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Abstract
Introduction: The Frequency-Following Response (FFR) is usually considered to reflect pitch,
thus providing an objective tool for the study of this ecologically important percept in
psychoacoustically non-competent subjects. However, the so-called pitch shift (PS) condition
casts doubt on this relation since a PS-related periodicity has not been undeniably found yet in
the FFR. As the PS percept is typically weak and ambiguous, we tried to identify special subjects
with a clear percept in PS condition, thus maximizing the chances to find its trace in the FFR.
Methods: Two psychoacoustical experiments were performed on three groups: ten musicians, ten
Mandarin speakers and ten controls. Experiment 1 was a pitch matching task measuring the level
of pitch strength and ambiguity. Experiment 2 measured the Difference Limens for the
Fundamental, F0 (DLF0) to determine whether it was a good predictor of the pitch matching
performances.
Results: Musicians indisputably outperformed controls and Mandarin speakers. Among the
musicians, four participants presented a perceived pitch as clear and unambiguous in the PS as in
no PS condition, thus satisfying our objective. DLF0 values were not correlated with the pitch
strength. A pilot FFR was recorded from one of the four better performing musicians, and the
FFR autocorrelation function contained a periodicity that remarkably follows the pitch matched,
according to the condition.
Conclusions: The better performing subjects we are looking for can be found among musicians
and the very preliminary FFR results are compatible with the presence of a neural code for pitch
in the PS condition.

I. Introduction
Pitch is “that attribute of auditory sensation in terms of which sounds may be ordered on a scale
a

from low to high” . For pure tones, pitch changes when the pure tone frequency is modified.
However, many naturally occurring sounds are complex tones, often with a harmonic structure,
as is the case of vocalizations and sounds produced by tonal musical instruments. Pitch of
harmonic complex tones depends on the envelope repetition rate of the sound wave, which
corresponds to the fundamental frequency, F0. Even when this F0 is missing, meaning that there
is no acoustical energy at the F0 frequency, a pitch equal to F0 is still perceived: this pitch is
called “virtual”, “fundamental”, “residue”, “periodicity” or “complex pitch” [1, 2]. This missing
fundamental percept shows that pitch is not a simple function of tonotopy. The study of pitch
extraction mechanisms and performances is important for several reasons: in music, pitch defines
notes and consequently the melody; it conveys speech information as prosody, allows clausetyping and gives information about speaker identity, taking an important part in the “cocktail
party” effect [3], helping selection of the acoustical flow of the target speaker. In tonal
languages, the meaning of words is determined by pitch, the prototype of tonal languages being
Mandarin, a Chinese tonal language. Finally, alteration of pitch perception secondary to hearing
loss leads to a poorer speech understanding ability in noise conditions [4]. Most recent theories
assume that temporal models best explain the pitch extraction, based on the neuronal phaselocked activity, e.g. [5]. Consequently, the Frequency-Following Response (FFR) - a shortlatency auditory evoked potential (AEP) which reflects sustained synchronous phase-locked
activity to stimulus-related periodicities, i.e. to the stimulus waveform envelope and to individual
harmonics frequencies (the primaries) [6] - has been the focus of many investigations, since it is
a
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supposed to reveal the neural code of speech F0 and low-numbered formants [7]. Recent
literature implicitly considers that the FFR represents the neural code for the extracted pitch, thus
providing an objective tool for the study of this ecologically important percept in
psychoacoustical non testable subjects. This proposal is consistent with the temporal models of
pitch extraction, based on several characteristics of the brainstem auditory neurons, i.e. a very
sharp (on the microsecond time scale) temporal acuity and an ability to perform correlation-like
processes. In fact, in 1978, Greenberg et al. [8] already suggested that the FFR reflects the neural
code for pitch. Moreover, it has been shown that the FFR changes in the same way as perceived
pitch when stimuli are parametrically modified. Another argument is that with iterated rippled
noise, an artificial type of stimulus producing a periodicity equal to pitch in the FFR, there is a
strong correlation between the periodicity magnitude and the pitch strength when the stimulus is
parametrically modified [9]. Two phenomena however do not seem to comply with the tight
relations between neurophysiological measures and psychoacoustical percepts, casting doubt on
the presence of a FFR neural code reflecting pitch: the pitch shift (PS) effect and the dichotic
pitchb. The PS effect is obtained by shifting upwards or downwards all the components of a
complex tone by the same amount of Hertz, Δf. In PS condition, the sound envelope is not
altered, whereas the pitch changes proportionately to the frequencies shift and in their direction:
this is the “first effect of pitch shift” defined by the following equation: Δp=Δf/n (Eq. 1) – [1, 2,
10, 11], where Δp is the estimated pitch shift in Hertz, and n is the harmonic number of the
middle component for complex tones with only three harmonics [2]. Pitch in inharmonic
condition is ambiguous; as a matter of fact, in a pitch matching task, the subject’s response in a
given PS condition may vary from one matching test to the other [2]. If the FFR contains the
b

The dichotic pitch is a central percept obtained when two different harmonics are individually presented
simultaneously, one to the right ear, and the other one to the left ear. This stimulus will not be exploited in
the present study.
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neural code for pitch, the FFR evoked in PS conditions should contain not only the periodicities
corresponding to the primaries and the envelope, but also an extra one corresponding to the
perceived pitch. Only a few studies tested the FFR against the PS effect. Actually, Greenberg et
al., in 1987 [10], concluded that the periodicity of the PS was present in the FFR, but those
results were based on two participants only. More recently, two other studies conducted by
Gockel et al. [12], and Wile & Balaban [13] respectively did not reach the same conclusions:
they did not find a clear FFR signal of the PS. It must however be kept in mind that the PS
percept is weak and ambiguous [2] so that if its periodicity exists in the FFR signal, it can be
anticipated that it is weak and unsettled too. These two features were not really accounted for in
the Wile & Balaban’s [13] and Gockel et al.’s [12] studies. Wile & Balaban limited the FFR
analysis to a Fourier transform (spectral analysis) while Greenberg et al. [10] had suggested the
superiority of temporal analyses. Wile and Balaban also used a low-frequency masking noise in
order to eliminate potential cochlear distortion products, that could have suppressed the pitchrelated component [12]. In Gockel et al.’s study, five participants had been recruited, but their
individual PS percept had not been measured, and consequently, the FFR analysis focused on the
theoretical PS obtained with Eq. 1. Moreover, they averaged the participants’ FFRs; this could
have obliterated the presence of an individually variable PS-related signal already hidden in the
periodicities of the primaries or of the envelope.
Therefore, we assumed that if a periodicity corresponding to the PS percept does exist in the
FFR, it should be easier recorded from subjects who present a clear and unambiguous pitch
percept, even in the PS condition. Literature identifies two types of subjects as specialists in
pitch perception: Mandarin speakers [14], and musicians [15].
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The present work was designed to test the hypothesis that these subjects have a clear and
unambiguous percept in PS condition.
In this study, we performed two psychoacoustical experiments. The main one (experiment 1) was
a pitch matching task, comparing the perceived pitch between a harmonic (NO Pitch Shift,
NOPS) and an inharmonic (Pitch Shift, PS) condition according to the stimulus presented to the
listener, i.e. a harmonic complex tone and an inharmonic complex tone respectively. For each
subject, the results of this experiment were pooled in two histograms, one containing the matched
frequencies in NOPS condition and the other containing the matched frequencies in PS
conditions. The shape of each individual histogram translates a characteristic of the percept
tested, the strength, through the height of the highest peak. Ambiguity was expected to flatten the
histogram or to make it multimodal. A second experiment (experiment 2) measured the
Difference Limens For F0, DLF0, or pitch discrimination threshold, in each participant. The
DLF0 is the smallest detectable difference in fundamental frequency between two complex tones
and is the most common measure of pitch perception since it is known to measure pitch strength
[16]. The DLF0s were measured in a harmonic condition only, in order to assess the presence of
an inverse correlation between DLF0s and the pitch strength measured during the pitch matching
experiment. As DLF0 is easily and quickly measured, we wanted to know if it could be used as a
screening test to sort subjects according to the strength of their percepts.

II. Materials and Methods
Participants: all participants had bilateral normal hearing with absolute pure tone thresholds
below 20dB SPL at octave frequencies from 125 to 8,000 Hz. None reported a history of central
or peripheral auditory damage. All procedures were approved by the CHU Brugmann Ethics
Board; all participants gave a written informed consent and were not paid for their participation.
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Thirty participants were included and pooled in three groups:
-Ten musicians (M): all had at least ten years of musical experience on their main instrument
[17, 15] and were playing it at least once a week. All of them had begun their practice before the
age of ten (4 to 10 years old; average = 6.95 years old); five were studying in a Conservatory
while the others were amateurs. Their average age was 22.7 years old (SD = 3.8887). Table 1
lists their main instrument for each of them.
-Ten Mandarin speakers (T for Tonal language): Mandarin was the mother tongue of all
subjects, of whom nine were born in China. Their average age was 25.8 years old (SD = 5.2451).
-Ten controls (N for normal): none had ever played music nor been exposed to Mandarin. Their
average age was 24.2 years old (SD = 2.3944).

Psychoacoustic measurements: A Voyager 522 portable diagnostic audiometer with a
TDH39 supra-aural transducer was used for pure-tone audiometry. All other phsychoacoustic
measurements were programmed and performed on a Tucker Davis technologies system device,
using an ER3 insert transducer. All the experiments took place in a double-walled soundattenuating booth, and all the stimuli were monaurally presented to the right ear. Prior to testing,
we had gauged the most comfortable listening level asking eight volunteers to listen to a
harmonic complex from a missing fundamental of 244 Hz: 80dB SPL was the favorite one and
used for testing.

Experiment 1: pitch matching taskc
Subjects were asked to set the frequency of a pure tone so that it yielded a pitch as close as
possible to the pitch of a “reference” complex tone [16]. Two conditions of “reference” complex
tones were tested: alternately, the complex tone was a shifted (inharmonic) or a non shifted
c

Details are available as information for participants in the informed consent form attached in the appendix
(pp. VIII-XI).
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(harmonic) one. The harmonic complex tone was the third, the fourth and the fifth harmonics
from a missing F0 of 244 Hz and the three sinusoids all started in sine (0°) phase; the inharmonic
complex tone was produced by shifting all three harmonics by 25 Hz upwards. The “reference”
complex tone was separated from the pure tone by 500 milliseconds. This tunable pure tone was
chosen at random in a two-octave frequency range centered on 244 Hz, with one semitone steps.
Participant could increase or decrease the frequency of the pure tone as many times as necessary,
with eight buttons on the keypad; three made the pure tone frequency increase and three other
ones decrease. When the listener subjectively perceived the same pitch for the “reference”
complex tone and the following tuned pure tone, he/she sent the answer as a match by pressing a
“matched” button. Twenty-five akin matches, constituting elementary measures in Hertz, were
collected for each condition (PS and NOPS); generally, it took one hour and a half to generate the
50 matches. The pitch match expected was 244 Hz for the harmonic complex tone and 250.25 Hz
for the inharmonic complex tone (Eq. 1). We generated two histograms, one for the NOPS and
another one for the PS conditions, pointing out the number of matches at a given frequency, for a
total amount of 25 matches for each condition. Since, in terms of unambiguity, the ideal
performance is a single peak in the histogram (25 matches at the same frequency), we tried to
quantify unambiguity with a parameter suitable for statistical analysis. To this effect, we used the
kurtosis, a classical shape parameter of distributions, to describe the acuity of our histograms.
Although it is sometimes called peakedness, the literature is not unanimous about the true
significance of kurtosis: in particular, kurtosis cannot account for peakedness and fat tails
separately and it presents a lack of robustness because of a sensitivity with respect to outliers
[18]. Therefore, we developed an alternative peakedness measurement based on the observation
of our best musicians’ results. For each condition (PS or NOPS), we subtracted the average
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counts of the dispersed peaks from the average counts of the three adjacent peaks containing the
highest peak of the histogram.

Experiment 2: DLF0 measures
The DLF0s were measured using a three-interval, three-alternative forced choice procedure with
a two-down one-up adaptive rule [19]. One trial contained three observation intervals, each
separated by 500 milliseconds. Two of them contained a harmonic complex tone which was the
same as the “reference” harmonic complex tone in experiment 1, i.e. the third, the fourth and the
fifth harmonics from a missing F0 of 244 Hz. The third observation interval contained a
harmonic complex tone of a higher missing F0, varying from one trial to another according to the
two-down one-up adaptive rule. The percentage F0 difference between the two harmonic stimuli
was set at the beginning of each series at 20% and adaptively, could reach at the most 80%. After
two good answers, the percentage was decreased and conversely, in case of mistake, it was
increased (factor 2 for the 4 early reversals, and factor 1.414 thereafter). For each trial, a
randomization was applied to the observation intervals order: the complex tone with a higher
pitch could be in the first, second or third position and participants were told to indicate this one
by pressing a button. A feedback was always given at the end of each trial: if the answer was
correct, the three lights on the keypad switched on. Participants listened to seven series of trials
which ended after 16 reversals. The first two series were considered as exercises to familiarize
listeners with the stimuli and the procedures. The average duration of the whole procedure was
about 30 minutes. Each individual DLF0 was computed as the average of the last five series of
trials.
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Figure 1: populations histograms for the pitch matching task in harmonic and inharmonic conditions.

Figure 2: individual histograms of the four best performing musicians who shared over 85% of their matches out at the most in three
adjacent peaks, in harmonic and inharmonic conditions (pitch matching task).

Statistics: Statistics were calculated with STATISTICA®. A logarithmic transformation of all
the data (DLF0, kurtosis and peakedness) had been achieved to fulfill hypotheses of homogeneity
of variances and normality when necessary (tables 2, 3, 5, 6, 9, 10)d.

III. Results
Experiment 1: Figure 1 shows the population histograms describing the pitch matching
performances for each of the three groups in the harmonic and inharmonic conditions. Whatever
the condition, Musicians undeniably outperformed the two other groups. Rather unexpectedly,
the Mandarin speakers do not appear to have yielded more precise matches than controls. The
musicians’ population histograms show a more prominent major peak in the harmonic condition
than in the inharmonic one, suggesting that, even in the musicians’ group, the pitch strength
remained higher in the NOPS condition. Four musicians (M7, M8, M17, M27) appeared to be as
precise in the inharmonic as in the harmonic condition, concentrating over 85% of their matches
in the same amount (2, maximum 3) of adjacent bins; figure 2 presents their four individual
histograms in both conditions and figure S1e shows the contrast between the typical patterns of
those better performing musicians and age-matched controls. The histograms of the other six
musicians are much more variable and in the two other groups, no particular pattern exists in the
individual histograms, and more generally, there is a wide dispersion of the matches along the
frequency scale. Two mixed-design measures ANOVA were calculated to study the effect of the
“group” factor (3 levels: M-T-N) and the “condition” factor (2 levels: NOPS and PS conditions).
The first (table 4) and second (table 7) ANOVAs concerned kurtosis and peakedness
respectively. The former ANOVA was not statistically significant whereas the latter ANOVA

d
e

All the tables (1-13) are in the appendix.
All the supplementary figures (S1 & S2) are in the appendix.
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F=7.98; p=0.002

AVERAGE

Figure 3 shows the averages and the Standard Deviations for the controls (N), the
Mandarin speakers (T) and the musicians (M).

indicated a statistically significant result for the factor “group” (F=1.674 and p= 0.016), and a
Tukey post-hoc analysis (table 8) showed a statistically significant difference between Mandarin
speakers and musicians (p=0.016).

Experiment 2: Figure 3 shows the one way ANOVA revealing a statistically significant effect
of the “group” factor with F=7.980 and p=0.002 (table 11); a Tukey post-hoc test (table12)
showed a statistically significant difference between controls and musicians (p=0.001).
Graphically, it is clear that the Mandarin speakers had DLF0 abilities intermediate between those
of controls and musicians, even if it is not statistically significant.

Correlation: There was no correlation between log DLF0 and log peakedness, even for the
musicians, whatever the condition (figure S2 and table 13).

IV. Discussion
Experiment 1: The main aim of this study was to find experts in pitch perception, who would
have a clear and unambiguous percept in the inharmonic condition. Experiment 1 showed that
such subjects can be found among a subgroup of musicians but not among Mandarin speakers.
Clearly, the well-known Mandarin speakers’ pitch-related expertise differs from that of
musicians. Even among the musicians, the specific feature that the present study intended to
highlight was far from being universal, as it was present in four out of ten subjects only. The next
step is finding the characteristics of this subgroup on a larger sample. Candidate features are:
absolute pitch abilities, instrument category (wind instruments, string instruments,…), and
training level. The huge contrast that appears from the visual analysis of the three population
histograms (figure 1) was very poorly supported by statistical analyses. No effect was found
when kurtosis was the dependent variable and the sole statistically significant difference was
between musicians and Mandarin speakers for peakedness. This pattern of statistical results is
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probably due, on the one hand, to a general lack of statistical power: the estimated post-hoc
power, 1-β error, was not higher than 30% f, and on the other hand, to the fact that kurtosis does
not appear to represent what we were looking for. This lack of statistical validation should not
however spoil the significance of the results that undeniably identified the target population in
which to look for an FFR correlate of pitch.

Experiment 2: The statistically significant difference between musicians and controls concurs
perfectly with Micheyl et al.’s [15] results. The absence of statistically significant difference
between Mandarin speakers and controls is quite in contradiction with Giuliano et al.’s results
[14] showing an advantage of Mandarin speakers compared to controls on a simple pitch
discrimination task. This question should be revisited with a larger sample in order to increase
statistical power as the post-hoc power for this experiment 2 was 21.7572%f.

Correlation: No correlation was found between the DLF0 and peakedness parameters,
probably again because of too small samples. Even among the musicians, the four better
performing subjects do not show a clear gathering of DLF0 values so that there is no suggestion
of a DLF0 threshold which could be used as an experimental tool for the selection of potential
target participants (figure S2).

V. Pilot FFR recording
As the FFR analysis methodology is currently under development, we limited the recording to a
single expert musician (M27) in order to have realistic data to feed the analysis algorithms.
Figure 4 shows the FFR waveforms evoked in the harmonic and inharmonic conditions (figures
4a and 4b) and their AutoCorrelation Function – ACF (figures 4c, 4d, 4e, 4f), the sole analysis
method currently available. The FFRs respectively phase-locked to the envelope and the
f

G*Power : http://www.psycho.uni-duesseldorf.de/aap/projects/gpower/
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Figure 4 (a)

Figure 4 (b)

B

A

Figure 4 (c)

Figure 4 (d)

Figure 4 (e)

Figure 4 (f)

Figure 4 : FFR waveforms in (a) harmonic and (b) inharmonic conditions; R&C is the superposition of the FFRs to Rarefaction & Condensation polarities;
(R+C)/2 extract the envelope and (R-C)/2 isolate the TFS. ACFs (c) and (e) reveal the envelope periodicities, while ACFs (d) and (f) reveal the TFS periodicities.
Inserted histograms show the psychoacoustic matches in (A) NOPS and (B) PS conditions. The main periodicity of FFR & the frequency of the highest pitch
matching peak are in red (d & c).

Temporal Fine Structure (TFS) were isolated by adding or subtracting the response to opposite
(rarefaction & condensation) acoustic polarities [6]. As expectedg, ACFs show that the FFRs
related to the envelope (figures 4c and 4e) contain, whatever the condition, a fixed periodicity
corresponding to F0 (and its harmonics). By contrast, the TFS-related ACFs (figures 4d and 4f)
contain a periodicity that remarkably follows the pitch matched, according to the condition, 243.8
Hz versus 243.9 Hz in the harmonic condition, and 251.1 Hz versus 251.1 Hz for the inharmonic
condition respectively; these results are consistent with those found in Greenberg et al.’s study
[10]. Although they are very preliminary and require replication and comparison between better
performing musicians with different levels of pitch expertise, these pilot data fit very well with
the basic concept of this study.

VI. Conclusion
The question of the presence of the neural code for perceived pitch within the FFR signal has, up
to now, remained uncertain because one or two experimental conditions, i.e. the PS effect and the
dichotic pitch, lead to a dissociation between pitch and FFR periodicities. However, since the
perceived pitch is weak and ambiguous in these conditions, we propose, based on the results of
the present study, to solve the problem by resorting to better performing musicians who present a
clear pitch percept for one of these experimental stimuli at least. As a matter of fact, it allowed us
to find a periodicity compatible with the perceived PS in a pilot FFR. Considering that although
they were based on limited samples, our results are encouraging, we therefore believe that this
preliminary study should be carried on further to characterize those better performing participants
on a larger cohort.

g

Refer to the introduction p. 2
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VIII. Appendix
1) Tables
 Table 1
Main instrument
M5
M6
M7
M8
M9
M17
M18
M21
M27
M30

Piano
Violin
Piano
Piano
Piano
Oboe
Trombone
Violin
Cello
Piano

Main instruments of the musicians. Better performing musicians are in red.

 Table 2 (experiment 1)
Kolmogorov-Smirnov test
p value
(a) Log kurtosis M nops
(b) Log kurtosis T nops
(c) Log kurtosis N nops
(d) Log kurtosis M ps
(e) Log kurtosis T ps
(f) Log kurtosis N ps

0.350229
0.14685
0.23552
0.204702
0.327801
0.167861

Normality of the log kurtosis:
Kolmogorov-Smirnov test
- in the NOPS condition: (a) for the musicians, (b) for the Mandarin speakers, (c) for the controls
- in the PS condition: (d) for the musicians, (e) for the Mandarin speakers, (f) for the controls

 Table 3 (experiment 1)
Levene’s test
Log kurtosis NOPS
Log kurtosis PS

F
3.276780
0.723513

p value
0.053203
0.794212

Variances homogeneity hypothesis

I

 Table 4 (experiment 1)
Mixed-design ANOVA
Factor group: 3 levels (musicians, Mandarin speakers,
controls)
Factor conditions: 2 levels (NOPS and PS)
Degree(s) of freedom
2
Group
1
Conditions (NOPS-PS)
2
Conditions*group

F
1.7134
1.5216
0.2922

p value
0.199266
0.228013
0.748929

Mixed-design ANOVA: relation between the dependant variable, log kurtosis, and two factors.

 Table 5 (experiment 1)
Kolmogorov-Smirnov test
(a) Log peakedness M nops
(b) Log peakedness T nops
(c) Log peakedness N nops
(d) Log peakedness M ps
(e) Log peakedness T ps
(f) Log peakedness N ps

p value
0.441517
0.860659
0.989520
0.739681
0.671914
0.719213

Normality of the log peakedness:
Kolmogorov-Smirnov test
- in the NOPS condition: (a) for the musicians, (b) for the Mandarin speakers, (c) for the controls
- in the PS condition: (d) for the musicians, (e) for the Mandarin speakers, (f) for the controls

 Table 6 (experiment 1)
Levene’s test
Log peakedness NOPS
Log peakedness PS

F
3.058551
4.719409

p value
0.063490
0.017470

Variances homogeneity hypothesis
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 Table 7 (experiment 1)
Mixed-design ANOVA
Factor group: 3 levels (musicians, Mandarin speakers,
controls)
Factor conditions: 2 levels (NOPS and PS)
Group
Conditions (NOPS-PS)
Conditions*group

Degree(s) of freedom
2
1
2

F
1.674303
2.729876
0.288553

p value
0.015833
0.110071
0.751629

Mixed-design ANOVA: relation between the dependant variable, log peakedness, and two factors.

 Table 8 (experiment 1)
Tukey post-hoc test
M
T
N

T
N
M
N
M
T

p value
0.016
0.078
0.016
0.756
0.078
0.756

Tukey post-hoc test comparing musicians (M), Mandarin speakers (T) and controls (N)

 Table 9 (experiment 2)
Kolmogorov-Smirnov test
p value
(a) Log DLF0 M
(b) Log DLF0 T
(c) Log DLF0 N

0.437463
0.917157
0.996578

Normality of the log DLF0:
Kolmogorov-Smirnov test (a) for the musicians, (b) for the Mandarin speakers, (c) for the controls

 Table 10 (experiment 2)
Levene’s test
Log DLF0

F
1.511919

p value
0.238571

Variances homogeneity hypothesis

III

 Table 11 (experiment 2)
One-way ANOVA
Group M-T-N

Degrees of freedom
2

F
7.9800

p value
0.001893

One-way ANOVA: relation between the “group” factor and the log DLF0

 Table 12 (experiment 2)
Tukey post-hoc test
Controls
Controls
Mandarin speakers
Musicians

Mandarin speakers
0.205656

0.205656
0.001399

Musicians
0.001399
0.083311

0.083311

Tukey post-hoc test showed a statistically significant difference between the musicians and the controls:
p=0.001399

 Table 13: correlation
Log peakedness and log DLF0
Correlations
(a)Log peak nops and log DLF0 M
(b)Log peak nops and log DLF0 T
(c)Log peak nops and log DLF0 N
(d)Log peak ps and log DLF0 M
(e)Log peak ps and log DLF0 T
(f)Log peak ps and log DLF0 N

R
0.28861950
0.20111722
0.26032508
0.53100480
0.32944093
0.00450435

p value
0.418661
0.577423
0.467587
0.114261
0.352600
0.990147

Correlation between log peakedness and log DLF0 :
- in the NOPS condition: (a) for the musicians, (b) for the Mandarin speakers, (c) for the controls
- in the PS condition: (d) for the musicians, (e) for the Mandarin speakers, (f) for the controls
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2) Supplementary figures
 Figure S1
Contrast between the four better performing musicians and the age-matched controls.

Individual histograms M7 (20 years old) and N14 (22 years old)

Individual histograms M8 (17 years old) and N19 (19 years old)
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Individual histograms M17 (21 years old) and N15 (24 years old)

Individual histograms M27 (26 years old) and N4 (25 years old)
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 Figure S2

Correlations: log DLF0 (group) and log peakedness (group) in NOPS and PS conditions
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3) Informed consent form
Etude psychoacoustique de la perception de la hauteur tonale en fonction de
l’expérience sensorielle – Formulaire de consentement éclairé

Informations aux sujets :
L’étude à laquelle vous allez participer concerne la capacité de discrimination de
la hauteur tonale et sa représentation au niveau du système nerveux auditif.
La hauteur tonale est le percept qui change systématiquement lorsque l’on modifie
la fréquence d’un son pur. Pour les sons complexes (parole, musique,…) qui comportent
plusieurs fréquences, la relation entre la hauteur tonale et le contenu fréquentiel est
beaucoup moins clair. En général, la hauteur tonale correspond au rythme de répétition de
la forme de l’onde sonore : ce paramètre s’appelle la fréquence fondamentale. C’est cette
relation que nous souhaitons étudier.

Nous réaliserons au préalable un examen, appelé audiométrie, de façon à vérifier
que votre seuil auditif est adéquat pour participer à l’étude. Les résultats de cet examen
pourront vous être transmis si vous le désirez.

En fonction de votre expérience sensorielle, vous serez inclus dans un des trois
groupes suivants dont nous allons comparer les performances :


Sujet francophone (langue maternelle Français)



Sujet élevé en Mandarin



Musicien (plus de 10 ans d’expérience sur l’instrument principal et pratique
hebdomadaire)
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Deux types de tests sont réalisés chez tous les sujets :
Le premier test consiste à ajuster la fréquence d’un son pur pour qu’il vous
évoque une sensation de hauteur tonale égale à celle d’un son complexe que vous aurez
entendu immédiatement auparavant. Dans ce test, c’est vous qui déciderez du rythme de
présentation des stimuli en poussant sur un bouton. Ceci déclenchera la séquence
constituée du son complexe suivie du son pur. Vous disposerez de plusieurs boutons pour
augmenter ou diminuer la fréquence du son pur, jusqu’à ce qu’elle vous semble égale à
celle du son complexe. Cette épreuve sera répétée 50 fois. La durée de ce test dépendra
de vos performances individuelles.
Voici un schéma du boîtier que vous utiliserez durant la manipulation :

P

+

4 demis tons

u
1 demi ton

s
h

1/4 de demi ton
répéter
STOP / appariement terminé
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Le deuxième test, qui dure environ 45 minutes concerne votre capacité à
différencier 2 fréquences fondamentales, proches l’une de l’autre. Nous placerons dans
votre oreille un petit bouchon de mousse, afin de vous envoyer les stimuli sans aucune
gêne à un niveau réglé sur votre confort d’écoute maximum. Pour déterminer votre seuil
de discrimination de la fréquence fondamentale (appelée F0), vous serez soumis à
plusieurs essais pour chacun desquels vous seront présentés 3 stimuli sonores espacés
chacun de 500 millisecondes. Pour chaque essai, vous devrez, à l’issue de la présentation
du troisième son, pousser sur le bouton 1, 2 ou 3 afin d’indiquer dans quel intervalle,
parmi les 3, vous avez identifié la présence du stimulus avec une F0 différente des 2
autres. Chaque détermination de seuil de discrimination de la F0 implique une
quarantaine d’essais (= 1 série). Il vous sera demandé de réaliser 2 séries d’essais
d’entraînement et ensuite, 5 séries desquelles nous extrairons les mesures.
Le schéma de cette épreuve est le suivant :
TEMPS

Essai 1
Essai 2

1 série d’ essais

F0
standard
STIMULI
1
F0
standard
STIMULI
1

F0
différente

STIMULI
2
F0
standard
STIMULI
2

F0

standard
STIMULI
3
F0
différente

STIMULI
3

Réponse
1

Réponse
2

Essai n

Réponse
n
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Mesure optionnelle :
En fonction des résultats obtenus il vous sera peut-être proposé de passer à un test
neurophysiologique (Frequency-Following Response ou FFR) ressemblant à un électroencéphalogramme simplifié. Afin d’enregistrer la trace de la hauteur tonale dans votre
système nerveux auditif, nous allons poser une électrode sur votre cuir chevelu (sommet
du crâne), une sur votre front, une sur votre nuque et une sur chacun des lobes de vos
oreilles. Ceci est tout à fait non invasif. On vous demandera de vous allonger et d’essayer
de vous endormir. On vous enverra l’un des stimuli complexes de la première épreuve à
un niveau d’écoute confortable. Cet enregistrement dure environs 45 minutes.
L’ensemble des tests vous mobilisera durant l’équivalent d’une matinée.
Il n’existe aucun risque lié à la manipulation à laquelle vous allez participer.
Vous êtes bien entendu libre de poser aux investigateurs toutes les questions que
vous souhaiteriez et, si vous le désirez, les résultats vous seront communiqués à la fin de
l’étude. Nous vous remercions d’avance pour votre participation.
-----------------------------------------------------------------------------------------------------------Je soussigné-e………………………………….., certifie avoir pris connaissance des
informations relatives à l’étude: ‘Etude psychoacoustique de la perception de la hauteur
tonale en fonction de l’expérience sensorielle’ qui s’effectue sous la responsabilité du
Professeur P. Deltenre.
J’accepte volontairement de participer à cette étude et je comprends que ma participation
n’est pas obligatoire et que je peux stopper celle-ci à tout moment sans encourir aucune
responsabilité.
Mon consentement ne décharge pas les organisateurs de l’étude de leurs responsabilités et
je conserve tous mes droits garantis par la loi.
Je comprends également que les informations recueillies au cours de cette étude sont
strictement confidentielles et à usage exclusif des investigateurs concernés et que les
investigateurs sont à ma disposition pour toute information complémentaire
Numéro de téléphone auquel les expérimentateurs peuvent vous joindre :

Date:

Signature :
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