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The recording of the auditory brainstem response (ABR) is used worldwide for hearing
screening purposes. In this process, a precise estimation of the most relevant components
is essential for an accurate interpretation of these signals. This evaluation is usually carried
out subjectively by an audiologist. However, the use of automatic methods for this purpose
is being encouraged nowadays in order to reduce human evaluation biases and ensure uni-
formity among test conditions, patients, and screening personnel. This article describes a
new method that performs automatic quality assessment and identification of the peaks,
the fitted parametric peaks (FPP). This method is based on the use of synthesized peaks
that are adjusted to the ABR response. The FPP is validated, on one hand, by an analysis of
amplitudes and latencies measured manually by an audiologist and automatically by the
FPP method in ABR signals recorded at different stimulation rates; and on the other hand,
contrasting the performance of the FPP method with the automatic evaluation techniques
based on the correlation coefficient, Fsp, and cross correlation with a predefined template
waveform by comparing the automatic evaluations of the quality of these methods with
subjective evaluations provided by five experienced evaluators on a set of ABR signals of
different quality. The results of this study suggest (a) that the FPP method can be used to
provide an accurate parameterization of the peaks in terms of amplitude, latency, and width,
and (b) that the FPP remains as the method that best approaches the averaged subjective
quality evaluation, as well as provides the best results in terms of sensitivity and specificity
in ABR signals validation. The significance of these findings and the clinical value of the FPP
method are highlighted on this paper.
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1. Introduction

The auditory brainstem response (ABR) is the electrical activ-
ity of the auditory nerve generated in the brainstem associated
with a stimulus [1]. The recording of the ABR has been exten-
sively used in human and animal studies for both clinical and
research purposes due to its noninvasive nature. The recor-
ding of this signal is commonly used in hospitals and clinics
worldwide as a hearing screening tool, to detect the hearing
threshold and to detect peripheral and central lesions. Fur-
thermore, the analysis of the ABR may help understand the
underlying mechanisms of the process of hearing [2-8|. The
ABR comprises a number of waves that occur during the first
10ms from stimulus onset [9]. These waves are indicated by
sequential Roman numerals as originally proposed by Jewett
and Williston [10]. Although up to seven peaks can be identi-
fied in the ABR, the most robust are III and V.

The quality of the responses is related to the probabil-
ity that a response is present, which is usually associated
with the amount of noise of the recording [11,12]. The use
of automatic methods for quality assessment and response
detection of ABR signals may help improve the process of
automatically stopping averaging, avoiding the recording of
unnecessary sweeps when there already exists an ABR of suffi-
cient quality and consequently, making a more efficient use of
the recording time [13-15]. Furthermore, the automated iden-
tification of the peaks, i.e., amplitudes and latencies, is also
a useful tool to provide an automatic interpretation of the
ABR[16]. Additionally, automated methods eliminate the need
for subjective interpretations of ABR, reduce human biases,
and improve uniformity among test conditions, patients, and
screening assistants [17-22]. These advantages promote the
use of automated response detection in audiology screeningin
order to help the operator interpretation and decision making
[23].

A number of methods have been proposed in automatic
evaluation of ABR [11]. Some of them include the Raleigh test,
Watson'’s U2 test, Kuiper’s test, Hodges-Ajne’s test, Cochran’s
Q-test, and Friedman test [24,25]; automatic computer-
assisted recognition of the pattern for ABR latency/intensity
functions [26]; MASTER, a Windows-based data acquisition
system designed to assess human hearing by recording audi-
tory steady-state responses [27]; zero crossing method [28];
adaptive signal enhancement [29]; multifilters and attributed
automaton [30]; single-trial covariance analysis [31]; and auto-
matic analysis methods for peak identification based on a
database of ABR signals from a large (>80) number of nor-
mal hearing subjects [32,33]. Despite the large number of
automatic evaluation techniques, few of them have been
implemented in commercial devices [34]. The most common
reported strategies of automated ABR analysis are the correla-
tion coefficient and the F distribution based estimation of the
signal to noise ratio (SNR) using a single point of the response
(Fsp). The correlation coefficient procedure relies on the repro-
ducibility of two consecutive ABR signals obtained in similar
conditions to determine the presence or absence of the ABR
[35]. Fsp provides an estimation of the response SNR evaluated
from the distribution of amplitudes of a single point of the
response for different sweeps. The power of noise is evaluated

by matching the single point distribution of amplitudes with
an F distribution, while the power of the signal is estimated
from the averaged response [36].

This article describes a new method that performs an
automatic evaluation of the quality of ABR signals and iden-
tification of the peaks based on the use of templates. We
have called this method fitted parametric peaks (FPP). The FPP
method can be useful (a) to automatically parameterize the
most relevant waves of ABR signals in terms of amplitude,
latency, and width, and (b) to provide an automatic estimation
of the quality of ABR signals based on the individual assess-
ment of the quality of each wave. Preliminary results of this
work were presented in [37].

The rest of the paper is organized as follows. Section 2
describes in detail the fitted parametric peaks (FPP) method.
In Section 3, the performance of the described method is
assessed by two experiments. Experiment 1 compares the
automatic parameterization of the peaks provided by the FPP
method with a manual procedure performed by an audiologist
in a number of ABR signals obtained at different stimulation
rates. Experiment 2 compares the automatic quality assess-
ment of the FPP method with the automatic quality evaluation
techniques based on the correlation coefficient, Fsp, and cross
correlation with a predefined template in terms of the grade
of similarity to a subjective evaluation provided by a num-
ber of experts on ABR signals of different quality. Additionally,
this experimentincludes a comparative study of response vali-
dation in terms of sensitivity and specificity. Section 4 presents
a summary and a discussion of the results. Finally, Section 5
highlights the significance and the main contributions of this
article.

2. Description of the method

The most usual approach for assessing the quality of ABR
signals is based in subjective evaluations provided by audi-
ologists. However, it is well known that subjective evaluations
may differ from one evaluator to another [33,38,39]. This bias
represents a problem that could be solved using automatic
quality evaluation techniques [17-23]. This section describes
the fitted parametric peaks (FPP) method, a new technique that
provides an automatic evaluation of the quality of ABR signals
and parameterization of the peaks in terms of amplitude (A),
latency (L), and width (W).

2.1. Fitted parametric peaks

The approach of this method is based on the use of templates
that fit the peaks of the ABR. The use of templates for this
purpose was first proposed in [40], in which the ABR used
for test is cross correlated with a template used as reference.
The major disadvantage of this technique is that it requires
the compilation of a database of templates corresponding to
each stimulation settings (e.g., level, rate, polarity, etc.). In
contrast, the FPP does not require the use of a database since
it uses as template a parametric function. The motivation of
the FPP quality assessment procedure relies on the subjective
criterion usually applied by audiologists for the evaluation of
ABR. The most persistent peaks are usually waves III and V,
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Fig. 1 - Parameters involved in the automatic quality
evaluation technique based on fitted parametric peaks
(FPP). The parametric peak fitted to the wave V of an ABR
test signal is highlighted.

and therefore, an ABR response can be assumed to be valid
if at least these two peaks can be identified with reasonable
amplitudes at the latencies expected for these waves. Thus,
the FPP procedure fits a parametric function modeling a peak
for both waves (III and V) and evaluates the quality taking
into account the similarity of the ABR signal and the fitted
parametric peaks. The parametric function is given by:

2 2

This parametric function is generally known as Mexican hat
wavelet, and corresponds (except for the sign and normaliza-
tion constant) to the second derivative of a Gaussian function
with mean L and standard deviation W. Ky is a constant that
makes x(t, A,L, W) have a peak-to-peak amplitude equal to A.
The value of K that fits this criterion is:

Ko=1+2-exp (;) = 1.446260320296860

According to the definition of the parametric function
x(t,A,L, W), A is the peak-to-peak amplitude of the wave, L is
the latency, and W is the semi width. Fig. 1 shows an ABR sig-
nal and the parametric peak that fits wave V. The search of
the parameters that define the fitted parametric peak would
involve a three dimensional search (for A, L, and W). How-
ever, this process can be computationally optimized to a one
dimensional search of the width. The optimal latency (L) and
amplitude (Ap) of the fitted parametric peak can be directly
estimated for each tested width parameter (Wiest). The latency
is calculated by cross correlation of the ABR signal with the
parametric peak of a specific width. This step is independent
of the amplitude of the parametric peak. The search of the
optimal latency is performed in an interval around a refer-
enced latency. This referenced latency can be obtained from
related literature and will depend on the stimulation settings,
e.g., intensity level and stimulation rate. The interval in which
the optimal latency is searched must be wide enough to con-
sider the normal variations of latencies among subjects, but
at the same time, it must be narrow enough to avoid includ-
ing adjacent waves. An interval of about 3 ms was found to be
appropriate for this purpose. Given the width Wiest and the
latency Lo, the amplitude Ay is directly estimated by projec-
ting the response y(t) onto the parametric peak x(t, 1, Lo, Wtest),

taking into account the properties of the scalar product of
sampled signals:

1X1(8)1? = x1(t) - X1 (1)

With these definitions, the projection of an ABR signal y(t)
onto the parametric function with latency Lo and width Wiest
can be calculated using the associated unitary vector:

x(t, 1, Lo, Wiest)

Uy(t, Lo, W, =
(b Lo Whest) = {26 T T, Weest

Y(t) ) X(t, 11 LO, Wtest)
[1%(t, 1, Lo, Weest)l|

(Y(t) - Ux (t, Lo, Wtest)) - Ux (tv Lo, Wtest) =

t,1, Lo, W t) - x(t, 1, Lo, W;
KL Lo W) y(0 XL Lo W) iy 1 gy,
[1%(t, 1, Lo, Wiest)l| [1%(t, 1, Lo, Weest)||

=Ap- X(t, 1, Lo, Wtest) = X(t, Ao, Lo, Wtest)

and therefore, the amplitude can be directly computed as:

_y() - x(t, 1, Lo, Wrest)
[1%(t, 1, Lo, Wiest)||?

Taking into account that the fitting is performed around
each wave (i.e., around wave III or wave V), the computation
of the scalar product must be restricted to an interval around
the latency Lo. An interval of 2 ms can be appropriate since this
interval is related to the duration of the peak. Since the latency
Lo and the amplitude Ag are directly estimated for each width
Whest (by cross correlation and vector projection respectively)
as those providing the best fitting of the parametric function
given the ABR signal and the tested width Wtest, each width
can be evaluated considering the energy of the error between
the ABR signal and the parametric peak evaluated over the
interval:

th<Lo+1 ms

e= Y (y(tn) — X(tn, Ao, Lo, Wiest))’

th=Lo—1 ms

= [ly(t) — X(t, Ag, Lo, Wrest)||?

and therefore, the width Wiest of the parametric function
that best fits the peak (Wpeqy) is that one minimizing the
energy of the error. The optimal values of the latency Lpeax
and amplitude Apea would be the corresponding Lo and Ag of
the Wpeak-

A signal-to-noise ratio associated to each peak can be
derived from this fitting as the ratio between the energy of
the parametric peak and the energy of the error (that can be

assumed to be noise):
HX(t, Apeaks Lpeakv Wpeak)| ‘2
||Y(t) - X(t, Apeak’ Lpeaks Wpeak)| |2

that can also be expressed in dB:

SNRpeak =

SNRpeak (dB) =10- loglo(SNRpeak)
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The SNR can be used to evaluate the quality for each wave.
Finally, a global quality parameter can be defined as the min-
imum SNR for waves IIl and V.

Qppp(dB) = min{SNRIH(dB), SNRv(dB)}

The FPP method could implement an automated response
detection paradigm considering (a) whether or not the values
of amplitude, width and latency of the parametric peaks are
consistent with literature, and (b) if the global quality param-
eter (Qrpp) exceeds a given threshold. This threshold level
represents the minimum quality required for considering a
recording as a valid ABR signal.

The software routines that implement the FPP method are
available in MATLAB' and GNU Octave? codes as supplemen-
tary material (section A).

3. Assessment of the method

The FPP method is validated in this study with two experi-
ments. Experiment 1 evaluates the performance of the FPP
method through a comparison of the latencies and amplitudes
of waves III and V measured manually by an audiologist and
automatically by the FPP method in a number of ABR signals
obtained at different stimulation rates. In experiment 2, the
performance of the automatic quality evaluation techniques
based on the FPP, correlation coefficient (r), Fsp, and cross cor-
relation with a predefined template function (Cross Corr), is
contrasted (a) with a subjective evaluation provided by five
experts in a set of ABR signals of different quality, and (b)
with a response validation study in terms of sensitivity and
specificity. This section gives details about the EEG recording
protocol followed on the recording process of the ABR signals
and presents the results of both experiments.

3.1. EEG recording and signal processing

The procedure for EEG recording consisted on the presentation
of auditory stimuli to the subjects and the recording of their
associated electrical response (sweep). The stimulation of the
auditory system was performed by 0.1 ms duration clicks in
condensation polarity in order to evoke a synchronous fir-
ing of a large number of neurons [1]. The recording sessions
took place in a shielded screening booth in order to minimize
the effects of electromagnetic interference. The subjects were
seated comfortably to reduce the myogenic noise. The inten-
sity level 0 dBnHL was established considering the threshold
level (intensity level at which stimuli are just detectable) in
a group of 15 subjects (9 male and 6 female) aged from 24 to
31 years, with no self-reported history of auditory dysfunc-
tion (normal hearing subjects). The intensity level used to
obtain the ABR signals in this study was 70 dBnHL, which cor-
responds to 103.54dB peak equivalent sound pressure level
(dBpeSPL). The calibration of the intensity level was performed
using an Artificial Ear Type 4153.> The EEGs were recorded

1 The Mathworks, Inc., Natick, MA.

2 John W. Eaton, University of Wisconsin, Madison, WI.

3 Brijel & Kjeer Sound & Vibration Measurement A/S, Neerum,
Denmark.

Table 1 - Referenced latencies (in ms) for waves III and V
at different stimulation rates.

Stimulation rate (Hz) L Ly
30 3.72 5.68
45 3.74 5.69
55 3.80 5.79
72 3.86 5.90
83 3.90 5.97

100 3.94 6.07

125 4.00 6.21

167 4.03 6.40

250 3.99 6.72

by Ag/AgCl surface electrodes placed on the skin at different
positions of the head. Active, ground, and reference electrodes
were situated at the high forehead, low forehead, and ipsilat-
eral mastoid respectively. The interelectrode impedances were
always below 10k at the working frequencies. The recorded
EEG was 70dB amplified and bandpass filtered (100-3500 Hz).
This signal was sampled at 25 kHz and stored using 16 bits of
quantization. Digital signals were processed with algorithms
implemented in MATLAB. The FPP method was implemented
in this study using the referenced values of latency shown in
Table 1 and an interval of SNR assessment of 2ms. Table 1
shows the latency for waves IIl and V at different stimulation
rates evoked at an intensity level of 70 dBnHL based on the
data published [41-43]. All subjects explored in this study were
volunteers and were informed in detail about the experimen-
tal protocol. A consent form was signed by the participants
before the beginning of the session, which was carried out
at the University of Granada (Granada, Spain) in accordance
with The Code of Ethics of the World Medical Association
(Helsinki Declaration of 1975, revised 2000) for experiments
involving humans. This recording procedure was approved by
the Human Research Ethics Committee of the University of
Granada and by the Clinical Research Ethics Committee of the
San Cecilio University Hospital. An expanded description of
the ABR recording system used in this study can be found in
[44].

3.2.  Experiment 1

3.2.1. Subjects and methods

The performance of the FPP method to automatically para-
meterize the most relevant waves of ABR signals is assessed
on this first experiment by a comparison of the latencies
and amplitudes of waves III and V measured manually by
an audiologist and automatically by the FPP method in a set
of ABR signals obtained from 8 normal hearing subjects (7
males and 1 female; aged between 26 and 35 years) at the
stimulation rates 45, 55, 83, 100, 125, 167, and 250Hz using
the randomized stimulation and averaging technique (RSA).
The RSA technique allows the recording of ABR signals at
high stimulation rates using jittered stimuli [43]. The jitter of
a stimulation sequence measures the amount of dispersion
of the interstimulus interval in contrast to a periodical pre-
sentation of stimuli. The stimulation sequences used in this
study were generated using a jitter of 4 ms. Five recordings of
4000 sweeps were recorded from each subject at each stimu-
lation rate, therefore, the number of ABR signals used in this
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study was 320 (8 subjects, 8 stimulation rates, 5 recordings).
Latencies were measured manually as the difference in mil-
liseconds between the stimulus onset and the top of the peak,
and amplitudes were measured in microvolts as the difference
between the top of the peak and the following trough [1,9]. The
latencies and amplitudes measured manually by an audiolo-
gist and automatically by the FPP method were adjusted to
a 3rd order polynomial. The coefficient of determination (R?)
was calculated for each distribution. In addition to the anal-
ysis based on the polynomial fitting using the raw data (i.e.,
estimated amplitudes and latencies), a similar analysis was
performed using normalized data. Normalization consisted of
subtracting the mean value for each subject and adding the
global mean in order to decrease the inter-subject variability.
The values of amplitudes and latencies that did not accom-
plish minimum criteria to be considered as valid waves were
excluded from the analysis. The criteria used in this study
as threshold to detect auditory waves was SNRpeq >2dB and
Apeak > 0.05 pV.

3.2.2. Results

Fig. 2 shows the values of the latencies and amplitudes of
waves III and V measured manually (MAN) by an audiologist
and automatically by the fitted parametric peaks method (FPP)
in a set of 320 ABR signals from 8 normal hearing subjects
at different stimulation rates. The experimental data were
adjusted to a 3rd order polynomial to analyze the behavior
of these parameters with the stimulation rate. This analysis
shows (a) that the latency of the peaks increases as the stim-
ulation rate increases, with a deeper shift on wave V than on
wave III, and (b) that the amplitude of both peaks decreases
as stimulation rate increases. These effects are a normal phe-
nomenon, consequence of neural adaptation [8,45,46]. The low
values of the coefficients of determination (R?) on the param-
eters analyzed in this study for waves IIl and V (Fig. 2, upper
panel), especially in amplitudes, are due to the great inter-
subject variability. The coefficients of determination increase
significantly after normalization. The analysis of the data
after normalization (Fig. 2, lower panel) points out that the
coefficients of determination of the latencies and amplitudes
of waves III and V are greater when the parameters are esti-
mated automatically by the FPP method than when the values
are measured manually. Fig. 3 shows a comparative analysis
of the latencies and amplitudes of waves III and V estimated
manually by an audiologist and automatically by the FPP
method with the same set of ABR signals. First of all, this fig-
ure shows that all waves III and V were correctly identified
by the FPP method. In addition, the linear regression analysis
adjusted to the experimental data points out (a) that the auto-
matic parameterization of the peaks by FPP in terms of latency
and amplitude is strongly related with the manual procedure
(r>0.9 in all measures), (b) that latencies estimated by FPP are
accurate since the linear regression curves are close to the
curves FPP=MAN (dotted line), and (c) that a slight bias exists
between the amplitudes measured manually and automati-
cally by FPP, possibly as a consequence of local noise, which
systematically provokes an overestimation of amplitudes by
the manual method. Fig. 4 shows examples of ABR signals
used in this experiment from 5 subjects at different stimu-
lation rates. The parametric peaks adjusted to the waves III

and V are highlighted on this figure. In addition, this figure
includes the SNR associated with each peak evaluated auto-
matically by the FPP method. Table 2 presents the mean and
standard deviation of the latencies, amplitudes, widths, and
SNRs measured automatically by the FPP method on the waves
III and V. This table shows the tendency of the parameters as
stimulation rate increases: latencies increase, the interpeak
latency between waves III and V increases because the shift
of wave V is greater than in wave III, the amplitudes of both
waves decrease, the widths increase in both waves, possibly as
a consequence of neural desynchronization [47], and the SNRs
of both waves tend to decrease due to the lower amplitude of
the waves. Table 3 presents the mean and standard deviation
of the latencies and amplitudes measured manually on waves
IIl and V. The analysis of Tables 2 and 3 shows that, on average,
there are similarities between the values measured manu-
ally and automatically by the FPP method on the latencies of
waves III and V, and on the amplitude of wave III. Regarding
the amplitude of wave V, there is a systematic difference of a
few tens of nanovolts on the values measured manually and
automatically by the FPP method. This difference might arise
because the trough that follows wave V does not fit perfectly
the template. Nonetheless, the values of the latencies, ampli-
tudes, and widths shown in both Tables 2 and 3 are consistent
with those reported in previous studies [4,48-52].

3.3.  Experiment 2

3.3.1. Subjects and methods

In this second experiment, the performance of the automatic
quality assessment based on the FPP method is compared to
the automatic quality evaluation techniques based on the cor-
relation coefficient (), the Fsp, and the cross correlation with
a predefined template method (Cross Corr). The ABR signals
used in this test consisted of 500 recordings from 10 normal
hearing subjects (6 males and 4 females; aged between 21 and
37 years). Each recording was obtained with auditory stimuli
periodically presented at a rate of 30 Hz, at a different number
of averaged sweeps (100, 300, 900, 1800, and 9500). From these
500 recordings, 40 recordings were obtained without auditory
stimulation, so no ABR could be detected.

The correlation coefficient (r) analysis was performed on
the interval [1,10] ms to minimize the effect of the recorded
artifacts synchronized with the stimulus. The single point
(SP) chosen for the implementation of the Fsp method was
the sample 100 (corresponding to the 4th ms of the averag-
ing window, considering fs =25kHz). The template waveform
used on the Cross Corr method was built from ABR signals
recorded on 30 normal hearing subjects (17 males and 13
females; aged between 17 and 34 years) in the same recording
conditions as the test signals, using 2000 averaged sweeps.
The template waveform used in the Cross Corr method is
available as supplementary material (section B). These sub-
jects were different from those analyzed to obtain the ABR
signals used for test. Each ABR signal used to build the
template waveform was normalized in amplitude according
to its RMS value, cosined-tapered with a band pass win-
dow of [1,8] ms, and scaled in amplitude producing an RMS
value equal to the mean of the RMS values of the orig-
inal recordings. The mean of these signals produced the
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Fig. 2 - Latencies (L) and amplitudes (A) of waves III and V measured manually (MAN) and automatically by the FPP method

in a set of 320 ABR signals obtained from eight normal hearing subjects at different stimulation rates. Normalized data in
terms of the mean value are also presented on this figure to decrease the intersubject variability. The coefficients of
determination (R?) obtained in this study on each parameter suggest that the model of amplitudes and latencies is better

described with the FPP method.

template waveform used in the Cross Corr method. Further
details of the implementation of the methods based on the
correlation coefficient (r), on the Fsp, and on the Cross Corr can
be found, respectively, in [35,36,40].

The results obtained with the automatic methods were
compared to a subjective evaluation provided by 5 experts.
Each expert had at least three years of expertise in the analy-

of a number of ABR signals according to the following criteria:
Q=0, no ABRis observed (no auditory response); Q=1, wave V
can be hardly detected (highly noisy ABR); Q =2, wave V can be
detected but the rest of waves are unclear (noisy ABR); Q=3,
waves III and V can be clearly detected (ABR slightly noisy);
Q=4,waves], III, and V can be detected (good quality ABR); and
Q=>5, all components of the ABR can be easily detected (excel-

sis of ABR signals. The experts were asked to rate the quality lent quality ABR). A computer application was programmed

Table 2 - Mean (and standard deviation in parentheses) of the latencies (L), amplitudes (A), widths (W), and SNRs of

waves III and V measured automatically by the FPP on a set of 320 ABR signals obtained from 8 normal hearing subjects
at different stimulation rates. Latencies and widths are measured in ms, amplitudes in pV, and SNR in dB.

Stimulation L Ly Ly—L A Ay Wi Wy SNRi1 SNRy
rate (Hz)
45 3.74(0.13) 5.71(0.20) 1.97 (0.15) 0.25(0.08) 0.26 (0.07) 0.37(0.05) 0.46 (0.05) 9.19(2.83)  12.41 (3.03)
55 3.79 (0.10)  5.80(0.20)  1.99(0.15)  0.23(0.07)  0.25(0.08) 0.38 (0.04) 0.47 (0.06) 8.30(3.37)  12.78(3.55)
72 3.86(0.13) 5.91(0.18) 2.04(0.15) 0.21(0.07) 0.22(0.07) 0.37(0.05) 0.49 (0.06) 8.58 (3.34) 12.38 (2.68)
83 3.91(0.12) 5.98(0.19) 2.06(0.14) 0.20(0.08) 0.21(0.07) 0.38(0.05) 0.53(0.08) 8.05(3.96) 12.67 (3.37)
100 3.92(0.15) 6.09(0.22) 2.12(0.15) 0.17(0.07) 0.19 (0.06) 0.38(0.06) 0.50(0.07) 7.62(3.67) 13.16 (2.91)
125 4.01 (0.17) 6.21(0.20) 2.21(0.16) 0.14(0.06) 0.18 (0.05) 0.40(0.08)  0.50 (0.07) 7.64 (3.22) 12.57 (3.14)
167 4.18 (0.15)  6.41(0.26) 2.19(0.23) 0.15(0.07)  0.15(0.04) 0.52(0.14) 0.52(0.08) 6.59(4.02)  11.25 (3.05)
250 4.33(0.25) 6.77(0.25) 2.42(0.15) 0.11(0.05) 0.13(0.04) 0.54(0.12) 0.58(0.10) 5.42(2.23) 11.39(3.06)
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Fig. 3 - Comparative analysis of the latencies and amplitudes of waves III and V estimated manually by an audiologist and
automatically by the FPP method. The linear regression model of the experimental data is compared with the curve

FPP = MAN (dotted line).

to present the test ABR signals to the evaluators and ask for
the subjective quality. For each level of quality, two ABR signals
were presented to the evaluator as reference. The presentation
order of the ABR signals was randomized for each test. Fig. 5
shows a screenshot of the computer application for subjective
evaluation.

This experiment also includes a response validation study
carried out by the aforementioned automated methods in

terms of sensitivity and specificity with the same set of ABR
signals. The validation of responses by the automated meth-
ods was implemented considering a threshold level of quality,
which varied in all methods from their lowest estimation of
the quality to its greatest value. Automatic evaluations greater
or equal to such threshold would be a “positive”, and they
would be a “negative” otherwise. These automatic “positive”
and “negative” evaluations were compared to an objective

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5
Lo Vv 1 L n..v ] Loy 1 Lo v ] Loy 1
SNR (dB) SNR (dB) SNR (dB) i SNR (dB) n SNR (dB)
45 Hz Wul: 93 10 8.1 Mﬁ/\(rﬂ[m:ms Wq\/\/\ﬂ\/mze‘s *&/\/\/ﬂ/ym:eq
V:11.0 Vi114 Vi14.9 V:13.4 V:12.0
55 Hz W|||;g_7 J\Wm:s.s WHHM M/\V\Nm:z.o Wm:g.o
V:17.5 V:85 V:15.7 V:55 V:15.8
79 Hz Wumw %III:S.S T/\N/\/J\«JJVHHM Wumm Wul:e.s
v:i17.2 Vi 116 V:9.3 vi127 V:10.6
83 Hz Wumo.s MMIII:(}.O i 1.8 W\u:zm Wm:u
v:8.7 V: 135 V:6.3 Vi14.4 V:10.0
100 Hz \/\MM“HM Wm:s.g Wumm W\II:S.Q J\)/\M/\M/Um:w.g
V124 V:13.6 vi127 V112 Vi127
125 Hz W|u; 5.2 J\M\/Ju:u Wm:s.g W\u:s.w L AL\ 152
V:103 Vi 157 V117 V:146 V:10.9
167 Hz Wm:s.s Wum.s ‘\/\Wm:” W\u:m Wln:ts
v:3.7 V141 V:8.6 V:15.0 V:6.6
Io.a uv
250 Hz JWIII: 52 Wlu:z.g Wm:m wm:-m WIII:S.O
V:18.1 Vv:143 V:14.4 V:17.4 V:7.4
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Fig. 4 - Examples of ABR signals from five normal hearing subjects obtained at different stimulation rates using the
randomized stimulation and averaging (RSA) technique [43]. The parametric peaks adjusted to waves III and V are
highlighted on this figure and the automatic quality evaluation provided by the FPP method for each wave is presented.
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Table 3 - Mean (and standard deviation in parentheses) of the latencies (L), amplitudes (A), widths (W), and SNRs of

waves III and V measured manually on a set of 320 ABR signals obtained from 8 normal hearing subjects at different
stimulation rates. Latencies and widths are measured in ms and amplitudes in pV.

Stimulation rate (HZ) L Ly Ly—Lig A Ay
45 3.73 (0.15) 5.70 (0.23) 1.97 (0.20) 0.25 (0.10) 0.29 (0.07)
55 3.78 (0.11) 5.78 (0.22) 1.98 (0.18) 0.23 (0.10) 0.28 (0.09)
72 3.87 (0.14) 5.90 (0.22) 2.03 (0.19) 0.21 (0.08) 0.25 (0.07)
83 3.91 (0.16) 5.91 (0.40) 1.97 (0.43) 0.20 (0.09) 0.24 (0.07)

100 3.90 (0.14) 6.07 (0.24) 2.11 (0.20) 0.17 (0.08) 0.22 (0.07)

125 4.00 (0.20) 6.21 (0.23) 2.20 (0.24) 0.15 (0.07) 0.21 (0.05)

167 4.16 (0.19) 6.40 (0.29) 2.22 (0.27) 0.15 (0.06) 0.20 (0.08)

250 4.36 (0.37) 6.77 (0.30) 2.41 (0.21) 0.12 (0.06) 0.17 (0.04)

decision of response validation. This objective decision was
made considering the averaged subjective evaluations of the
experts greater or equal to 2, which corresponds with the
detection of at least the wave V. The sensitivity and specificity
parameters for each automated method were estimated at dif-
ferent acceptance thresholds as the true positive rate (TPR:
true positives divided by all positives) and as 1-false positive
rate (FPR: false positives divided by all negatives) respectively.

3.3.2.  Results

Some examples of ABR signals used for this experiment,
including their associated quality evaluation provided by the
automatic and subjective methods, are shown in Fig. 6 and
Table 4. In this table, FPP is expressed in dB, r is in the range
[-1,1], Fsp is in absolute value, Cross Corr is in the range [—1,1],
and subjective evaluations in the range [0,5]. Signals K and L
were obtained without any auditory stimuli, thus no ABR can
be detected. Fig. 7Arepresents the regression analysis between
the subjective evaluations provided by five experts and the

automatic quality assessment technique based on FPP. The
linear regression analysis for each individual subjective eval-
uation compared to the FPP method is shown in the figure. The
correlation coefficient for the regression analysis that consid-
ers all subjective evaluations (r=0.72) is lower in comparison
with the mean of the correlation coefficient for the individual
evaluations, which suggests that there exists a bias among
the evaluations of the experts. On the other hand, the cor-
relation coefficient increases significantly on the regression
analysis that considers the average of the subjective evalua-
tions (r=0.84, Fig. 7B), which remarks that the model is better
described with the averaging of a number of individual sub-
jective evaluations. The correlation coefficient for the rest of
the automatic methods compared to the averaged subjective
evaluations is r=0.78 for the evaluation based on the corre-
lation coefficient, r=0.77 for the evaluation based on the Fgp
expressed in dB, and r=0.74 for the evaluation based on the
cross correlation with a predefined template waveform. The
linear regression analysis between the averaged subjective
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Q=2
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E=8 =l
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of ABR signals e
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; : r ' Q=4

Q=3
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I i I
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Time (ms) Q=0
@ < ABR: 2 / 500

Subjective quality assessment of ABR signals. February, 2013.

Fig. 5 - Computer application screenshot used on the subjective evaluation of the quality. Two ABR signals are shown as
reference for each quality level. The subjective evaluator is asked to rate the quality for each test ABR between 0 (no ABR)

and 5 (excellent quality ABR).
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Fig. 6 — Examples of ABR signals of different quality used for test. The signals K and L are obtained without auditory
stimulation. The quality evaluation provided for each signal by both automatic and subjective methods is provided in

Table 4.

evaluation and the automatic methods based on the corre-
lation coefficient (r), the Fsp, and the cross correlation method
with a predefined template (Cross Corr) is available as supple-
mentary material (section C).

Fig. 8 shows the receiver operating characteristics (ROC)
space of a response validation study defined by the false posi-
tive rate (FPR), or 1-specificity, and the true positive rate (TPR),
or sensitivity, for the automated response validation meth-
ods based on fitted parametric peaks (FPP), on the correlation
coefficient (r), on the Fsp, and on the cross correlation with a
predefined template waveform (Cross Corr). This figure shows
that the FPP method presents the best results determining the
existence of response for all evaluated thresholds, in excep-
tion for the thresholds corresponding to FPR evaluations lower
than 0.006. The advantage of FPP with the other methods is
especially remarkable for low FPR evaluations (lower than 0.1).
The Fsp method presents better performance than the r and
Cross Corr methods for most of the evaluated thresholds. For

FPR evaluations greater than 0.55, the performances of the r,
Fsp, and Cross Corr methods are very similar.

4, Discussion

This paper describes in detail and evaluates the fitted para-
metric peaks (FPP) method, a new approach of automatic
quality assessment and peak parameterization based on the
use of templates. The use of templates for this purpose was
first proposed by C. Elberling in [40]. In his work, a cross
correlation method between the ABR signal used for test
and a template waveform is described. This method has the
limitation of requiring a database of predefined templates
for each recording condition, and while a significant match
may signify a response, lack of a match do not necessarily
means that no response is present, since a response could
exist but not match the template [11,40]. Another similar

Table 4 - Evaluation of the quality provided by the automatic evaluation techniques based on FPP, r, Fsp, and Cross Corr,

by the individual subjective evaluation of the experts (Ev1l-Ev5), and by the averaged subjective evaluation (All Ev) for the

ABR signals shown in Fig. 6 as examples.

ABR FPP r Fsp Cross Corr Evl Ev2 Ev3 Ev4 Eu5 All Ev
A 8.8 0.97 54.1 0.84 5 5 4 5 5 4.8
B 10.6 0.99 113.8 0.77 5 5 3 5 5 4.6
@ 7.6 0.95 12.5 0.86 5 4 3 4 5 4.2
D 14.2 0.54 3.6 0.80 4 4 4 5 4 4.2
B 7.1 0.70 5.6 0.58 4 3 3 5 4 3.8
F 5.8 0.42 2.5 0.61 3 4 3 3 3 3.2
G 6.5 0.53 3.7 0.65 3 1 1 3 4 2.4
H 4.8 0.61 2.1 0.71 4 3 2 4 3 3.2
I 1.4 0.10 1.6 0.64 0 2 1 1 2 1.2
J 1.9 0.27 2.1 0.59 1 3 1 3 2 2.0
K 1.9 0.40 1.7 0.62 0 1 0 0 0 0.2
I -1.7 -0.17 0.6 0.36 0 0 0 0 0 0.0
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Fig. 8 - ROC space of a response validation study defined by
the false positive rate (FPR), or 1-specificity, and the true
positive rate (TPR), or sensitivity, for the automated
response validation methods based on fitted parametric
peaks (FPP), on the correlation coefficient (r), on the Fgp, and
on the cross correlation with a predefined template
waveform (Cross Corr).

template-matching detection algorithm was commercially
implemented in the Algo-1 automated evoked response infant
hearing screener* (and successive versions). This detection
algorithm is based on the weighting of a number of points in a
template waveform according to their relative contribution in
identifying a response, and evaluating a test signal in terms of
likelihood ratio [53]. Clinical studies carried out by the Algo-1
screener show evidences of a high performance in screening
applications [19,53-55]. The approach of the FPP method
consists of the search of the latency, width, and amplitude
of a parametric peak, similar in morphology to an ABR wave
that best fits the most robust waves of the ABR, waves III and
V. The parametric peak waveform used as template in the FPP
method is commonly known as Mexican hat wavelet, which
has been successfully used in different applications of related
fields, e.g., [56,57]. The search of the parameters of the fitted
peak is computationally optimized to a 1-dimensional search
on the width. The optimal latency and amplitude of the para-
metric peak are directly estimated for a given width. The FPP
method described in this paper provides an automatic eval-
uation of the quality of ABR signals, and parameterizes the
most robust waves in terms of amplitude, latency, and width.

The performance of the FPP method was evaluated in
this study by two experiments. In the first experiment, the
latencies and amplitudes of waves III and V were estimated
manually by an audiologist and automatically by the FPP

4 Natus Medical Incorporated, San Carlos, CA.

method in ABR signals obtained from eight normal hearing
subjects at different stimulation rates. This analysis shows
that the FPP method successfully identified all waves Il and V.
Additionally, the models forlatencies and amplitudes of waves
III and V as stimulation rate increases are better described
when the values are estimated by the FPP method than man-
ually (R?rpp > R?%\an in all parameters), which suggests that the
FPP method provides more consistent results than the man-
ual procedure, possibly due to the fact that the FPP method
bases the estimation of the parameters considering an inter-
val of the response, rather than isolated samples, which makes
the FPP method less sensitive to noise. In addition, the results
of this experiment show that, despite the difference of a
few tens of nanovolts on the estimation of the amplitude
of wave V, the FPP method provides an accurate automatic
measure of the latencies, amplitudes, and widths of waves III
and V, consistent with previous studies. In the second exper-
iment, the performance of FPP was contrasted with the most
common automatic quality evaluation procedures: the corre-
lation coefficient (r) [35], the Fsp [36], and the cross correlation
with a predefined template waveform (Cross Corr) [40]. These
automatic quality evaluation methods were compared to a
subjective evaluation provided by five experts. The results
of this test revealed that although all automatic methods
present high correlation coefficients with the averaged sub-
jective assessment, the FPP remains as the method that best
approaches an averaged subjective evaluation. Comparing the
reliability of the visual judgments provided by the five experts,
this test shows, on one hand, that the correlation coefficient
is lower when all evaluations are considered in comparison to
individual evaluations, and on the other hand, that the cor-
relation coefficient is greater when considering an averaged
subjective evaluation. These results suggest that there is an
important bias among the evaluators. All individual evalua-
tions present a similar behavior, but a different scale, which
evidences that the reproducibility of visual judgments is not
high. This conclusion is in accordance with previous stud-
ies [33,38,39], and reveals the convenience of using automatic
methods. In comparison with the subjective approach, auto-
matic quality assessment methods are uniform, consistent
worldwide, and eliminate human inaccuracies. In addition to
this, the objective comparison of the aforementioned auto-
mated methods in validating ABR signals (Fig. 8) shows that
the FPP method presents the best results in most of the thresh-
olds analyzed in the study.

The advantages of FPP in research applications are numer-
ous. For instance, the automatic parameterization of the peaks
could replace the manual labeling of waves in clinical reports,
a tedious task which is usually omitted by the clinical person-
nel [1]. Furthermore, this functionality could be valuable to
provide an automatic ABR interpretation based on response
tracking (i.e., analyzing the changes on the morphology of the
auditory responses according to a gradual modification of any
stimulation setting, such as the intensity level or the stimu-
lation rate). An accurate automatic ABR interpretation might
have a significant clinical benefit by helping audiologists on
the human decision making [17-23]. The online quality assess-
ment and parameterization of the peaks carried out by FPP
could also be appropriate in many real time clinical applica-
tions, such as the on-going evaluation of the recorded signal to
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automatically stopping averaging, thus eliminating unneces-
sary recording time [13,14]. In addition to this, the automatic
evaluation of the quality of ABR signals could be useful to carry
out objective comparisons between the performances of dif-
ferent stimulation methods (RSA [43], QSD [58], CLAD [59,60],
etc.) and the effectiveness of different artifact rejection tech-
niques.

The FPP method is not defined for clinical applications,
such as screening or diagnosing. Screening and diagnosing
systems, like the Algo-1 infant hearing screener (Natus Medi-
cal Incorporated, San Carlos, CA) [53], are designed to detect
waveform abnormalities in very specific recording settings,
i.e.,, nature of the stimuli (clicks, chirps, windowed tones,
etc.), polarity, level, rate, hardware equipment, calibration,
recording procedure, etc. In screening and diagnosing appli-
cations, all parameters involved in the recording process are
protocoled and closed, in exception of the subjects. There-
fore, screening and diagnosing systems are useful classifying
subjects as “normal” (pass) or “pathologic” (fail). The defi-
nition of the “pass” criterion requires a strictly protocoled
recording procedure (recording system, stimulation and recor-
ding settings, etc.) and a clinical study with a large database
of explored normal and pathologic subjects. In contrast to
these systems, FPP can be used in a wide range of scenar-
ios because it adapts to the normal fluctuations in amplitude,
latency, width, and morphology among subjects and recording
conditions. These features are appropriate in many research
applications.

The automatic quality evaluation methods based on the
correlation coefficient, the Fsp, and FPP present different
approaches. First, the correlation coefficient bases the eval-
uation of the quality on the grade of reproducibility of two
consecutive signals. A high positive correlation coefficient
would indicate a high quality ABR if both signals are recorded
in similar conditions [61]. This method presents the limitation
that requires a second ABR signal to perform the test, which
doubles the recording time. Additionally, a strong artifact syn-
chronized with the stimulus would lead to an inaccurately
high evaluation of the quality. The Fsp method bases the eval-
uation of the quality on the power of the averaged signal and
the power of noise across sweeps. This technique requires the
evaluation of all recorded sweeps, thus this method cannot
be implemented offline unless the EEG is stored (or at least
the single point of each sweep). In addition, this technique
may present a lack of reliability when evaluating a signal that
could not be a response. For instance, this technique would
provide a high evaluation index when the ABR is affected by
a strong artifact synchronized with the stimulus. Finally, the
FPP method approaches the perspective of expert subjective
evaluators, rating the grade of identification and quality of
the most important waves, does not require the access to the
EEG, and provides information regarding the parameterization
of the peaks. We believe that since the correlation coeffi-
cient method measures the reproducibility of the response,
the Fsp method measures the level of noise of the recording,
and the FPP method evaluates the existence of ABR waves,
the use of a combination of all these automatic methods
could improve significantly the accuracy in automatic eval-
uations and provide a better automatic interpretation of ABR
signals.

Future research could include the search of appropriate
template functions that fit the waves of other auditory evoked
potentials, such as compound action potentials (CAPs), mid-
dle latency responses (MLRs), or late latency responses (LLRs)
using the approach of FPP.

5. Conclusion and significance

A novel automatic method for quality assessment and peak
identification of ABR signals, the fitted parametric peaks (FPP),
is described and evaluated in this article. The approach of
FPP opens a new paradigm in template-matching algorithms,
avoiding the need of a database of templates and including
additional information regarding the most relevant compo-
nents of ABR signals. The computational efficiency of the FPP
method could be appropriate for its implementation in real
time processing applications. The results presented in this
article suggest that FPP method presents a high level of accu-
racy identifying the most important waves of the ABR, and
estimating their latency, amplitude, and width. The measure
of these parameters with the FPP method seems to be less sen-
sitive to noise than the manual procedure because it considers
an interval of the response rather than isolated samples. The
automatic identification of the peaks could facilitate the wave
labeling process and could be useful to provide an automatic
ABR interpretation, with a significant clinical value by helping
the operator with the decision making. In comparison with
the automatic evaluation techniques based on the correlation
coefficient (r), on Fsp, and on the cross correlation with a pre-
defined template waveform (Cross Corr), the FPP remains as the
method (a) that best approaches a subjective evaluation of the
quality, and (b) that provides the best results in the validation
of ABR signals in most of the analyzed thresholds. This study
has also shown that the subjective evaluations provided by
different experts were biased among evaluators, i.e., all eval-
uators had the same criteria but their scales of assessment
were different. This bias can be a problem for the reliability of
a subjective evaluation, especially when the evaluator is not
an expert. The use of the automatic FPP method described in
this paper could be valuable in this context.
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