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Young deaf children using a cochlear implant develop speech abilities on the basis of speech tem-
poral-envelope signals distributed over a limited number of frequency bands. A Headturn Prefer-
ence Procedure was used to measure looking times in 6-month-old, normal-hearing infants during
presentation of repeating or alternating sequences composed of different tokens of /aba/and /apa/
processed to retain envelope information below 64 Hz while degrading temporal fine structure
cues. Infants attended longer to the alternating sequences, indicating that they perceive the voicing
contrast on the basis of envelope cues alone in the absence of fine spectral and temporal structure
information. © 2011 Acoustical Society of America. [DOL: 10.1121/1.3571424]

PACS number(s): 43.71.Es, 43.71.Ft, 43.71. Ky [MSS]

I. INTRODUCTION

Within the cochlea, speech sounds are decomposed by
the “auditory filters” into a series of narrowband signals,
each evoked at a different place on the basilar membrane.
Each signal can be considered as a “carrier”—the temporal
fine structure (TFS), which is determined by the dominant
frequencies in the signal that fall close to the center fre-
quency of the band—and the temporal envelope (E), which
corresponds to the relatively slow fluctuations in amplitude
superimposed on the carrier (Smith et al., 2002). Both the E
and TFS information are represented in the pattern of phase-
locking in auditory-nerve fibers. However, for most mam-
mals, the accuracy of phase-locking to TES is only constant
up to about 1-2 kHz (Johnson, 1980), whereas phase-locking
to E remains accurate for the carrier frequencies beyond 6
kHz (Joris and Yin, 1992).

When speech sounds are presented in quiet, E cues
alone are sufficient for adults to readily recognize the speech
input at different levels (phonemes, words, and sentences),
even with a limited number of frequency bands (4—16), and
after a brief exposure to these stimuli (Shannon et al., 1995).
Indeed, voicing, nasality, place, and manner of articulation
are signaled by various E cues relatively widespread or
located in the high-frequency range (Rosen, 1992). In com-
parison, TFS cues seem to play a little role in speech identifi-
cation, when speech is intact and presented in quiet
(Shannon et al., 1995). However, the recent studies suggest
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that TFS cues may play a specific role in conveying phonetic
information regarding voicing and nasality, when E cues are
severely degraded by acoustic distortions (Sheft et al.,
2008). Consistent with this notion, the main segmental cues
to voicing and nasality are restricted to the low-mid fre-
quency range and are well represented in the pattern of
phase-locking in auditory-nerve fibers.

During the last decade, profoundly deaf children have
been fitted with the cochlear implants (CI) at a younger and
younger age with reasonable success (Holt and Svirsky,
2008; Miyamoto et al., 2003). The CI speech processors
deliver reliably E cues over a small number of independent
frequency channels (i.e., about eight channels; Friesen et
al., 2001), but degrade severely TFS cues. This neverthe-
less allows most CI users to perform well in quiet situa-
tions. However, the oral language level attained by the
infant CI receivers is not consistently within the “normal”
range. Most studies show that a better outcome is princi-
pally correlated with an early implantation, the initial pe-
riod of the first 2 years (or 18 months) being generally
recommended when possible. In addition, several other fac-
tors have been shown to play a significant role such as pa-
rental support, education level, or socioeconomic status.
But what is largely ignored is how congenitally deaf infants
could learn the properties of their native language by proc-
essing the E information transmitted by the CI device in the
absence of TFS cues.

One way to evaluate this issue is to turn to early lan-
guage acquisition, and examine the potential role of E cues
in early phonological acquisition. The early typical devel-
opment of the segmental side of speech processing has
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received much interest between 1980 and 2000. Many ex-
perimental studies focused on phoneme discrimination and
categorization by the infants (Kuhl, 1991; Werker and Tees,
1984). Later, the role of supra-segmental prosodic cues
(thythm and pitch) was assessed in different periods of lan-
guage acquisition (Bertoncini et al., 1995; Nazzi et al.,
1998a, 1998b; Jusczyk et al., 1993). Taken together, these
studies suggest that the early acquisition of segmental and
supra-segmental properties could be driven by E cues or at
least, that having access to E cues only, as for the CI
infants, would provide enough information for such acquisi-
tion. However, since pitch perception is considered to be
related to TFS processing, the role of TFS cues during the
acquisition of tonal languages by normal-hearing (NH) and
CI children remains an open question (Xu and Pfingst,
2003).

One first step to start exploring this aspect of speech
perception is to present speech signals processed by noise-
or tone-excited vocoders (as in Shannon et al., 1995) to
near-term fetuses, and the NH children and infants, to ver-
ify whether they are sensitive to those E cues related to
the phonetic information, i.e., when TFS cues are
removed, and the stimuli are presented in quiet. A first
study suggests that as early as 38 weeks of gestational age,
fetuses perceive the E cues of sentences processed by a
single band noise-excited vocoder (Granier-Deferre et al.,
2011). A second study conducted with children (5-12 yr)
demonstrated that the recognition of speech processed by
multi-band noise-excited vocoders to retain mainly E cues
develops before the age of 7, and becomes adult-like
around the age of 10 (Eisenberg et al., 2000). In a third
study, 5- to 7-yr-old children were shown to be able to dis-
criminate non-sense syllables varying in voicing, place,
manner, and nasality, when those syllables were processed
by a 16-band tone-excited vocoder (Bertoncini et al.,
2009). In addition, the response correctness and latencies
demonstrated by the children were found to be similar to
that of young adult controls. The discrimination scores
with the vocoded signals were very high (&’ > 2) and mini-
mally reduced if compared to those obtained with the
intact speech. Like adults, 5- to 7-yr-old children did not
receive any training before testing. These results suggest
that even at an early age, the NH children are able to rap-
idly adapt and assimilate vocoded signals to (degraded)
speech sounds.

The aim of the present study is to start a new line of
research on the development of speech perception by pre-
senting different vocoded speech signals to NH infants, at an
early stage of development. As a first step in this direction,
we present here one experiment indicating that 6-month-old
infants successfully discriminate a voicing contrast on the
sole basis of E cues.

Il. METHOD
A. Participants

Twenty 6-month-old infants (8 girls, 12 boys) with NH
(based on newborn hearing screening and parental report)
were tested and their data included in the analyses (mean
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age = 6.2 months; range =5.8-6.6 months; and standard
deviation = (0.25 months). The data of six additional infants
were not taken into account, due to fussiness or crying (four)
and to extreme mean looking times leading to outlier differ-
ences between the two kinds of stimulus series (two). Fami-
lies were informed about the goals of the current study, and
provided written consent before the participation of their
children.

B. Stimuli

Eight exemplars of each category /aba/ and /apa/ were
selected from a set of vowel-consonant—vowel (VCV) non-
sense syllables uttered by a French female speaker. The
stimuli were recorded in a quiet room, and digitized via a
16-bit analog-to-digital converter at a 44.1-kHz sampling
rate.

The 16 selected stimuli were then processed to de-
grade TFS cues, while preserving E cues at the output of a
bank of analysis filters using the same speech-processing
technique used by Bertoncini et al. (2009). Speech was fil-
tered into 16 adjacent 0.35-oct wide frequency bands span-
ning the range of 0.08-8.02 kHz. The temporal envelope
was extracted in each frequency band, using the Hilbert
transform followed by lowpass filtering with a zero-phase,
sixth-order Butterworth filter (cutoff frequency =64 Hz).
The filtered envelope was used to amplitude modulate a
sine wave with a frequency equal to the center frequency
of the band, and with a random starting phase. The 16 am-
plitude-modulated sine waves were summed over all fre-
quency bands. The 16 processed stimuli were finally
equated in root mean square (rms) power. The effects of
signal processing are illustrated in Fig. 1, showing spectro-
grams of the intact (left panels) and vocoded (right panels)
versions of a given /aba/ (top panels) and /apa/ (bottom
panels) stimulus.

The stimuli were presented into series of 24 items con-
stituted of three different orders of the eight vocoded signals,
in succession. There were four resulting series, two repeating
(REP) (/apa apa apa .../ and /aba aba aba .../) series and
two alternating (ALT) series that differed only by the first
presented item (/apa aba apa aba .../ and /aba apa aba apa
.../). The stimuli were stored in digitized form on the com-
puter, and were delivered at a sound pressure level of 70 dB
by the loudspeakers via an audio amplifier.

C. Procedure

The head-turn preference procedure (HPP) used here
was adapted for studying discrimination as in Nazzi et al.
(2009). Each infant was held on a caregiver’s lap, in the
center of the test booth, facing a green light. Before each
trial, the infant’s attention was re-centered by blinking
the central green light. As soon as the infant was cor-
rectly face oriented, the green light was extinguished and
the red light started to flash either on the right or the left
side of the booth. When the infant made a correct turn in
that direction, a stimulus series began to be delivered by
the loudspeaker located behind the flashing red light.
Each series was played to completion, or stopped as soon
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as the infant looked away for two consecutive seconds.
The total duration of looking times was recorded into a
personal computer, via a response box controlled on line
by the experimenter who was out of the booth and
unaware of the stimulus series presented (both the care-
giver and the experimenter listened to masking music).

For each infant, the experimental session began with
two musical trials, one on each side (randomly ordered) to
give the infants an opportunity to practice one head-turn to
each side before the test itself. The test phase consisted of
two test blocks (in each of which the two REP and the two
ALT series were presented). The mean duration of looking
times was calculated for each type of series, over the first
and second blocks of test trials.

In this HPP paradigm, discrimination is attested when
infants demonstrate a differential response to the two kinds
of stimuli they are presented with. Here, infants might show
longer looking times during listening either to ALT series or
to REP ones if they are sensitive to the difference between
ALT and REP series. Furthermore, a “preference” indexed
by longer looking times might be observed for the ALT se-
ries, because the alternation (if perceived) might facilitate
perceptual comparison, and maintain attention for a longer
while (Best and Jones, 1998).

lll. RESULTS

The mean results are shown in Fig. 2. An analysis of
variance (ANOVA) for repeated measures was performed
with blocks and series as within-subject factors. The group
of 20 infants presented longer mean looking times during
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ALT series than during REP series on the two blocks of tri-
als [F(1,19)=4.75, p =0.042]. Fourteen infants among 20
demonstrated a bias toward listening longer to ALT series
compared to REP ones. The duration of looking times
decreased from the first to the second block of test trials
[F(1,19)=11.63, p=0.003]. Although the interaction
between blocks and series was not significant
[F(1,19)=2.29, p=0.15], the general trend in looking
times to decrease as experiment is progressing affected the
mean size of the effect [2.88 s in the first block
(#(19) =2.29, unilateral p =0.017), and 0.26 in the second

BALT
O REP

16 -

Mean looking times (seconds)
(o]

Block #1 Block #2

FIG. 2. Mean looking times (in seconds) to the ALT series versus the REP
series. The error bars indicate the standard error of the mean.
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block (#(19) < 1)]. Looking times were also found to
decline in the subjects who, nonetheless, showed a
“preference” for ALT series (5.97 and 2.99 s in the first
and second block, respectively).

IV. CONCLUSIONS

NH 6-month-old infants presented with degraded sylla-
bles /aba/ and /apa/ are sensitive to the difference between
the E cues associated with the voiced and voiceless French
phonemes /b/ vs /p/. Without any pre-exposure, in a para-
digm favoring immediate comparison between two contrast-
ing categories (remember that each category was represented
by eight different exemplars), infants were able to pick up
the difference between /apa/ and /aba/ on the basis of E
cues only. These data reveal that for 6-month-old infants, as
for adults, fine spectral and temporal structure information,
although potentially important for musical pitch and local-
ization of sounds in space (Smith et al., 2002), is not essen-
tial for speech discrimination, at least in quiet. They also
demonstrate that the auditory temporal resolution (i.e., the
ability to detect E fluctuations) is sufficient to support the
phonetic discrimination at 6 months of age. Finally, the fact
that the preference toward ALT series over REP ones was
relatively immediate, but did not last over few minutes sug-
gests the action of low-level auditory mechanisms.

This first study is also promising because, by using
vocoded speech sounds, it opens a new way of studying
how auditory (peripheral) mechanisms might be engaged in
speech processing during language acquisition. Obviously,
further studies must be conducted to determine whether E
information could be used by the infants not only to dis-
criminate but also to categorize speech syllables, or to
extract word form patterns from the speech stream. As an
example, if the infants’ sensitivity to E cues was shown to
be modulated by diverse linguistic input, it would support
the idea that E perception is a built-in part of speech
processing.

Regarding possible follow ups in relation with the spo-
ken language acquisition by young CI users, it will be use-
ful to extend the present study by testing NH infants on
different phonetic contrasts (manner, place), while using a
lower frequency resolution (e.g., four or eight analysis fil-
ters), and comparing their performance with the CI infants’
perception of the same contrasts. This will allow us to eval-
uate whether the NH infants’ discrimination of phonetic
contrasts on the basis of E cues is a reliable simulation of
how young CI users discriminate the same contrasts during
development.
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