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Abstract: Fundamental frequency (F0) variation is one of a number of
acoustic cues normal hearing listeners use for guiding lexical segmentation
of degraded speech. This study examined whether FO contour facilitates lexi-
cal segmentation by listeners fitted with cochlear implants (Cls). Lexical
boundary error patterns elicited under unaltered and flattened FO conditions
were compared across three groups: listeners with conventional CI, listeners
with CI and preserved low-frequency acoustic hearing, and normal hearing
listeners subjected to CI simulations. Results indicate that all groups attended
to syllabic stress cues to guide lexical segmentation, and that FO contours
facilitated performance for listeners with low-frequency hearing.
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1. Introduction

Many studies have demonstrated a benefit to speech understanding when the electric stimula-
tion provided by a cochlear implant (CI) is complemented by preserved low-frequency acoustic
hearing (e.g., Ching et al., 2004; Dorman et al., 2008; Gantz and Turner, 2004; Kiefer ef al.,
2004; Tyler et al., 2002; von Ilberg et al., 1999). It has been hypothesized that the availability of
this low-frequency information allows for, among other things, higher quality fundamental fre-
quency (FO0) representation than when stimulation is wholly electric (Brown and Bacon, 2009;
Chang et al., 2006; Kong et al., 2005; Qin and Oxenham, 2006; Turner et al., 2004). On this
view, access to the FO contour may facilitate tracking of the speech signal, which leads to better
speech intelligibility, especially in noise.

The present investigation examined the hypothesis that the presence of the FO contour
improves performance specifically by allowing a listener to better segment the acoustic stream
into its component words. This task of lexical segmentation is central to speech understanding.
Although it is conducted seemingly effortlessly in most listening situations, parsing speech that
is degraded or unreliable requires attention to prosodic contrasts, including variations in vowel
and syllable durations, FO, amplitude, and vowel quality (Cutler and Butterfield, 1992). In Eng-
lish and other so-called “stress-timed” languages, listeners tend to treat strong (stressed) syl-
lables as word-onsets, a strategy that is effective because of the statistical probabilities of Eng-
lish in which most words begin with stressed syllables (Cutler and Carter, 1987). This strategy is
particularly important when the speech signal is impoverished and the words cannot be imme-
diately recognized in the acoustic stream (Liss et al., 1998; Liss et al., 2002; Mattys, 2004;
Mattys et al., 2005). Further, it has been demonstrated that normal hearing (NH) listeners flex-
ibly use all available acoustic cues to syllabic stress, but that reductions in FO variation are
especially detrimental to the task of lexical segmentation of degraded speech (Spitzer et al.,
2007). If the performance benefit accrued from the presence of low-frequency information is
due to improved FO representation as a cue for lexical segmentation decisions, this will be
apparent in the patterns of lexical boundary errors (LBEs) that are elicited when FO is present
and when it is not. Specifically, the proportion of predicted error types (e.g., erroneously insert-
ing a lexical boundary before a strong syllable than before a weak syllable) should be greater
when FO contour information is available than when it is not.
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The purpose of the present study was to determine whether acoustic FO contour infor-
mation is used to facilitate lexical segmentation by listeners fitted with Cls and a group of NH
controls subjected to CI simulations. We examined two groups of CI listeners, with different
capacities for representing low-frequency information: those with CIs, and those with implants
and residual low-frequency acoustic hearing in the ear opposite the implant (EAS). All partici-
pants transcribed utterances in which the FO contour was either unaltered (normal) or flattened.
Participants with capabilities for low-frequency hearing (NH and EAS) transcribed these unal-
tered and flattened FO phrases in an electric-only condition (a proxy for traditional CI, in which
they were not provided with low-frequency acoustic information) and in an electric-acoustic
condition (in which low-frequency acoustic information also was provided). It was hypoth-
esized that FO flattening would reduce the listeners’ ability to discern strong and weak syllables
for the purposes of lexical segmentation in all conditions in which FO could be sufficiently
represented. We predicted that, because FO representation in the electric-only condition would
be poor, FO flattening would have little effect on the proportion of predicted versus nonpre-
dicted LBEs in this condition for all three listener groups. However, EAS and NH listeners
should show detrimental effects of FO flattening in the electric-acoustic condition, with lower
predicted-to-nonpredicted LBE ratios than would be elicited in the unaltered FO condition. This
finding would confirm the listeners’ use of FO variation for lexical segmentation, and provide a
source of the intelligibility benefit associated with the presence of low-frequency hearing.

2. Method
2.1 Participants

Twelve listeners with CIs and ten NH listeners participated in this study. Six of the CI patients
had conventional cochlear implants (CI). The other six possessed residual low-frequency hear-
ing in the non-implanted ear (EAS). The averaged hearing thresholds obtained from the non-
implanted ears of EAS subjects revealed a steeply sloping sensori-neural hearing loss, with
thresholds of 30 dB hearing loss (HL) through 250 Hz, and 70 dB HL by 750 Hz. Only two
conventional CI listeners had measurable auditory thresholds from the non-implanted ear of
less than 115 dB sound pressure level (SPL). One had audiometric thresholds of 85 dB SPL at
250 Hz, and 115 dB SPL at 500 Hz. The other had a flat, severe sensori-neural hearing loss from
250 to 8000 Hz, and an earplug was used to attenuate any audible low-frequency information
for this listener.

2.2 Speech stimuli

Eighty phrases were developed for LBE analysis in previous investigations (see Liss et al., 1998
for details). Briefly, they each consisted of six syllables (three to five words) that alternated in
syllabic stress (iambic or trochaic). A male speaker produced high fidelity digital recordings of
the phrases. These phrases were presented to all listeners in normal (unaltered) FO and FO-
flattened conditions. FO flattening was achieved by calculating the mean FO (Hz) of each digi-
tized phrase using the pitch contour function in Computerized Speech Laboratory
(Computerized-Speech Lab (CSL), 2004). The FO contour was then flattened to this mean value
using the numerical editor function in Analysis Synthesis Laboratory (2004); see Spitzer et al.,
2007 for details. The FO-flattened phrases were perceptually monotonous, with no perceptible
distortion.

CI simulations for the NH listeners were achieved by processing the phrases through a
15-channel vocoder (Litvak ez al., 2007). Acoustic information from 350-5600 Hz was divided
into 15 logarithmically spaced analysis bands. The energy in each band was used to modulate
the amplitude of 15 spectrally-shaped noise bands. The center frequency of each output was
equal to the center frequency of the corresponding analysis band. All outputs had a spectral
peak at the center frequency and rolled off at a rate of 30 dB/octave from center. The manipu-
lation was intended to simulate the perceptual experience of listeners fitted with CIs.
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Table 1. Examples of the four possible categories of LBEs, based on type (insertion or deletion) and location (before
strong or weak syllables). The bolded text [insertions before strong (IS) and deletions before weak (DW)] are the
categories predicted by the metrical segmentation strategy hypothesis (Cutler and Butterfield, 1992).

LBE Before a strong syllable Before a weak syllable
Insertion Target: “account for who could knock” “its harmful note abounds”
Response: ‘“he got so he could knock” “its hard to know abounds”
Deletion Target: “and spoke behind her sin” “push her equal culture”
Response: “and spoke behind person” “pressure equal culture”

2.3 Procedures

Because of the different hearing modes among the three participant groups, data collection
procedures varied accordingly. The phrases were presented in a free field or under headphone
(distinctions described below) in a sound attenuated booth. Presentation amplitudes, regardless
of mode, were set at a comfortable listening level (65 dB SPL). Phrases were presented one time
each, without the opportunity for replay, using the ALVIN software program (Hillenbrand and
Gayvert, 2005). Listeners were instructed to use the computer keyboard to type exactly what
they heard, and they did not receive feedback about their response accuracy. Phrases were pre-
sented in blocks of 20.

All listeners transcribed blocks of unaltered and FO-flattened phrases. For the NH and
EAS listeners, these were transcribed in both an electric-only condition and in an electric-
acoustic condition. Obviously, it was not possible for the conventional CI participants to receive
the latter condition.

In the electric-only condition, phrases were presented via loudspeaker to the implanted
ear. A standard foam earplug was used to attenuate the signal in the non-implanted ear for the
EAS participants (see Gifford et al., 2008). CI simulated signals were presented to the NH
listeners at the left ear via headphones.

In the electric-acoustic condition, phrases were presented free field to the EAS listen-
ers. The NH listeners received the CI simulated phrases to the left ear to simulate electric hear-
ing. The right ear received phrases that had been passed through a low-pass filter with a cutoff
frequency of 500 Hz (sixth order Butterworth) to simulate residual low-frequency hearing.

2.4 Analysis

Listener transcripts were coded independently by two judges proficient in LBE analysis. As per
standard consensus procedures, codes were compared and discrepancies were either resolved or
omitted from the analysis (see Liss et al., 2002 for details). Dependent variables included the
total number of LBEs committed, and the type (insertion or deletion) and location (before
strong or weak syllables) of LBEs. Thus, errors could be of one of four types: lexical boundary
insertion or deletion occurring either before a strong or weak syllable (IS, IW, DS, and DW).
Examples of each type are provided in Table 1. Based on predictions generated from the metri-
cal segmentation strategy hypothesis (Cutler and Carter, 1987), if listeners attend to syllabic
stress to segment the speech stream, they will be most likely to erroneously insert lexical
boundaries before strong syllables (i.e., treat a strong syllable as a word-onset), and erroneously
delete lexical boundaries before weak syllables (i.c., treat a weak syllable as the second, or
greater, syllable of a word). Thus, IS and DW errors are of the predicted type. Ratios of pre-
dicted error types also were calculated (IS+DW/total errors); higher ratios indicate greater
reliance on—and quality of—syllabic stress information to segment the phrases.

Pearson chi-square analyses were conducted to determine if LBEs were distributed
differently across type (insertion/deletion) and location (before strong/weak syllables) within
each of the pools of LBEs. Additional chi-square analyses were conducted to identify differ-
ences in distributions between unaltered and FO-flattened LBE pools within condition, whereby
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Table 2. Performance values for all listener groups across listening conditions (electric-only or electric-acoustic)
with unaltered or FO-flattened phrases. Data columns contain mean intelligibility (% words correct and standard
error), the proportions of types of LBEs (insertions or deletions, before strong or before weak syllables), and the total
number of LBEs per condition. The final two columns contain p-values for the x> analyses conducted on each
condition LBE pool, and differences between distributions derived from FO-flattened stimuli relative to unaltered for
each condition.

% words
correct % % % % Total  ()%df=1)  (Xdf=3)
Groups Condition Phrases (SE) IS IW DS DW LBE p-value p-value
E-only FO-flat 32 (4.3) 33 21 16 30 82 0.003 0.000
EAS E-only Unaltered 4 (3.1) 51 9 14 26 78 0.000 '
N=6 E-A FO-flat 50 (2.4) 52 25 10 13 63 0.03 0.000
E-A Unaltered 56 (3.2) 57 9 16 18 56 0.002 '
1 E-only FO-flat  25(65) 49 20 10 21 7 0.000 008
N=6 E-only Unaltered 34 (6.5) 59 13 7 21 55 0.000 '
E-only FO-flat 40 (3.7) 38 17 13 32 121 0.000 0.03
NHL E-only Unaltered 43 (2.3) 46 9 15 30 134 0.000 '
N=10 E-A FO-flat 48 (2.4) 45 28 10 17 109 0.03 0.000
E-A Unaltered 68 (3.5) 60 7 5 28 60 0.000 '

the proportions of errors elicited by FO-unaltered were treated as the expected cell values, and
the FO-flattened were the observed cell values. Significant differences were regarded as a rejec-
tion of the null hypothesis that the values were sampled from the same distribution. A p-value of
0.05 was selected for all analyses.

3. Results and discussion

Table 2 contains the group performance data across conditions, as well as the results of the
chi-square analyses. The first novel observation is that all groups in all conditions produced
patterns of LBEs that align with the metrical segmentation strategy for predicted errors, with
ten significant chi-square tests confirming differential distributions across LBE type and loca-
tion. In all cases, insertions errors occurred more frequently before strong than before weak
syllables; and deletion errors occurred more often before weak than before strong. This is fur-
ther exemplified in Fig. 1, which shows the total proportions of predicted LBEs across groups
and conditions. The ratio values on the ordinate range from 0.5 (reflecting instances in which
predicted and nonpredicted errors occur equally often) to a value of 1 (in which all errors are of
the predicted type). This figure is important in showing that all values exceeded 0.5, which is
consistent with the explanation that listeners attended to available syllabic stress cues to guide
lexical segmentation, even when FO was not among those cues. These cues likely include varia-
tions in syllable durations, dispersion of vowel formant frequencies, and amplitude envelope
modulations. Thus, as for NH listeners, those fitted with CI appear to rely on syllabic stress cues
for lexical segmentation and to flexibly use the cues that are available and reliable to accomplish
this task.

All groups showed evidence of attending to syllabic stress, but the primary question of
this study is whether the flattening of FO made a difference in LBE distributions. The relative
heights of the bars in Fig. 1 suggest this to be the case for all conditions. Recall that we expected
to see differences only in instances in which FO was adequately represented. Returning to the
final column of Table 2, we see the chi-square results of pitting the FO-flattened LBE distribu-
tions against those generated by the unaltered phrases. As predicted, these distributions were not
different for the CI group, and they were different for the EAS and NH in the electric-acoustic
condition. However, we also see that the FO flattening served to significantly reduce adherence
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Fig. 1. Proportion of total LBEs that are of the predicted type (IS+DW/total LBE). The data are presented by
listener group (CIL, EAS, and NH listeners) and condition. The conditions include electric-only and electric-acoustic
(EAS), in both the unaltered and FO-flattened conditions.

to the predicted error patterns for the EAS and NH groups in the electric-only condition as well.
A likely explanation is that the electric-only condition did not effectively eliminate low-
frequency and FO information for these listeners who were capable of processing it. However, it
also is of interest that, even though insignificant, the CI listeners showed the tendency for lower
adherence to the predicted LBE patterns in the FO-flattened condition. It will be important to
explore the possibility that even poorly represented FO contour information can facilitate lexical
segmentation.

These patterns of results support the hypothesis that syllabic stress information is ex-
ploited by listeners with Cls for the purposes of lexical segmentation, in much the same way
that NH listeners deal with the CI simulation. Further, the presence of an FO contour was shown
to facilitate lexical segmentation decisions in EAS listeners, and this thereby points to a specific
source of perceptual benefit afforded by the presence of low-frequency hearing.

4. Conclusion

Listeners fitted with CI appear to behave much like NH listeners in the deciphering of degraded
speech in that they attend to syllabic stress cues to guide lexical segmentation. The present
investigation provides evidence for the informative role of FO as one of these cues. Specifically,
FO0 variation appears to be used, to the extent possible, to mark strong and weak syllables for the
purposes of lexical segmentation. The data also provide preliminary support for the hypothesis
that at least some of the performance benefit enjoyed by EAS listeners may be traceable to the
availability of a high resolution FO contour for facilitating lexical segmentation.
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