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Abstract-This study proposed new estimators to estimate the
noise level and TEOAE/noise, which are important indicators
of the reliability of the recorded TEOAEsS. Fifteen normal ears
were tested to evaluate the performance. Results showed that
the standard deviations of the proposed estimators were
smaller than those of typical estimators.

I . INTRODUCTION

Transiently-evoked otoacoustic emissions (TEOAE:s)
are the acoustic signals produced by the inner ear in
response to transient acoustic stimuli. They can be recorded
in the external auditory canal with a sensitive microphone
[1]. Recently, TEOAE tests have been widely used for
newborn hearing screening.

TEOAE:s are weak signals and easily contaminated by
background noise. Hence, like processing some weak
signals embedded in noise [2], [3], the estimation of the
reliability of the recorded TEOAEs is very critical for
further analysis. Because noise level and signal-to-noise
ratio (SNR) were shown to be important parameters that
closely relate with the reliability [2], [3], accurate
estimation of these parameters are necessary for accurate
estimation of the reliability.

This study proposes estimators [3] to estimate the
noise level and TEOAE/noise (an estimation of SNR) [4]
more accurately. To evaluate the performance, the standard
deviations and the means of the proposed estimators were
compared with those of typical estimators.

II. MATERIALS AND METHODS
A. TEOAE Acquisition

Our own acquisition system for the TEOAE signals
was developed. This acquisition system included a personal
computer (PC) equipped with Intel Pentium CPU, a
Loughborough Sound Images’ (LSI) PC/C32 control board
and an Etymotic Research’s ER-10C acoustic-electric
transformation system. A human-machine interface, which
was programmed with the Borland C++ Builder software,
was established on the personal computer.

Regarding the acquisition of TEOAE signals, we
referred to the procedure adopted in previous studies [5].
During the acquisition, the following settings were used. (1)
The 80- 1« s acoustic impulses (clicks) with intensity of 80
dB sound pressure level (SPL) were used to stimulate the
cochlea at a rate of 50/sec, and the derived nonlinear
response (DNLR) [5] method was used. (2) The ER-10C
B3r80B:7 20451 SE0M0EROIRERT 40 dB. (3) The evoked

responses to the acoustic impulses were filtered by a
fourth-order low-pass filter with cutoff frequency of 10.6
kHz and with unity gain. (4) The filtered evoked responses
were then sampled at a rate of 25 kHz, and 512 samples
were obtained per response. (5) The samples were
windowed using the 2.5 ms-20.5 ms response window
which had 2.5 ms cosine onset and offset, and were filtered
by a digital bandpass filter with the bandwidth from 600 to
6000 Hz. (6) The noise rejection threshold was set at 50 dB
SPL. The four evoked responses associated to each set of
the four-clicks stimuli were averaged for every four-clicks
set, and each resulting averaged response will be referred to
as the subaveraged response throughout the text. These
subaveraged responses were alternately sent to two
different buffers (A and B), and the TEOAE acquisition for
individual ear was complete after each buffer collected 256
subaveraged responses. The all evoked responses for this
study were collected from 15 normal ears of eight adults,
and they were measured within general laboratory without
sound proof.

B. Estimators of noise level and TEOAE/noise

For individual ear, there were total 512 subaveraged
responses in A and B buffer. A pair of TEOAE signals for
an ear could be obtained by averaging the 256 subaveraged
responses in the two buffers individually. Typical
estimators of TEOAE level, noise level, and TEOAE/noise
were using the following formulas [4], [5]. In these
formulas, A(¢z) and B(?) represents the paired signals in
buffer A and buffer B respectively, where ¢ = 1,2,---T(512)
represents different samples.

1. TEOAE level: The TEOAE level is defined as the root
mean square (RMS) of the average of the corresponding
paired signals.

TEOAE level =

1 &0 +BOE
r2

0 2 0
2. Noise level: Noise level is defined as the RMS of the
estimated noise, which is obtained by dividing the
difference of the paired signals by two.
1 p0-B0E,
T &0 2 O
3. TEOAE/moise: TEOAE/noise is defined by dividing
TEOAE level by noise level. It is an estimation of SNR.

Noise level =

From the formulas above, the estimated values are
influenced seriously by the waveform of A4(¢) and B(?),
which are the averages of 256 subaveraged responses,
respectively. Comparing with typical estimators, this study
proposed the estimators [3] to estimate noise level and
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TEOAE/moise more accurately. The estimations were
performed using the below equations. In these equations,
each subaveraged response is symbolized as Xj(z), where ¢ =
1,2,---512 indicates different samples of a subaveraged

response and 1,2, ==+ 512 represents different
subaveraged response. These equations are
Ay 1 L 2
= X ()X
T(J—l);;[ O-x().
6i=1 3 X()-3/v)
N T < N
62 =155 x2()
our ,Z Z Ies
where ¥()= (/)3 x, )
7
These equations satisfy the algebraic

equality 52 =42 +42. By these equations, the estimated
noise level is /g2 JJ and the estimated TEOAE/noise is

[s62/62 - By the way, the averaged signals 4(z) and B(?) in
the two buffers can be expressed using X (1) as

A0)=3 X, () and BO=3 1., ()

C. Performance Evaluation of the Estimators

To evaluate the performance of the proposed estimators,
fifteen normal ears were tested in the study. For each ear, a
set of 512 subaveraged responses was obtained as the
procedure in section A. The TEOAE signals for the ear
were obtained by selecting 128 subaveraged responses
from the associated set and averaging them. Because the
background noise levels could be various during the
acquisition time of the 512 subaveraged responses, the 128
subaveraged responses for TEOAE signals were selected
using the following criterion. (1) The total 512 subaveraged
responses for each set were equally divided into 128 blocks
according to their sequence. (2) For each block, two
different subaveraged responses were randomly selected
and stored into two buffers (A, B), respectively. With the
128 subaveraged responses in each buffer, the noise level
and the TEOAE/noise were estimated both by typical
estimators and by the proposed estimators. All the
procedure was repeated 100 times for each set of 512
subaveraged responses. The means and the standard
deviations of the noise level and TEOAE/noise estimators
were then calculated, respectively, by the repeated
procedure of 100 times.

III. RESULTS

Fig. 1 shows the standard deviations of the noise
level for 15 normal ears, estimated both by typical
estimator and by the proposed estimator. Fig. 2 shows the
standard deviations of the TEOAE/noise for 15 normal ears.
In these two figures, the means of the typical and the
proposed estimators are not shown because there is no
obvious difference between them. It could be observed that
both noise level and TEOAE/noise have smaller standard
deviations when estimated by the proposed estimators.
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Fig. 1 Standard deviations of the noise level for 15 normal ears, estimated
by typical estimator (old) and by the proposed estimator (new).
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Fig. 2 Standard deviations of the TEOAE/noise for 15 normal ears,
estimated by typical estimator (old) and by the proposed estimator (new).

IV. DISCUSSIONS AND CONCLUSIONS

Results show that the standard deviations of the
proposed noise level and TEOAE/noise estimators are
smaller than those of the typical estimators.

Noise level and TEOAE/noise are important
parameters that closely relate with the reliability of the
recorded TEOAE signals. With the improvement of
computation power of modern computers, more
complicated estimators could be implemented to increase
the accuracy of the estimation. It is believed that with these
more accurate estimators, the reliability of the recorded
TEOAE signals could be increased, and then the accuracy
of the diagnosis could be improved much more.

REFERENCE

[1] D. T. Kemp, “Stimulated acoustic emissions from within the human
auditory system,” J. Acoust. Soc. Amer., vol. 64, no. 5, pp. 1386-1391,
1978.

[2] C. Elberling and M. Don, “Quality estimation of averaged auditory
brainstem responses,” Scand. Audiol., vol. 13, pp. 187-197, 1984.

[3] J. Raz, B. Turetsky, and G. Fein, “Confidence intervals for the signal-
to-noise ratio when a signal embedded in noise is observed over repeated
trials,” IEEE Trans. Biomed. Eng., vol. 35, no. 8, August 1988.

[4] B. A. Prieve, M. P. Gorga, A. Schmidt, S. Neely, J. Peters, L. Schultes,
and W. Jesteadt, “Analysis of transient-evoked otoacoustic emissions in
normal-hearing and hearing-impaired ears,” J. Acoust. Soc. Amer., vol. 93,
no. 6, pp. 3308-3319, 1993.

[5] P. J. Bray, “Click evoked otoacoustic emissions and the development
of a clinical otoacoustic hearing test instrument, “ PhD thesis, University
of London, 1989.



	Main Menu
	-------------------------
	Welcome Letter
	Chairman Address
	Keynote Lecture
	Plenary Talks
	Mini Symposia
	Workshops
	Theme Index
	1.Cardiovascular Systems and Engineering 
	1.1.Cardiac Electrophysiology and Mechanics 
	1.1.1 Cardiac Cellular Electrophysiology
	1.1.2 Cardiac Electrophysiology 
	1.1.3 Electrical Interactions Between Purkinje and Ventricular Cells 
	1.1.4 Arrhythmogenesis and Spiral Waves 

	1.2. Cardiac and Vascular Biomechanics 
	1.2.1 Blood Flow and Material Interactions 
	1.2.2.Cardiac Mechanics 
	1.2.3 Vascular Flow 
	1.2.4 Cardiac Mechanics/Cardiovascular Systems 
	1.2.5 Hemodynamics and Vascular Mechanics 
	1.2.6 Hemodynamic Modeling and Measurement Techniques 
	1.2.7 Modeling of Cerebrovascular Dynamics 
	1.2.8 Cerebrovascular Dynamics 

	1.3 Cardiac Activation 
	1.3.1 Optical Potential Mapping in the Heart 
	1.3.2 Mapping and Arrhythmias  
	1.3.3 Propagation of Electrical Activity in Cardiac Tissue 
	1.3.4 Forward-Inverse Problems in ECG and MCG 
	1.3.5 Electrocardiology 
	1.3.6 Electrophysiology and Ablation 

	1.4 Pulmonary System Analysis and Critical Care Medicine 
	1.4.1 Cardiopulmonary Modeling 
	1.4.2 Pulmonary and Cardiovascular Clinical Systems 
	1.4.3 Mechanical Circulatory Support 
	1.4.4 Cardiopulmonary Bypass/Extracorporeal Circulation 

	1.5 Modeling and Control of Cardiovascular and Pulmonary Systems 
	1.5.1 Heart Rate Variability I: Modeling and Clinical Aspects 
	1.5.2 Heart Rate Variability II: Nonlinear processing 
	1.5.3 Neural Control of the Cardiovascular System II 
	1.5.4 Heart Rate Variability 
	1.5.5 Neural Control of the Cardiovascular System I 


	2. Neural Systems and Engineering 
	2.1 Neural Imaging and Sensing  
	2.1.1 Brain Imaging 
	2.1.2 EEG/MEG processing

	2.2 Neural Computation: Artificial and Biological 
	2.2.1 Neural Computational Modeling Closely Based on Anatomy and Physiology 
	2.2.2 Neural Computation 

	2.3 Neural Interfacing 
	2.3.1 Neural Recording 
	2.3.2 Cultured neurons: activity patterns, adhesion & survival 
	2.3.3 Neuro-technology 

	2.4 Neural Systems: Analysis and Control 
	2.4.1 Neural Mechanisms of Visual Selection 
	2.4.2 Models of Dynamic Neural Systems 
	2.4.3 Sensory Motor Mapping 
	2.4.4 Sensory Motor Control Systems 

	2.5 Neuro-electromagnetism 
	2.5.1 Magnetic Stimulation 
	2.5.2 Neural Signals Source Localization 

	2.6 Clinical Neural Engineering 
	2.6.1 Detection and mechanisms of epileptic activity 
	2.6.2 Diagnostic Tools 

	2.7 Neuro-electrophysiology 
	2.7.1 Neural Source Mapping 
	2.7.2 Neuro-Electrophysiology 
	2.7.3 Brain Mapping 


	3. Neuromuscular Systems and Rehabilitation Engineering 
	3.1 EMG 
	3.1.1 EMG modeling 
	3.1.2 Estimation of Muscle Fiber Conduction velocity 
	3.1.3 Clinical Applications of EMG 
	3.1.4 Analysis and Interpretation of EMG 

	3. 2 Posture and Gait 
	3.2.1 Posture and Gait

	3.3.Central Control of Movement 
	3.3.1 Central Control of movement 

	3.4 Peripheral Neuromuscular Mechanisms 
	3.4.1 Peripheral Neuromuscular Mechanisms II
	3.4.2 Peripheral Neuromuscular Mechanisms I 

	3.5 Functional Electrical Stimulation 
	3.5.1 Functional Electrical Stimulation 

	3.6 Assistive Devices, Implants, and Prosthetics 
	3.6.1 Assistive Devices, Implants and Prosthetics  

	3.7 Sensory Rehabilitation 
	3.7.1 Sensory Systems and Rehabilitation:Hearing & Speech 
	3.7.2 Sensory Systems and Rehabilitation  

	3.8 Orthopedic Biomechanics 
	3.8.1 Orthopedic Biomechanics 


	4. Biomedical Signal and System Analysis 
	4.1 Nonlinear Dynamical Analysis of Biosignals: Fractal and Chaos 
	4.1.1 Nonlinear Dynamical Analysis of Biosignals I 
	4.1.2 Nonlinear Dynamical Analysis of Biosignals II 

	4.2 Intelligent Analysis of Biosignals 
	4.2.1 Neural Networks and Adaptive Systems in Biosignal Analysis 
	4.2.2 Fuzzy and Knowledge-Based Systems in Biosignal Analysis 
	4.2.3 Intelligent Systems in Speech Analysis 
	4.2.4 Knowledge-Based and Neural Network Approaches to Biosignal Analysis 
	4.2.5 Neural Network Approaches to Biosignal Analysis 
	4.2.6 Hybrid Systems in Biosignal Analysis 
	4.2.7 Intelligent Systems in ECG Analysis 
	4.2.8 Intelligent Systems in EEG Analysis 

	4.3 Analysis of Nonstationary Biosignals 
	4.3.1 Analysis of Nonstationary Biosignals:EEG Applications II 
	4.3.2 Analysis of Nonstationary Biosignals:EEG Applications I
	4.3.3 Analysis of Nonstationary Biosignals:ECG-EMG Applications I 
	4.3.4 Analysis of Nonstationary Biosignals:Acoustics Applications I 
	4.3.5 Analysis of Nonstationary Biosignals:ECG-EMG Applications II 
	4.3.6 Analysis of Nonstationary Biosignals:Acoustics Applications II 

	4.4 Statistical Analysis of Biosignals 
	4.4.1 Statistical Parameter Estimation and Information Measures of Biosignals 
	4.4.2 Detection and Classification Algorithms of Biosignals I 
	4.4.3 Special Session: Component Analysis in Biosignals 
	4.4.4 Detection and Classification Algorithms of Biosignals II 

	4.5 Mathematical Modeling of Biosignals and Biosystems 
	4.5.1 Physiological Models 
	4.5.2 Evoked Potential Signal Analysis 
	4.5.3 Auditory System Modelling 
	4.5.4 Cardiovascular Signal Analysis 

	4.6 Other Methods for Biosignal Analysis 
	4.6.1 Other Methods for Biosignal Analysis 


	5. Medical and Cellular Imaging and Systems 
	5.1 Nuclear Medicine and Imaging 
	5.1.1 Image Reconstruction and Processing 
	5.1.2 Magnetic Resonance Imaging 
	5.1.3 Imaging Systems and Applications 

	5.2 Image Compression, Fusion, and Registration 
	5.2.1 Imaging Compression 
	5.2.2 Image Filtering and Enhancement 
	5.2.3 Imaging Registration 

	5.3 Image Guided Surgery 
	5.3.1 Image-Guided Surgery 

	5.4 Image Segmentation/Quantitative Analysis 
	5.4.1 Image Analysis and Processing I 
	5.4.2 Image Segmentation 
	5.4.3 Image Analysis and Processing II 

	5.5 Infrared Imaging 
	5.5.1 Clinical Applications of IR Imaging I 
	5.5.2 Clinical Applications of IR Imaging II 
	5.5.3 IR Imaging Techniques 


	6. Molecular, Cellular and Tissue Engineering 
	6.1 Molecular and Genomic Engineering 
	6.1.1 Genomic Engineering: 1 
	6.1.2 Genomic Engineering II 

	6.2 Cell Engineering and Mechanics 
	6.2.1 Cell Engineering

	6.3 Tissue Engineering 
	6.3.1 Tissue Engineering 

	6.4. Biomaterials 
	6.4.1 Biomaterials 


	7. Biomedical Sensors and Instrumentation 
	7.1 Biomedical Sensors 
	7.1.1 Optical Biomedical Sensors 
	7.1.2 Algorithms for Biomedical Sensors 
	7.1.3 Electro-physiological Sensors 
	7.1.4 General Biomedical Sensors 
	7.1.5 Advances in Biomedical Sensors 

	7.2 Biomedical Actuators 
	7.2.1 Biomedical Actuators 

	7.3 Biomedical Instrumentation 
	7.3.1 Biomedical Instrumentation 
	7.3.2 Non-Invasive Medical Instrumentation I 
	7.3.3 Non-Invasive Medical Instrumentation II 

	7.4 Data Acquisition and Measurement 
	7.4.1 Physiological Data Acquisition 
	7.4.2 Physiological Data Acquisition Using Imaging Technology 
	7.4.3 ECG & Cardiovascular Data Acquisition 
	7.4.4 Bioimpedance 

	7.5 Nano Technology 
	7.5.1 Nanotechnology 

	7.6 Robotics and Mechatronics 
	7.6.1 Robotics and Mechatronics 


	8. Biomedical Information Engineering 
	8.1 Telemedicine and Telehealth System 
	8.1.1 Telemedicine Systems and Telecardiology 
	8.1.2 Mobile Health Systems 
	8.1.3 Medical Data Compression and Authentication 
	8.1.4 Telehealth and Homecare 
	8.1.5 Telehealth and WAP-based Systems 
	8.1.6 Telemedicine and Telehealth 

	8.2 Information Systems 
	8.2.1 Information Systems I
	8.2.2 Information Systems II 

	8.3 Virtual and Augmented Reality 
	8.3.1 Virtual and Augmented Reality I 
	8.3.2 Virtual and Augmented Reality II 

	8.4 Knowledge Based Systems 
	8.4.1 Knowledge Based Systems I 
	8.4.2 Knowledge Based Systems II 


	9. Health Care Technology and Biomedical Education 
	9.1 Emerging Technologies for Health Care Delivery 
	9.1.1 Emerging Technologies for Health Care Delivery 

	9.2 Clinical Engineering 
	9.2.1 Technology in Clinical Engineering 

	9.3 Critical Care and Intelligent Monitoring Systems 
	9.3.1 Critical Care and Intelligent Monitoring Systems 

	9.4 Ethics, Standardization and Safety 
	9.4.1 Ethics, Standardization and Safety 

	9.5 Internet Learning and Distance Learning 
	9.5.1 Technology in Biomedical Engineering Education and Training 
	9.5.2 Computer Tools Developed by Integrating Research and Education 


	10. Symposia and Plenaries 
	10.1 Opening Ceremonies 
	10.1.1 Keynote Lecture 

	10.2 Plenary Lectures 
	10.2.1 Molecular Imaging with Optical, Magnetic Resonance, and 
	10.2.2 Microbioengineering: Microbe Capture and Detection 
	10.2.3 Advanced distributed learning, Broadband Internet, and Medical Education 
	10.2.4 Cardiac and Arterial Contribution to Blood Pressure 
	10.2.5 Hepatic Tissue Engineering 
	10.2.6 High Throughput Challenges in Molecular Cell Biology: The CELL MAP

	10.3 Minisymposia 
	10.3.1 Modeling as a Tool in Neuromuscular and Rehabilitation 
	10.3.2 Nanotechnology in Biomedicine 
	10.3.3 Functional Imaging 
	10.3.4 Neural Network Dynamics 
	10.3.5 Bioinformatics 
	10.3.6 Promises and Pitfalls of Biosignal Analysis: Seizure Prediction and Management 



	Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	Ö
	P
	Q
	R
	S
	T
	U
	Ü
	V
	W
	X
	Y
	Z

	Keyword Index
	-
	¦ 
	1
	2
	3
	4
	9
	A
	B
	C
	D
	E
	F
	G
	H
	I
	i
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Committees
	Sponsors
	CD-Rom Help
	-------------------------
	Return
	Previous Page
	Next Page
	Previous View
	Next View
	Print
	-------------------------
	Query
	Query Results
	-------------------------
	Exit CD-Rom


