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Abstract

Purpose Cochlear implant (CI) users show great difficulty for understanding speech in noise and this fact may partly stem
from their poor low-frequency (LF) pitch perception and temporal fine structure (TFS) processing. Clinical assessment of
pitch perception is usually based on non-speech tasks. However, linguistically relevant contexts such as lexical stress may
better reflect the role of pitch in speech perception, especially for everyday speech where background noise is inevitable.
Hence, the study aimed to assess perception of lexical stress cued by LF pitch and TFS cues for CI and normal hearing (NH)
listeners, and to investigate relationships with speech perception in noise.

Methods The low-pass-filtered Word Stress Pattern (WSP-LPF) test was used to evaluate perception of lexical stress cued
by LF pitch. Speech perception was assessed with the sentence test with adaptive randomized roving level (STARR) test
which presented everyday sentences at low, medium, and high levels in a fluctuating noise to estimate a Speech Reception
Threshold. This new test intended to give a realistic estimate for real-world listening.

Results Median WSP-LPF scores in NH (N=18) and CI listeners (N= 18) were 12.0 Hz and 67.0 Hz, respectively. The cor-
responding STARR scores were — 9.1 dB and 17.3 dB. Group differences were statistically significant (p <0.001). Analysis
showed significant positive correlations for NH (r,=0.50) and CI listeners (r,=0.60).

Conclusions Present findings reveal stronger correlations than previous studies using non-speech materials, supporting that
CI listeners’ poor speech perception in noise might be strongly associated with their inability for LF pitch perception and
TFS processing.
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Introduction

The cochlear implant (CI) has opened up a new therapeu-
tic option to people with severe to profound sensorineural
hearing loss for restoring functional hearing and achiev-
ing better spoken language skills. As a result of recent
advances in CI technology, many children and adolescents
implanted at an early age show age-appropriate language
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and communication skills [1-4] while most adult CI users
achieve a very good performance for open-set speech per-
ception in quiet and are even able to converse on the phone
[5-7]. However, current cochlear implants have a reduced
capacity to convey pitch cues that are fundamental for audi-
tory perception [8]. Thus, CI users, in comparison to people
with normal hearing (NH) or hearing aids (HA), receive
degraded temporal and spectral information especially in the
low frequency (LF) domain. This fact becomes more evident
when CI users face challenging speech perception tasks such
as listening in the presence of background noise which is a
natural part of daily life [6, 7, 9, 10].

Lexical stress is defined as the relative prominence on
a syllable in a multisyllabic word. Perceptually, a stressed
syllable is characterized by changes in amplitude, dura-
tion and pitch or Fundamental Frequency (FO) which is
the prime acoustic correlate of pitch in a speech signal [11,
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12]. When lexical stress is produced through pitch alone, it
is also called pitch accent. Languages vary in their stress
assignment pattern within words. Despite of presence of cer-
tain linguistic rules such as stress dominance (i.e., the most
frequent stress pattern) and stress neighborhood (i.e., the
number of words sharing the same final sequence and stress
pattern), lexical stress placement might be unpredictable.
Italian is such a language where spelling-sound correspond-
ences at the segmental level are regular, but lexical stress
placement is largely variable [13, 14]. The most frequent
pattern in Italian is the stress assignment on the penultimate
syllable with about 80% of multisyllabic words bearing such
stress (e.g., bam-Bl-no ‘child’) [15, 16] while about 20%
bear antepenultimate stress (e.g., A-ni-ma ‘soul’) [15, 17].

Lexical stress may have profound consequences for
speech perception and language acquisition, since the
stressed syllable may signal the meaning of the word
(e.g., 1a ‘there’ versus la ‘the’) [18]. Indeed, sensitivity to
overall stress pattern of the native language seems to be
present from very early on. Newborns with normal hearing
show native stress pattern in their cries [19]. Electrophysi-
ological responses reveal that infants at 4-5 months of age
already distinguish between trochaic (i.e., strong—weak) and
iambic (i.e., weak—strong) stress patterns in a language-spe-
cific manner [20, 21]. Likewise, congenitally deaf children
implanted at an early age show the same developing pattern
within the first 6 months of CI use with event-related poten-
tials reflecting habituation to the native stress pattern and
a negative mismatch response to foreign stimulus [21, 22].
However, findings in older children with cochlear implants
indicate perception of lexical stress as the most difficult one
among other tasks such as perception of word pattern and
intonation [23]. Similarly, severely to profoundly hearing-
impaired adults are reported to have difficulties in perceiving
the stress pattern and to be able to perceive the stress pat-
tern only when amplitude cue is available in the stimuli and
even exaggerating FO or durational cues does not improve
performance [24, 25].

The Word Stress Pattern (WSP) test, integrated in the
Auditory Speech Sounds Evaluation (ASSE) suite, is a newly
developed test to evaluate listeners’ perception of lexical
stress by changes in pitch, i.e., listeners’ perception of pitch
in a linguistic context [26, 27]. The test exists in two modes:
non-filtered WSP and low-pass-filtered WSP (WSP-LPF). In
the non-filtered mode, high-frequency (HF) cues are avail-
able whilst in the alternative mode, HF cues are removed by
low-pass filtering the speech stimuli and high-pass filtered
white noise is added. Hence, low-pass filtering maintains
only frequencies in which the FO is contained and the higher
harmonics are suppressed. The WSP test has been validated
for a Germanic (Dutch) and two Romance languages (Ital-
ian and Romanian) and normative data are reported in 90
adults. NH findings show a statistically significant difference
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between LPF versus non-filtered versions of the WSP test
with a tendency towards better outcomes on the LPF mode,
especially for Italian participants. Not surprisingly, results in
hearing-impaired listeners are significantly worse than NH
people; participants with LF hearing loss perform signifi-
cantly poorer than those with HF hearing loss, especially for
WSP-LPF testing; and among all hearing-impaired listeners,
CI users have more difficulty in performing the test and to
obtain scores that are within normal range [26, 27]. WSP
outcomes in relation to other speech perception measures in
CI users, however, are so far not reported.

Pitch perception is known to contribute to the process-
ing of linguistic information and to be indicative of speech
perception skill. On the other hand, clinical assessment of
pitch perception is usually performed using non-speech
tasks such as discrimination of tone changes. However, non-
speech tests based on tone complexes are shown to overes-
timate listeners’ performance and it is believed that the use
of linguistically relevant contexts such as lexical stress may
reflect a more realistic assessment for the role of pitch at a
functional level, probing everyday listening situations where
background noise is inevitable and speech level may fluctu-
ate together with the noise [26, 27]. Hence, the objectives of
the present study have been to evaluate perception of lexical
stress cued by LF pitch for Italian-speaking adults with coch-
lear implants and normal hearing as well as to investigate
the relationships with outcomes obtained from a speech per-
ception test presented in fluctuating noise. For this purpose,
the LF pitch perception is assessed using the LPF mode of
WSP test. The outcomes are thought to be indicative of the
ear’s processing capacity of Temporal Fine Structure (TFS)
which is known to be important for the FO information, for
frequencies lower than 1000 Hz, and for understanding
speech in a fluctuating background. The speech perception
performance in noise is tested with the Sentence Test with
Adaptive Randomized Roving Level (STARR) test where
sentences are presented at a roving level whilst the noise
is adapted to obtain signal-to-noise ratio (SNR) at which
the subject reaches 50% correct level referred as the Speech
Reception Threshold (SRT) level. This new test approach
intends to give a more realistic estimate for real-world listen-
ing conditions where speech and noise levels vary together
[7,9, 10, 26-28].

Materials and methods

Participants

Eighteen CI users (7 females and 11 males) and eighteen
NH listeners (10 females and 8 males) participated in this

study. All participants were native Italian speakers. The
mean ages for CI and NH participants were 63 years (range
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40-81 years, SD=10.8) and 26 years (range 20—41 years,
SD =5.7) respectively. All CI users were post-lingually
deafened, with an average duration of 51.3 months pro-
found deafness before implantation (range 3—360 months,
SD =85.2). The minimum duration of CI experience was
6 months (mean =46.7 months, SD=53.0).

NH participants were persons with no otologic history
and their hearing thresholds in both ears were <15 dB HL
(mean=9.8 dB HL, SD=3.0) at octave frequencies from
125 to 8000 Hz. All CI participants, in either ear, had
unaided hearing thresholds above 80 dB HL for frequen-
cies 125-1000 Hz, hence did not show any degree of LF
residual hearing that may have interfered with pitch percep-
tion outcomes. The mean CI threshold at octave frequencies
from 125 to 8000 Hz was 35.8 dB HL (SD=4.1) and the
mean recognition score when listening to bi-syllabic words
in quiet was 78.4% (range 50-100%, SD=15.7). Nine CI
participants were Advanced Bionics HiRes users and nine
participants were Med-El FS4 users. All but one CI partici-
pants were unilaterally implanted. The bilateral listener had
a simultaneous implantation with Med-El devices in both
ears. Demographic information and audiological outcomes
for CI participants are given in Table 1.

Procedure

All testing was performed in a sound-proofed room. Unaided
hearing thresholds were assessed presenting a warble tone
through an Aurical audiometer and TDH39 headphones
whilst aided thresholds were obtained in the sound field.
Pitch and speech stimuli were presented via a computer and
a preamplifier connected directly to a single loudspeaker
positioned 1 m in front of the participants. CI participants
were asked to set their sound processor to a comfortable
listening level. For bilateral listener, pitch and speech per-
ception performance were assessed ear by ear. A test session
including the time for an audiogram, instructions, a practice
list for STARR and a training module for WSP-LPF was
always completed within 1 h.

The WSP-LPF test

The WSP-LPF test was used to evaluate LF pitch percep-
tion skills in a linguistic context. The stimuli were based
on pseudo words. The recordings were done with a female
phonetician who was asked to speak with a flat intonation.
Each word was modeled by a three-syllable sequence. The
syllables /mi, ma, mu, ni, na, nu/ were used to generate all
three-syllable consonant vowel (CV) sequences. The selec-
tion was done following a comparison of phoneme invento-
ries and syllable forms across Italian, Romanian and Dutch.
The analysis indicated CV as the choice of syllable type
which occurred more frequently in all three languages.

Moreover, voiced, sonorant speech sounds were preferred
as they were more robust in terms of cross-language vari-
ations and allowed stimuli to carry pitch continuously. A
pitch accent was imposed on one of the three syllables. This
consisted a rise of FO followed by a reversal to its origi-
nal value of 200 Hz. Pitch excursions varied between the
200 Hz baseline and a maximum of 408 Hz. Duration and
intensity were normalized so that the stimuli varied only
in pitch [26, 27]. Figure 1 represents the spectrum of the
pseudo word ‘manimu’ when the first syllable is accented.
The WSP test was performed using LPF mode. In this mode,
high-frequency cues were removed by low-pass filtering the
speech stimuli (MATLAB Filter Function: 300 Hz cutoff fre-
quency, 90 dB attenuation in magnitude over a 50 Hz tran-
sition width) and high-pass filtered white noise was added
(250 Hz cutoff frequency, 85 dB gain in magnitude over a
50 Hz transition width) [26, 27].

The WSP-LPF test consisted of a four-category identifi-
cation task. The listener was asked to indicate the syllable
(first, second or third) where the accent was perceived, or
that there was no detectable pitch accent at all. Test items
were presented at 70 dB HL. A training module was used to
familiarize the participant with three different stress posi-
tions and the procedure. The duration of training never
exceeded 10 min. During testing, the software used an adap-
tive one up-one down procedure to converge to the smallest
AFO (Just Noticeable Difference-JND) that was perceived
by the listener. The rise in AF0 ranged from 0 to 208 Hz.
Testing started at AFO of 75 Hz. The AF0 changed follow-
ing the participant’s response, i.e., increased for an incorrect
response and decreased for a correct one until estimating
the 50%-point on a listener’s psychometric curve. Presenta-
tions at AF of 0 Hz were included as internal controls and
served to improve the test’s reliability by checking if the
listener misunderstood the task and to determine the num-
ber of reversals required for accurate threshold estimation.
Participants received feedback only for their false positive
responses where the clinician reminded the participant to
indicate only when a pitch accent was reliably detected. If a
threshold could not be estimated within 100 trials, the test
was ended and JND was set above the maximum AFO value
to 220 Hz [26, 27].

The Italian STARR test

The STARR test presented everyday sentences at low,
medium, and high levels in a fluctuating speech-shaped
noise to estimate an SRT using a roving-level adaptive SNR
method [7, 9, 10, 28]. The sentences were selected from
the corpus introduced by Cutugno et al. [29]. The test con-
sisted of 10 lists, each containing a total of 15 sentences and
allowing 5 presentations at each level (at 50, 65, and 80 dB
SPL) within a single list. The task for the participants was
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Fig.1 The spectrum of the pseudo word ‘manimu’ for WSP-LPF
when the first syllable is accented. Duration and intensity are normal-
ized, and the stimuli vary only in pitch. Adapted from the Eargroup,
Antwerp-Deurne, Belgium

to repeat the sentence as accurately as possible. The partici-
pants were administered two test lists following a practice
list. The SNR started at+ 20 dB and varied adaptively in
function of the participant’s response. The sentence was
considered correct when at least 2 out of 3 key words were
correctly recognized, hence, the next SNR became more
adverse. If insufficient key words were correctly recognized,
then the next SNR was made more favorable. The SNR step
size started at 10 dB; dropped to 5 dB after the first reversal
of the adaptive track and dropped again to 2.5 dB after a
further reversal. The same SNR was used for all three speech
presentation levels. The SRT for each test list was computed
by averaging the SNRs for the last nine sentences together
with the SNR at which a next sentence would have been
administered.

Statistical analysis

STARR performance was calculated by averaging scores
obtained from two test lists for each participant. Data analy-
sis was performed using Statistical Package for Social Sci-
ences (SPSS) version 19.0 (Chicago, IL, USA). A Shap-
iro—Wilk test showed that WSP-LPF and STARR outcomes
were not normally distributed for both NH and CI groups
(p<0.001). Hence, non-parametric statistical tests were
used for data analysis. Group differences for WSP-LPF and

Fig.2 WSP-LPF outcomes in relation to those obtained from the
STARR test for CI and NH listeners

STARR performance were analyzed using Mann—Whitney
U test. Relationships between WSP-LPF and STARR scores
were tested with Spearman rank-order correlations. The cut-
off level for statistical significance was set to 0.05.

Results
NH findings

Median WSP-LPF and STARR scores in NH listeners were
12.0 Hz (range 6.0-40.0 Hz) and -9.1 dB (range — 3.5 to
— 11.3 dB) respectively. Figure 2 represents WSP-LPF out-
comes in relation to those obtained from the STARR. WSP-
LPF and STARR findings showed a significant positive cor-
relation for NH listeners (r,=0.50, p=0.035).

Cl findings

Median WSP-LPF and STARR scores in CI listeners
were 67.0 Hz (range 6.0-220.0 Hz) and 17.3 dB (range
1.6-125.0 dB) respectively. CI and NH group perfor-
mances showed statistically significant differences for both
WSP-LPF (Z=- 4.38, p<0.001) and STARR (t=- 5.27,
p<0.001). As shown in Fig. 2, WSP-LPF and STARR find-
ings showed a significant positive correlation for CI listeners
(r,=0.60, p=0.007).
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Discussion

Lexical stress is often expressed by changes in LF pitch
or FO which is the most important acoustic correlate of
prosody in a speech signal. CI users usually show great
difficulty for understanding speech in noisy listening situ-
ations, and this fact has been thought to stem partly from
their pitch perception skill, especially in the LF domain
[10, 30-32]. Thus, recent years have seen a growing inter-
est in the assessment of LF pitch perception skills in CI
listeners using tests mainly based on non-speech tasks
such as discrimination of tone complexes [10, 26, 27].
However, the use of linguistically relevant contexts such as
lexical stress cued by LF information may better indicate
the role of pitch in speech perception. This may happen
especially when testing conditions similar to real-world
listening where the speech level varies together with the
noise, reflecting a listener’s capacity to understand speech
in a fluctuating background. NH people have the ability to
distinguish whether a signal in a fluctuating background is
the target speech or the noise. This skill is also known as
“listening in the dips” and is thought to derive from phase
locking which is a time-based mechanism that locks onto
the TFS of the signal [30-32]. CI devices, however, focus
at replacing the tonotopic coding or place coding mecha-
nism while they have a limited capacity to convey pitch
information and are unable to provide TFS information.
Although both place and TFS cues seem to play a role
in encoding prosodic cues in speech; temporal coding or
more specifically TFS processing and underlying phase
locking mechanism are thought to contribute to speech
pitch perception especially for resolving the LF informa-
tion [27, 32, 33].

Non-speech tests based on tone complexes may overes-
timate listeners’ pitch perception performance. This idea
is supported by Heeren et al. [26], Schauwers et al. [27]
and present findings that show remarkably higher JNDs on
the WSP-LPF test in comparison to non-speech discrimi-
nation tests based on harmonic or inharmonic pitch glides
(Harmonic Intonation-HI and Disharmonic Intonation-DI
tests from the ASSE suite) for people with normal hearing
and hearing impairment. Like in the WSP-LPF test, the
stimuli in the HI/DI tests have an FO of 200 Hz. In the HI
discrimination task, FO has a sweep together with its three
higher harmonics whereas in the DI task only FO changes.
In this sense, the DI test is similar to the WSP-LPF, con-
taining spectral information only below 300 Hz. Hence,
the DI and the WSP-LPF tasks seem to address temporal
coding of the cochlea and to support the assessment of
the availability of TFS cues for speech pitch perception.
Abnormally high JNDs on the LPF tasks may indicate the
listener’s inability to make use of TFS cues or to infer
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LF pitch information from TFS cues such as people with
sensorineural hearing loss or more specifically with coch-
lear implants [32]. The HI/DI tests have been recently
used to investigate the link between TFS sensitivity, LF
pitch and speech perception performance in both pediatric
and adult CI users, including bimodal listeners who ben-
efit better LF temporal coding provided through the HA.
Speech recognition scores in quiet in CI users are shown
not to be correlated significantly with HI/DI performance
[34], whereas outcome comparisons between electric only
and electroacoustic stimulation reveal a significant per-
formance improvement for the DI and word recognition
in noise (presented with a fixed SNR of + 10 dB) [35]. A
recent study by Dincer D’ Alessandro et al. [10] indicates
a common performance deterioration for the HI/DI and
STARR findings. The use of the STARR test in the study
highlights the importance of LF pitch and TFS cues for
challenging listening relevant to everyday speech percep-
tion where listening in the dips plays an important role.
STARR performance shows moderate positive correlations
with HI outcomes for CI alone listeners and with those
of DI for bimodal listeners, suggesting better ability to
encode TFS information with the addition of LF residual
hearing and HA use.

Present WSP-LPF and STARR outcomes for both NH and
ClI listeners are consistent with those reported in the litera-
ture [7, 9, 10, 26-28]. Findings show statistically significant
group differences, reflecting a big performance gap between
the two groups and CI users’ great difficulty for LF pitch
and challenging speech perception. Statistically significant
positive correlations confirm performance changes in paral-
lel for both groups, and the WSP-LPF relationships with the
STARR performance for CI listeners tend to be remarkably
stronger than those with HI and DI performance reported
previously [10] (correlation coefficient 0.60 for the WSP-
LPF versus 0.44 for the HI and 0.22 for the DI), supporting
the idea that the use of linguistically relevant contexts may
better reflect the role of pitch in speech perception, espe-
cially when listening to challenging speech with varying
levels in a fluctuating background. Such findings might be
explained by differences in the processing of speech versus
non-speech stimuli as well as by differences in the test diffi-
culty (identification versus discrimination tasks), resulting in
higher demands on auditory memory and attention [26, 27].

Although the majority of present CI users show abnormal
WSP-LPF and STARR outcomes, surprisingly some seem to
be able to perform as well as NH listeners for the WSP-LPF
test. However, no CI participant is able to achieve STARR
scores within normal range. On the other hand, some CI
listeners show good WSP-LPF scores but poor STARR per-
formance or vice versa. The reasons why there is a large
variability among CI listeners for both tests and more spe-
cifically, why some are able to perform within or near the
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normal range for the WSP-LPF test remain as important
limitations of the present study. One may consider a possible
effect of device type, but the present study could not address
this issue due to small sample size. Both FS4 and HiRes
strategies from the present CI sample are based on channel-
specific real-time filters and are designed to provide better
temporal cues. The FS4 strategy intends to improve LF TFS
perception by adapting the rate of stimulation on four most
apical channels to changes in the TFS of the signal in that
pulses for these channels are triggered by zero-crossings in
the bandpass filter’s output. On the other hand, the strat-
egy has a greater extension to the LF range if compared to
extended LF filters of HiRes. For FS4 strategy listeners, FO
of 200 Hz is represented by the 2nd apical channel where
the frequency band from 198 to 325 Hz would largely keep
stimulation within the same channel. Therefore, in Med-EI
users the stimulation would move to the adjacent electrode
and generate a place cue for JINDs higher than 125 Hz. How-
ever, in case of HiRes strategy listeners, the frequency band
for the most apical electrode varies between 250 to 416 Hz
and FO of 200 Hz is below the pass band of the AB proces-
sor. Hence, when FO sweeps upwards, the processor induces
an amplitude change and this fact might have generated an
additional cue for achieving lower JNDs in AB users [5].

As mentioned earlier in this paper, Most and Peled [23]
have assessed perception of word pattern, intonation and
lexical stress in children with bilateral severe to profound
sensorineural hearing loss aided either with HAs or ClIs.
Results indicate perception of stress as the most difficult
task for both groups; however, HA users perform signifi-
cantly better than the CI group in perceiving both stress and
intonation. As highlighted by the authors, demographic dif-
ferences such as late implantation age in their CI sample
relative to the HA users who are aided at an early age might
have contributed to such findings. On the other hand, HA use
is shown to result in better coding of low frequencies and
TFS cues [34, 35] while speech perception in noise is known
to improve significantly with the addition of an HA in CI
users [35-38]. Hence, WSP-LPF and STARR relationships
in bimodal listeners may help us to better estimate the role of
LF pitch and TFS sensitivity in everyday speech perception
as well as to investigate new strategies for bimodal fitting
optimization.

Conclusions

NH people have the ability to understand the target speech
even in the presence of a remarkable background noise while
CI users usually show great difficulty for challenging speech
perception. Current cochlear implants have a restricted
capacity to convey LF pitch and TFS cues, which are known
to contribute to the processing of linguistic information and

to be indicative of speech perception, especially when lis-
tening in noisy situations. Hence, recent years have seen a
growing interest in the evaluation of LF pitch perception
skills in CI users. However, the assessment of pitch percep-
tion is mainly based on non-speech tasks. The use of lexical
stress expressed by changes in LF pitch or FO may allow a
more realistic estimate for the role of pitch in speech percep-
tion and may better reflect a listener’s capacity to understand
speech in a fluctuating background. Present findings confirm
this idea and show stronger correlations than those reported
previously using non-speech materials. Such findings seem
to support that CI listeners’ poor speech perception in noise
might be strongly associated with their inability for LF pitch
perception and TFS processing.
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