

Noise amplitude: up to

10 MV (@@ mV = a thousandth of V)
Can be reduced by:

AShielding of input-circuit wires
AShielding of wires and amp circuits
AProper grounding

Unshielded

lead wires .
Electric

fields

Differential
AEP amplifier

* Source: www.niehs.nih.gov/emfrapid/html/O&A-Workplace.html - Web site of \V) |vosonlc 13
Environmental Health Science, NIH, U.S. Government. chrical afficioncy Mrough Inovation
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Magnetic field noises are introduced through
wires and cables acting like antennas

Introduced by:
A Transformers
A Electric motors and wiring
A Looped wires and cables

and cables fiolds
Typical strength of magnetic
fields in North American clinics: L)~
average 1.7 mG, range 0.1-200 mG 7

Looped

lead wires Magnetic

(milliGauss) (5 Hz i 2 kHz band)* :
Noise amplitude: up to 10 mV X7~
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Can be reduced by: +

A Reducing wire/cable length .

A Positioning, NOT moving Loop area i

A Reducing loop area .

A Twisting wires — .

9 Differential
AEP amplifier

* Source: www.niehs.nih.gov/emfrapid/html/QO&A-Workplace.html - Web site of \V) |vosonlc 14
Environmental Health Science, NIH, U.S. Government. chrical efficioncy Bough INNovaton


http://www.niehs.nih.gov/emfrapid/html/Q&A-Workplace.html
http://www.niehs.nih.gov/emfrapid/html/Q&A-Workplace.html
http://www.niehs.nih.gov/emfrapid/html/Q&A-Workplace.html

The National Institute of Occupational Safety and Health survey
on extremely low frequency (ELF) magnetic fields in the range of

3-3000 Hz gwithin ABR freguencx rangez

Intensive care unit 0.1-220 :
Measured at nurse's chest

Post-anesthesia care unit 0.1-24

Magnetic resonance 0.5-280 Measured at technician's

imaging (MRI) work locations

Desk work locations 0.1-7

Desk 18 - ‘
esks hear pgwer center 8- 90 Peaks due to laser printers

Power cables in floor 15-170

Computer center 0.4-6.6

Can opener 3000

Desktop cooling fan 1000 Appliance fields measured

Other office appliances 10 - 200 6 In. away

Building power supplies 25 - 1800

* Source: www.niehs.nih.gov/emfrapid/html/O&A-Workplace.html - Web site of

Environmental Health Science, NIH, U.S. Government.
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Long lead wires and cables introduce large electro-
magnetic field noises in a conventional amplifier

Amp | A/D 4}> DSP
Ground lead nGar bageo | N
Other leads

Amp i amplifier
A/D T analog-to-digital conversion

DSP i digital signal processing

vivosonic 16



RF noise may strongly interfere with EP recording

Radio-frequency (RF) noise comes from various sources:
A Cell phones, pagers, Blackberry, wireless intercom
A FM-systems, FM-radio
A Wireless computer networks used in many hospitals
A PDAs (Personal Digital Assistants), Palmtops
A Medical equipment (ICUs, operating rooms, general offices)
A Office equipment: copiers, fax-machines, computers

Introduce electro-magnetic noise

Interferes at EP (low) frequencies despite the fact that RF
frequencies are much higher i in MHz and GHz ranges 1
because of amplifier non-linearity

There is no common-mode rejection (CMR) at frequencies
O 20 kHz

Amplitude: up to 10 mV (thousandth of V)

Source: Kitchin et al. (2003). Input filter prevents instrumentation-amp RF-rectification

errors. EDN, Nov 13, p. 101-102. VIVOSQnIC 17



Power line noise is not only 50/60 Hz, and it comes
from both electric field and AC power cables

AC outlet

sources

A Electric field i picked up by electrode wires
& cables T can be reduced by electro-
magnetic shielded room

Interferes with AEP at a number of
frequencies T mostly 50 / 60 Hz & PR ey
harmonics T within the range of ABR - = 3
and ASSR: L e
60HzAC: 60, 120, 180, 240, 300 0360t
50HzAC: 50, 100, 150, 200(1,[250, 300 F

é hence, 50/60 Hz Notch Filter may not help ‘

|1

Amplitude can be large: up to 1-10 mV
60 120 180 240 300 Hz

vivosonic 1s




Putting all things together: ABR and especially ASSR are
very small signals as compared to noises

Signal Frequency, Hz Amplitude, nV (dB)
AEP Signals

ASSR 70 - 110 1071 50 (0)

ABR 50 - 3,000 100 - 1,000 (10-20)

MLR 3-300 500 - 3,000 (15-25)

LLR 1.5-15 200 - 16,000 (16-60)

P3oo 1-15 5,000 - 20,000 (15-65)

Noises in AEP recording

Electrooculogram (EOG) 0.5-10 10,000 - 500,000 (60-85)
EEG awake 3-40 5,000 - 10,000 (55-60)
EEG sleep 3-16 2,000 - 400,000 (65-90)
Electrocardiogram (ECG) 0.5-50 (up to 100) | 80,000 - 2,000,000 (70-110)
Electromyogram (EMG) 30-500 10,000 - 2,000,000 (70-110)

Electric, magnetic, RF

50/60 Hz, MHz, GHz

Up to 10,000,000 (up to 120)

VIVOSONIC 19
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ABR and ASSR signals are o

wlECG
EOG
(ENG) Power line
noise

TW EEG

ST
|||

)4

0 10 1000 2000 4000 Hz
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Dynamic Range [dB]

High Analog-to-Digital (A/D) resolution is needed for
ASSR and ABR recording to ensure dynamic range
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Clinical ABR/ASSR testing is challenging in practice

ALong testing time

A Best reported:

A 19 minutes (Luts, Wooters, unpublished), 21 minute (Perez-Abalo et al.,
2001)

A Typical 45-60 minutes (John et al., 2003), up to 90 i 120 min
(Tannenbaum, 2004)

A Sensitivity to electromagnetic interferences
A Electromagnetically shielded booth required

A Sensitivity to electrode impedance
A Requires rubbing the skin

ANeed for sedation in many cases
A Difficult to administer in electro-magnetically shielded booth

vivosonic 22



Vivosonic took a different, holistic approach to
electrophysiological test equipment

A Signal generation

A ABRi patent application pending

A ASSRi partially rectified sinusoidal modulation
A Signal recording

A In-situ i directly at the source of ABR/ASSR

A Analog filtering prior to amplification

A Wireless communications

A Electromagnetically shielded booth not required
A Signal acquisition

A 24 bit resolution of Analog-to-Digital conversion
A Signal processing

A DPOAE i Kalman filtering in real time

A ABRi Kalman-weighted digital filtering
A ASSR i Kalman filtering in real time

A Response presentation
A ABR A & B buffers for easy repeatability check
A ASSR i Signal-to-Noise Ratio (SNR) in addition to Confidence Level

vivosonic 23



In-situ AEP amplification and filtering is a novel method
of noise reduction in ABR and ASSR

A Amplifier is mounted in-situ i
directly on the ground
electrode pad, with no lead

A Lead length to non-inverting
(+) and inverting (-) electrodes
minimized to the distance
between electrodes

A Filtering prior to amplification

A Gains optimized for ASSR and
ABR -

A Impedance mismatch
monitored in real time

A Risk of wrong electrode
connection minimized

VIVOSONIC 24
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In-situ amplification largely eliminates electro-
magnetic field-induced noises

EMI M
A
C M
(B j) -
In-situpre-amp!l i fi er, the AmplitrodeE, is

electrode eliminating ground lead. The other leads are very short and
shielded.

This significantly reduces electric and magnetic field-induced noises
and allows for a clearer EP signal at the amplifier output.

vivosonic 25



Filtering prior to amplification allows optimizing gain
and reducing EEG, EOG, and RF noises

Optimized amplifier gain:
150,000 for ASSR S 1DHz

15,000 for ABR
, C . EEG
Exceptionally low intrinsic noise:

<350 nV in 10-10,000 Hz Ep wwwiw
O

<10 nV in 0.05 Hz bands (70-110 Hz) .

) ,
EP signals at the Amplitrodee

output have large amplitude, contain

little noise, have high SNR, and

therefore, can be easier converted

from analog to digital form,

recorded, detected, and recognized

vivosonic 26
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Noise Level, £V
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-50
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0

Eliminating electrode lead wires reduces
electro-magnetically induced noises 10 times

5 10 15
Time, s

15s sample of measured noise. Conventional recording at 3 mG

(green) and 9 mG (blue). In-situ at 3 mG (yellow) and 9 mG (black).

1

0.8

0.4

Correlation Coefficient

0.2

Comparing correlation with click number for the four measured EEGs.

Source

0.6f

0 500 1000

1500 2000
Click Number

: Kurtz, Sokolov (2005).
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Comparing ABR received signals for the different EEG noises at (a) click
500 and (b) 1200. The top row displays the idealized ABR, rows 2 & 3
processed ABR from the in-situ amplifier at 3 and 9 mG, respectively, and
4 & 5 processed ABR from the conventional leads at 3 and 9 mG,
respectively.
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In-situ amplification and wireless communications
make AEP testing efficient

A Reduced physiological EEG and ECG noise

A Largely reduced electromagnetic & RF noise
ANo big fiboxes?o

A Less attention to electrode impedance

A Easy mounting on electrode pads & dismounting
A No hassles with long lead wires and cables

A Less risk of electrode lead misconnection

A Clear ABR results make wave recognition and
diagnostics easier and faster

vivosonic 28



Amplitrodeé monitors electrode impedance mismatch
In real time

A Electrode impedance mismatch (EIMM) is more relevant
than electrode impedance on each electrode®.

A AmplitrodeE measures EIMM in real time during
testing, not only prior to it.

A Operator is notified of EIMM changes immediately.

A Reduces set up time.

Ferree et al. (2001). Scalp electrode impedance, infection risk, and EEG data ,; :
quality. Clin. Neurophysiol., 112, p. 536-544. VIVOSQnIC 29



AmplitrodeE eliminates t
mounting

Amplifier is mounted on the ground
electrode.

The other two leads have different
lengths.

The non-inverting (+) and inverting (-)
Clips are marked and color-coded,
and therefore, easy to distinguish.

Color-coded Clip button-release
makes mounting and dismounting the
Amplitrode and Clips on electrodes
easy i will not disturb the patient.

It is much easier to use even for less
experienced practitioners.

VIVOSOoNIC 30
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Muscular activity, particularly that of the facial muscles,
introduces large artifacts in the ABR frequency range

100

20

Noise, eV
o

-100 - -
0 5 10 15 20 25 30 35 40

Time, s

40s sample of EEG experimentally obtained, where the subject was
resting (green) and eating (blue).

Source: Kurtz, Steinman (2005). Vv ivosonic 31
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Kalman-weighted filtering eliminates EMG artifacts
and enables ABR testing in non-sedated patients
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