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This study investigates the frequency specific contribution to the auditory
brainstem response (ABR) of chirp stimuli. Frequency rising chirps were
designed to compensate for the cochlear traveling wave delay, and lead to
larger wave-V amplitudes than for click stimuli as more auditory nerve
fibres fire synchronously. Traditional click stimuli were believed to only
excite high-frequency fibres synchronously. It is still currently unclear
whether the broad-band chirp stimulus leads to increased synchronisation of
both low- and high-frequency fibres. It is also unclear if both these groups
of fibres contribute significantly to the overall wave-V amplitude. In the
present study, ABRs were recorded from 10 normal-hearing listeners using
low- and high-frequency band-limited chirps and clicks (0.1 — 1.5 kHz and
1.5 - 10 kHz) presented at a level of 40 dB HL. The results showed
significantly larger wave-V amplitudes for both low and high-frequency
band-limited chirps than for the filtered clicks. This demonstrates that the
synchronisation of nerve fibres occurs across the entire frequency range at
this presentation level, and this leads to significant increases in wave-V
amplitudes. The increase for the low-frequency chirp was found to be
clearly larger than that obtained at the higher frequencies.

INTRODUCTION

ABRs in response to transient sound stimuli represent the summed electric potential
from many remotely located neurons, recorded via scalp electrodes. The click
evoked ABR has 7 distinct waves, where wave-V is the most prominent. One key
feature of the ABR wave-V is the peak latency which is dependent on both stimulus
frequency (Neely et al., 1988) and level (Dau, 2003). The frequency dependence is
due to the tonotopic mapping on the basilar membrane (BM) with high-frequency at
base and low-frequency at apex (Greenwood, 1990). Each frequency component of a
stimulus is associated with a certain delay, and a click stimulus will thus elicit
responses over a relatively large time span. This limits the synchronicity of the
response, and thereby reduces the ABR amplitude evoked by such a stimulus
(Elberling et al., 2007). Frequency rising chirps have been designed to compensate
for the cochlear travelling wave delay. The use of chirp stimulus leads to larger
wave-V amplitudes than for click stimuli as more auditory nerve fibres fire
synchronously (see Elberling et al., 2007, for review). The increase in synchronicity
has traditionally been argued to occur mainly at low frequencies, where the peaks of
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the individual nerve responses are most delayed. E.g. Shore and Nuttall (1985) and
Dau ef al. (2000) argue that the low frequencies are the key to the improved wave-V
amplitudes, as low frequencies are least synchronous with the more aligned high
frequencies and the room for improvement thus is largest. However, the impulse
responses of the nerve fibre responses at low frequencies have much longer duration
(Kiang, 1965), and it is thus not possible to align all the excitation at low
frequencies. However, a chirp is designed to align all frequencies (Elberling and
Don, 2008), and the better alignment of high frequencies, with short impulse
responses, could thus be an alternative hypothesis. It is currently unclear whether the
broad-band chirp stimulus leads to increased synchronisation of both low- and high-
frequency fibres. It is also unclear if both of these groups of fibres contribute
significantly to the overall wave-V amplitude.

The research questions addressed in this paper are: 1) Is the increased wave-V
amplitude (increased nervous synchronicity) observed for both high and low
frequencies when stimulating with chirps instead of clicks? 2) Are high or low
frequencies key to the increased wave-V amplitude observed when stimulating with
broad-band chirps?

TEST DESIGN

Six stimuli were created. A broad-band click and a broad-band chirp, containing the
frequencies from 100 Hz to 10 kHz, were used as reference. The click was a 100 ps
standard click, and the chirp was identical to "chirp 3" in Elberling et al. (2010).
Further low-frequency and high-frequency versions of the click and chirp were
created. The method described by Elberling et al. (2007) was used. The phase delays
for hence chirps and clicks were the same as used to create the broad-band stimuli.
Both the high-frequency and low-frequency cut-off frequency was 1500 Hz. Fig. 1
shows the time series representation of the six stimuli. The power spectra of the two
broad-band stimuli were identical. The summed versions of the low-frequency and
high-frequency click, and the low-frequency and high-frequency chirp has also
identical power spectra as the broad-band versions. The power of the low-frequency
(-3.1 dB relative to broad-band condition) high-frequency (-0.6 dB relative to broad-
band condition) stimulus are thus smaller than the power of the broad-band versions.
Fig. 2 shows the power spectra of the stimuli, note that the two broad-band stimuli,
the two low-frequency stimuli and the two high-frequency stimuli have identical
spectra.

The six stimuli were linked to each other in terms of the power spectra as described
above. Therefore only the broad-band click was calibrated, and the rest adjusted
correspondingly. By inserting ER1-14 ear plug in a B&K Ear Simulator Type 4157
(IEC 60711) using adapter B&K DB 2012 the click was calibrated to a level of 75.2
dB peSPL. The reference equivalent threshold sound pressure level (RETSPL) for
the click calibrated this way is 35.2 dB RETSPL (taken from the corresponding head
and torso simulator measurement of Richter & Fedtke, 2005), and the measurements
are thus carried out at 40 dB HL.
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Fig. 1: The six stimuli used in the study. To the left are the clicks shown, to
the right the chirps.
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Fig. 2: Spectra of the different stimuli. The sum of the two hence low- and
high-frequency clicks or chirps have the same power spectrum as the broad-
band stimulus.

Test subjects

The ABR measurements were carried out at the Centre for Applied Hearing
Research (CAHR), Technical University of Denmark. Ten normal-hearing test
subjects (10 left ears) participated in the study. All subjects had normal hearing
defined as pure tone thresholds equal to or better than 20 dB HL in the range from
125 Hz to 8 kHz. The subjects were all students between 20-30 years old (2 females
and 8 males). The session lasted for maximally 1.5 hours including a short briefing
and fitting of electrode cap. Only the left ear was tested.

Measurement procedure

The test subject was placed in an electrically and acoustically shielded booth. The
signals were presented at 48 kHz sampling frequency through an Etymotic Research
ER-2 insert earphone. The recording of the ABR was done using a Medical
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Equipment ApS Synamps®, which sampled the recorded signal at 10 kHz. The
electrodes were placed at vertex (reference), ipsilateral mastoid, and forehead
(ground). An electrode impedance below 1 kQ was achieved for the majority of the
test subjects.

The post-processing was done using MATLAB. The raw data was averaged, and
filtered using a band-pass filter with cut-off frequencies at 100 and 3000 Hz. Wave-
V was detected in a time interval from 0 - 7 ms after the offset of the stimulation.
The wave-V amplitude was calculated as the difference in amplitude between the
maximum amplitude and the minimum amplitude found in the subsequent 2 ms.

RESULTS

Fig. 3 shows the mean and the corresponding one-standard deviation of wave-V
amplitudes of the 6 conditions measured. The broad-band click and chirp used in
this study are identical to the ones presented by Elberling et al. (2010). They found
an averaged click evoked wave-V amplitude of 0.368 pV and an averaged chirp
evoked amplitude of 0.645 puV. This compares well with the amplitudes measured in
this study.

Broad Low High
Stimulus
Fig. 3: Mean ABR Wave-V amplitude and one standard deviation plotted
for each stimulus condition

The mean amplitudes indicate that the chirp stimuli generate larger ABR Wave-V
amplitude compared to the click stimuli across all conditions. The high-frequency
chirp condition is significantly different from both the broad-band chirp (High #
Broad: p value = 0.014) and the low-frequency chirp condition (High # Low: p value
= 0.005), indicating that both high and low frequencies are adding to the measured
amplitude. It cannot be rejected that the high-frequency click gives rise to the same
amplitude as the broad-band click (High # Broad: p value = 0.614) indicating that
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the broad-band click is entirely determined by the high-frequency contribution. The
p-values were calculated using a one-sample t-test.

The difference between the click evoked and chirp evoked wave-V amplitude was
calculated for each test subject to reduce the influence of the inter-subject
variability. The mean and standard deviation of the improvements from click to
chirp are shown in Fig. 4. A two-sample t-test was applied to analyse the data (see
Table 1).
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Fig. 4: Improvement in wave-V amplitude from click to chirp evoked
responses. The mean and one standard deviation are plotted.

Hypothesis P-value
Low>0 << 0.001
High >0 0.006
Broad > 0 << 0.001

Low # Broad 0.237
High # Broad 0.004

Table 1: Statistical analysis of data in Fig. 4, two-sample t-test

All three stimuli types show significantly larger amplitudes for chirps over clicks,
supporting the hypothesis that the increased synchronicity happens over the entire
frequency range. It is also shown that the high-frequency improvement was
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significantly different from the broad-band improvement, and thus the high
frequencies cannot be the entire explanation for the larger amplitude measured with
a chirp instead of a click. It cannot be rejected that the improvement measured with
the low-frequency stimuli are equal to the improvement of the broad-band
conditions. These results will be further discussed in the discussion section.

DISCUSSION

This study investigated the frequency regions contributing to the chirp ABR Wave-
V amplitude. It was found that an increase in ABR wave-V amplitude when
stimulating with a chirp stimulus rather than a click, was observed both at lower and
higher frequencies, indicating that the increased synchronicity of the nervous
responses takes place across the entire frequency range. It was also shown that the
high-frequency region cannot explain the improvement from click to chirp when
stimulating with the broad-band stimuli. However, the improvements observed at the
low-frequency conditions and the broad-band conditions were not significantly
different, indicating that the lower frequencies can explain all the improvement from
the click to chirp condition. This contradiction in the results, that the high-frequency
improvement is significantly larger than zero, and that the low-frequency
improvement is not significantly different from the broad-band improvement, would
likely be clarified if more test subjects had been used.

Fig. 3 shows that high frequencies were the main contributor to the formation of
ABR Wave-V amplitudes for both clicks and chirps. This was likely due to the fact
that the high-frequency stimuli contains more power, and to the fact that the high-
frequency basilar membrane responses have short impulse responses that were
inherently better aligned than the longer impulse responses at low frequencies.
However, the improvement from click to chirp at high frequencies was small.

In Fig. 5 the amplitudes of the low-frequency and high-frequency responses were
added for each test subject and compared to the broad-band evoked amplitudes. It is
clearly observed that the summed amplitude is larger than the broad-band evoked
amplitude. This shows that the auditory pathway behaves nonlinearly. The
explanation is that the outer-hair-cells (OHC) amplifies weak sounds more than
louder sounds (compression) and the fact that the filtered responses gives rise to
spread of excitation on the basilar membrane in the region surrounding the 1500 Hz
cut-off frequency. The 1500 Hz region would in the broad-band conditions have
been masked. The low level "off-frequency” excitation will be amplified by the
OHC and the summed response of the two frequency limited conditions will thus be
stronger than the one measured with the broad-band stimulus. The increased
amplitudes observed with the summed low and high responses, are though equally
large for both click and chirp stimulus. This leads to a very limited effect on the
wave-V improvements shown in Fig. 4, and the possible uncertainty regarding the
unmasked off-frequency effects were thus negligible.
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Fig. 5: ABR Wave-V for filtered stimuli are added for each subject and
compared to data for broad-band. The mean and one standard deviation are
shown.

CONCLUSION

This study examined the influence of frequency range on chirp evoked ABR at a
presentation level of 40 dB HL. It was shown that both low and high frequencies
contribute to the increase in wave-V when using a chirp stimulus instead of a click
stimulus. This demonstrates that synchronisation of nerve fibres occur across the
entire frequency range. However, the largest increase in wave-V is observed at
lower frequencies.
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For many years the human auditory system has been an inspiration for devel-
opers of automatic speech recognition systems because of its ability to inter-
pret speech accurately in a wide variety of difficult acoustical environments.
This paper discusses the application of physiologically-motivated approaches
to signal processing that facilitate robust automatic speech recognition in en-
vironments with additive noise and reverberation. We review selected aspects
of auditory processing that are believed to be especially relevant to speech
perception, “classic” auditory models of the 1980s, the application of con-
temporary auditory-based signal processing approaches to practical automatic
speech recognition systems, and the impact of these models on speech recog-
nition accuracy in degraded acoustical environments.

INTRODUCTION

It is well known that human speech processing capabilities far surpass the capabilities
of current automatic speech recognition and related technologies, despite very inten-
sive research in automated speech technologies in recent decades. Indeed, these obser-
vations have motivated the development of feature extraction approaches for speech
recognition systems that are motivated by auditory physiology and perception since
the early 1980s, but it is only relatively recently that these approaches have become
effective in their application to computer speech processing. We begin this paper with
a brief review of some of the major physiological phenomena that have been the object
of attention by developers of auditory-based feature extraction methods. We continue
with a brief review of three seminal “classical” auditory models of the 1980s that have
had a major impact on the approaches taken by more recent contributors to this field.
We then discuss some of the topics that are foci of contemporary auditory models and
provide some examples of current efforts. Finally, we describe the results of a limited
number of representative experiments that demonstrate the effectiveness of auditory
modelling for automatic speech recognition, concluding with a brief discussion of the
attributes of these models that appear to be most effective in improving recognition
accuracy.

RELEVANT AUDITORY PHENOMENA

Most classical and current auditory models are based on capturing a small number of
rather basic physiological phenomena, all of which are quite familiar to researchers in
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