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ABSTRACT

Measures of amplitude and frequency perturbatiorteé fundamental frequency (FO) of speech, knosvshammer
and jitter respectively, are commonly used to assgeech pathology and voice quality. One limitatid these
measures is that they are not based on auditopepstng. Shimmer estimation, in particular, cowdddfit from the
incorporation of auditory processing because thuis of the peripheral auditory filters arrangddng the
tonotopic axis have very different amplitude motiota profiles at the fundamental periodicity. Iristtstudy, we
compared the amplitude modulations in the brainsesponse evoked by a natural vowel stimulus irsewrmal
hearing subjects to the shimmer in the broadbaintlikts and in the stimulus filtered around eachhef first four
formants (F1 — F4). The correlation coefficientswsen the amplitude contour derived from the graweraged
evoked response and amplitude contours derived finenbroadband speech signal and the signal filtereund F1,
F2, F3, and F4 were 0.66, 0.35, 0.65, 0.81, and @&8pectively. On the other hand, the stimulusliange contour
variance (a measure of the power of amplitude peations) was 20.4, 8.4, 10.1, and 3.8 dB for thédtared signal
and the signal filtered around F1, F2, and F3 respdy relative to the variance of the amplitudetour of the sig-
nal filtered around F4. Therefore, strong correladi with the amplitude contour of the evoked respowere ob-
tained for the speech signal filtered around F3Réhih spite of having smaller amplitude perturbiasi compared to
the broadband signal and the signal filtered ardeth@nd F2. This result suggests that shimmer lzdémliin broad-
band speech may not be the best measure of peatlg@nd physiologically relevant amplitude pertatibns, and
therefore indicates the need for representaticaisctiaracterize shimmer separately in the diffefreifuency regions

of speech.

INTRODUCTION

Cycle-by-cycle amplitude and frequency perturbationthe

fundamental frequency (FO) of speech, known as rsieim
and jitter respectively, are commonly measured gsess
speech pathology and voice quality (e.g. Buder amnan§,

2003). Shimmer and jitter can also reflect the ¢omat state
of the speaker and the social dynamics betweerspbaker
and the listener (Ito, 2004), and may be affectedsdveral
pathologies such as such as amyotrophic later@rcasis

(Aronson et al., 1992), multiple sclerosis (Hatsliet al.,
1997), and Parkinson’s disease (Li et al., 2008).

One limitation of these two measures is that theyndt in-
clude a consideration of auditory processing, etleugh
there are several lines of evidence that indidzdé the proc-
essing and perception of shimmer and jitter vaaig®ss the
tonotopic axis:

1) Psychophysical and neurophysiological studiege hde-
termined that the pitch of a harmonic complex igergalient
for lower frequency (resolved) harmonics than faoghler
frequency (unresolved) harmonics (e.g. Larsen .e2808).
Other studies have suggested different mechanismgréc-
essing of the pitch of resolved and unresolved baics
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(Carlyon and Shackleton, 1994). While these studigésot
directly examine perturbations in the pitch, theggest that
shimmer and jitter may also be processed diffeyetetbend-
ing on where the acoustic energy is concentratedgathe
tonotopic axis.

2) Recordings of neural activity in the auditoryveem ani-
mals have shown that the representation of thén pitccom-
plex tones varies as a function of the stimulugdexcy con-
tent, with the interspike intervals being relatedte stimulus
waveforms for low frequency stimuli and to the wiawven

envelope for high frequency stimuli (Cariani et &B96). As
a consequence, it is likely that processing attiréiest levels
of the auditory system would depend on the frequenn-
tent of the stimulus signal that is subject to shan and
jitter.

3) Simulations of how speech is processed by pergh
auditory filters in the region of unresolved harnesnshow
that although the outputs of these filters arequkici at the
fundamental frequency FO, they have very differamipli-

tude profiles depending on the center frequenctheffilter

(Patterson et al., 1992).
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4) A recent study indicates that shimmer in spetbet is
bandpass filtered around the third formant coula lpessible
cue for judging the social relationship betweenad@ge
speakers (Ito, 2004).

These results suggest that distinct shimmer cieaailable
at different points of the tonotopic axis, and amnsently that
the estimation of shimmer, in particular, could &fnfrom

the incorporation of auditory processing. As a itesn a
previous report, we proposed a new reprentaticshmhmer,
referred to as the “tonotopic shimmer spectralridistion”

(Dajani and Giguére, 2009). This representatiortsptbe
spectral content of amplitude contours of bandgitesed

speech at different points along the tonotopic.akisexam-
ple of this for the vowel /a/ spoken by an adultaria shown
in Fig. 1. It shows how the distributions of theespal con-
tent of the amplitude contours differ between tinst three
formant regions (Fig. 1).

Centre Frequency (Hz)

8 10 12 14 16 18 20 22 24 26 28 30
Hz
Figure 1. “Tonotopic shimmer spectral distribution” of the
vowel /a/ spoken by an adult male (different frdra vowel
used as the stimulus in the reported experimehiy fepre-
sentation plots the power spectra of shimmer irdpass
filtered speech as a function of the bandpass fikatre
frequency (y-axis). The arrows show the first 3rfant fre-
guencies obtained using Praat v.4.5 and averagattioy
duration of the vowel.

Brainstem peech-evoked responses present another

avenue in which the processing of shimmer can be ob
jectively studied in humans. When measured with-a s
called vertical electrode montage, these evoked re-
sponses are thought to mainly reflect brainsterivigct
that is phase-locked to periodicities in the stimuWe
had previously shown that fine structure frequency
variations in FO (i.e. jitter) in a natural vowedrc be
extracted from speech-evoked responses (Dajani, et a
2005). In that study, the question of amplitudeiasar
tions at FO (shimmer) was not addressed. Therefiore,
the current report we re-analyse the previously col
lected evoked responses with the following objesiv

1) To determine if amplitude variations at FO ie tirainstem
evoked responses closely track amplitude variataris0 in
the speech acoustic stimulus.

2) To determine the correlation between amplituaigations
at FO in the electrophysiological evoked response the
amplitude variations at FO in speech stimulus ihAandpass
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filtered around the first four formants. If differecorrelation
coefficients were found, then this would lend fertlsupport
to the view that shimmer cues are processed diffigrand
vary in their importance depending on where thegioate
along the tonotopic axis.

Although the data used for this study had beenrdstbpre-
viously, the objectives, analysis, and resultsnew and have
not been reported before.

METHODS
Subjects and recording of evoked responses

Seven normal hearing subjects (22 — 65 years wld, fé-

males) participated in this study. Brainstem speaaked

potentials were recorded in response to a 2 sagalaa/

vowel spoken by an adult male using an measuregient

trode attached to the scalp at the vertex andezarte elec-
trode placed on the neck just below the hairliree $timulus
vowel had an average FO of approximately 165 Ha/hted

between 162 and 168 Hz over the duration of therarce.
The responses were digitised at 32 kHz and 16Gbidlution.

Each experimental session consisted of 1350 stemalpeti-

tions over which the responses were synchronowssaged
to improve the response SNR. A control experimett wie

earphone inserted in a Zwislocki coupler confirntieat there
was no electrical leakage from the sound generatngp-

ment to the electrodes. Further details regardiegstimulus
generation and recording of the evoked response$oand

in Dajani et al. (2005).

Analysis

Peak amplitudes in individual pitch periods in thgeech
stimulus waveform were determined using a semi+aatic
method in which a peak detector fits a quadratigrpmmial
to the signal over successive 6 msec intervals. Big The
detected peaks were inspected visually, and a flewsawere
manually corrected using a software program wriftarthis
purpose. The peak amplitudes in each pitch periexé then
interpolated using a cubic spline interpolator aaapling
frequency of 32 kHz. The result of this operaticewve a
“stimulus pitch amplitude contour” associated vtitle unfil-
tered speech signal.

To determine the pitch amplitude contours assatiatith
each of the first four formant regions (F1 to R#hg formant
frequencies were first estimated using Praat vah& aver-
aged over the utterance. Then the speech signafilteaied
using a 201 tap bandpass FIR filter with a bandwaftd00
Hz, and centered on each formant frequency. Gikierlack
of a good understanding of how the pitch perioditstrepre-
sented in the brainstem in different regions of tibreotopic
axis, the choice of a bandwidth of 400 Hz is based com-
promise between the need for the filter to be sigffitly nar-
row to isolate the speech signal around the forpsard to be
sufficiently wide to reflect the information that available in
higher centers from a combination of multiple narroo-
chlear filters at low tonotopic frequencies. Thatwidth of
400 Hz also corresponds to the bandwidth chosentdy
(2004) for isolating speech in the region of F3e Tutput of
the bandpass filter was then processed as desalimd to
obtain the associated stimulus pitch amplitude manst, with
compensation for the delay of the FIR filter incldde the
analysis.
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Figure 2. Top to bottom: Detected peaks (red bullets) of
individual pitch periods within the first 0.2 secbaf the
evoked response, unfiltered speech stimulus, speeohlus
filtered around F1, filtered around F2, filteredand F3, and
filtered around F4. The peaks are used to constnectpitch
amplitude contour” associated with each signal. Sigaals
are shown after compensation for the delay of tRefiiter.
For clarity, the scale of the y-axis is adjustedisd the sig-
nal fills the plot.

To analyse the evoked response, first the granthgeere-
sponse was obtained by averaging the responsel thfea
subjects. Then the signal in the region of FO veadated
using a 501 tap bandpass FIR filter with a bandwaftf70

Hz centered at 165 Hz. The output of the filter wescessed
as described above to obtain the “evoked respoibse gm-

plitude contour”, with compensation for the deldytle FIR

filter incorporated included in the analysis.

The statistical correlation coefficient between tieoked
response pitch amplitude contour and each of timeukts
contours was determined, calculated as the ratithefco-
variance between the two curves and the produttteoftan-
dard deviations of the curves:

_cov(X)Y)
l? =
UX JY

Because there is a delay between the stimulus aneivibked
response, it was necessary to align the two cysies to the
calculation ofp. This was done by shifting the stimulus con-
tour forward to the time point whepewas maximized. In
addition top, the variance of each stimulus contour, which is
a measure of the power of the amplitude perturbafiovas
calculated.

RESULTS

Figure 3 shows the pitch amplitude contours obthiftem
the grand-averaged evoked response, from the enefilt
speech stimulus signal, and from the stimulus $ipaad-
pass filtered in the region of the first four foms The cor-
relation coefficients between the evoked resporm®ocir
and each of the stimulus contours is shown in Tabl€he
stimulus contour power (or variance) is also shawmnits of
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dB relative to the power of the contour of the sigfiltered
around F4.

As can be seen, there is a fairly good correlatietwveen the
amplitude contour of the unfiltered stimulus and #voked
responsey = 0.66). The best correlations, however, were
obtained with contours of the stimulus filteredward F3 and
F4 (p = 0.81 and 0.80). These correlations were observed
spite of having smaller amplitude perturbationatieé to the
contours of the unfiltered stimulus and the stinfiltered
around F1 and F2. In marked contrast, a much snaiee-
lation was obtained with the stimulus filtered axduF1 p =
0.35) despite having amplitude perturbations 8.4hitgher
than those of the stimulus filtered around F4.

The latency shift required to maximizewas between 4 and
5 ms for the unfiltered stimulus, and stimuli fike around
F2, F3, and F4. These latencies (which includelaydsf < 1
ms related to the transmission of the stimulushe ¢ar-
phone) fit with the latencies of 5-10 ms reported lirain-
stem speech evoked responses (Chandrasekaran ams, Kra
2010). In contrast, the latency of shift requiredthe stimu-
lus filtered around F1 was 119.9 ms. Since suditenty is
too long for a brainstem response, this lends érupport
to a dissociation between the evoked response pitabli-
tude contour and the stimulus filtered around F1.
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Figure 3. Top to bottom: Pitch amplitude contours for the
evoked response, unfiltered speech stimulus, spsénhlus
filtered around F1, filtered around F2, filteredand F3, and
filtered around F4. The units of the y-axis ardteaiby but
the scale is shown for the speech stimuli to itatst differ-

ences in the size of amplitude perturbations.
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Table 1. Table shows the correlation coefficient between t
pitch amplitude contour of the evoked responseeauth of
the speech stimulus pitch amplitude contours. Atsown is
the power (variance) of each of the speech stimedasours
relative to the power of the contour associateti tie
speech stimulus filtered around F4.
Correlation Relative
coefficient | power (dB)

Unfiltered 0.66 20.4
Filtered around F1

(810 H2) 0.35 8.4
Filtered around F2

(1491 Hy) 0.65 10.1
Filtered around F3

(2441 Hy) 0.81 3.8
Filtered around F4

(3189 Hy) 0.80 0.0

DISCUSSION AND CONCLUSIONS

This study provides objective physiological evidene hu-
mans that different shimmer cues may be availalolegathe
tonotopic axis. The poor correlation between thehpampli-
tude contour in the F1 region and the evoked respaon-
tour suggests that amplitude perturbations in E(Qpaocessed
differently in the various formant regions. Thisopaorrela-
tion may appear surprising, given that the energurad F1
is higher than around the other formants, and gikiahpitch
is known to be more perceptually salient with coempk of
resolved (lower frequency) harmonics compared ten-co
plexes of unresolved harmonics. However, it is tvalistin-
guishing between the salience of pitch and thegptian of
perturbation in pitch. Cochlear filters centeredoater fre-
guencies are narrower but have longer time corstahere-
fore, it is entirely possible that central mechersiscan ex-
tract the pitch associated with resolved harmoniite high
saliency, but is unable to track small changeshi pitch
well.

How the auditory system processes pitch is stitlwell un-

derstood, but it is possible that pitch coding ires a com-
bination of rate-place activity and the interspikterval dis-
tributions (Larsen et al., 2008; Cedolin and Delkgu004).
Auditory processing of perturbations in pitch iserviess
well understood. However regardless of the mechariis

volved, this study suggests that shimmer calculatdatoad-
band speech may not be the best measure of peatig@nd

physiologically relevant amplitude perturbatiortsthierefore
indicates the need for representations that charaetshim-
mer separately in the different frequency regidhspeech.
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