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ARTICLE INFO ABSTRACT

Purpose: The aim of this study was to investigate the speech prosody of post-
lingually deaf cochlear implant (CI) users compared with control speakers with-
out hearing or speech impairment.

Method: Speech recordings of 74 Cl users (37 males and 37 females) and 72
age-balanced control speakers (36 males and 36 females) are considered. All
participants are German native speakers and read Der Nordwind und die Sonne
(The North Wind and the Sun), a standard text in pathological speech analysis
and phonetic transcriptions. Automatic acoustic analysis is performed consider-
ing pitch, loudness, and duration features, including speech rate and rhythm.
Results: In general, duration and rhythm features differ between Cl users and
control speakers. Cl users read slower and have a lower voiced segment ratio
compared with control speakers. A lower voiced ratio goes along with a prolon-
gation of the voiced segments’ duration in male and with a prolongation of
pauses in female CI users. Rhythm features in Cl users have higher variability in
the duration of vowels and consonants than in control speakers. The use of
bilateral Cls showed no advantages concerning speech prosody features in
comparison to unilateral use of Cl.

Conclusions: Even after cochlear implantation and rehabilitation, the speech of
postlingually deaf adults deviates from the speech of control speakers, which
might be due to changed auditory feedback. We suggest considering changes
in temporal aspects of speech in future rehabilitation strategies.
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A cochlear implant (CI) is the most suitable device
in the case of severe and profound deafness when acoustic
hearing amplification is not sufficient to enable reasonable
speech perception. CIs can (re)establish auditory feedback
and provide sufficient hearing for speech control. Accord-
ing to Cosetti and Roland (2010), when provided with CI
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in the first year of their life, even profoundly deaf children
can acquire language resembling that of children without
hearing loss. However, many CI users display altered
speech production and understanding even after hearing
rehabilitation. Horga and Liker (2006) examined segmen-
tal and suprasegmental speech properties such as vowel
formant space, voiced versus voiceless differences, voice
onset time, word accent production, sentence stress pro-
duction, voice quality, and pronunciation quality in three
groups of 10 subjects: (a) children with a CI, (b) children
with profound hearing loss using hearing aids, and (c)
control children without hearing loss. They found that
most CI users performed worse than the control speakers
but better than deaf subjects with hearing aids.
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Adult CI users also show altered speech production
such as diminished vowel precision (Neumeyer et al., 2010)
and speech production quality, measured as the word rec-
ognition rate produced by adapted automatic speech recog-
nition (Ruff et al.,, 2017). Concerning articulation, the
directions into velocities of articulators (DIVA) model pro-
posed by Guenther et al. (2006) explains alteration of
speech due to diminished auditory feedback. Normally,
speech production is constantly monitored and compared
with an internal speech model in the brain that enables pre-
cise voice and articulatory control. The study presented by
Guenther et al. (2004) demonstrated the effect of this inter-
nal model of speech on persons suffering hearing loss com-
pared with control speakers. It showed that such an internal
model is acquired and maintained with the use of auditory
feedback. When hearing loss and therewith loss of auditory
feedback occurs after speech acquisition (postlingual onset
of deafness), at first, somatosensory feedback maintains
precise speech production. However, in persistent lack of
auditory feedback, speech production may eventually dete-
riorate due to a diminished precision of speech movements
as a result of an economy of effort to produce speech
(Perkell et al., 2007). By that, the speech production of peo-
ple who suffered hearing loss after typical speech acquisi-
tion is also deteriorated (Leder & Spitzer, 1990).

Hearing loss also affects speech quality on a supra-
segmental level (Oster, 1990). A Swedish study on the pros-
ody of children provided with CI showed limitations in per-
ception and production; prosody production was evaluated
perceptually and showed very variable but, in general,
poorer results than in control speakers (Lyxell et al., 2009).

Speech prosody involves the basic parameters pitch,
loudness, and duration and the variability of these param-
eters. These parameters are related to the acoustic vari-
ables fundamental frequency (f,), energy, length/duration,
and diverse features modeling speech (Meister et al.,
2009). Prosody is important for the expression of emotions
and also carries linguistic information. The latter includes
aspects such as word focus and sentence stress to make
distinctions between questions and statements, and phrase
boundary marking. For instance, stress on different sylla-
bles changes the meaning of a word (e.g., CONtract vs.
conTRACT), whereas rising pitch at the end of a phrase
often indicates a question. Thus, prosody is an important
feature that makes speech more comprehensible.

Presuming that control of prosody production depends
on sufficient auditory feedback, some aspects of prosody
perception need to be taken into account considering pitch,
loudness, and duration (timing). To the best of our knowl-
edge, the auditory feedback is primarily used for controlling
one’s own voice. The role of auditory feedback for speech
production was demonstrated for both control speakers
(Martin et al., 2018) and CI users (Gautam et al., 2019).
CIs limit the processing of temporal, spectral, and

amplitude-related cues (Landsberger et al., 2015) due to their
architecture, electrical excitation spread, and channel interac-
tions. Some advances in speech perception could be achieved
by newer coding strategies (Bolner et al., 2020; Miiller et al.,
2012; Punte et al., 2014; Stickney et al., 2006); however,
speech perception is still restricted with CI, for example, as
for the detection of f, contours (Meister et al., 2009; Rader
et al., 2017) and pure-tone discrimination (Gfeller et al., 2002)
that influences speech perception (Zhang et al., 2019) and by
that auditory feedback. Frequency perception plays an impor-
tant role in voice control. However, for CI users, f;, detection
is restricted due to the limited spectral resolution caused by
the finite number of channels of the CI and the current spread
at the neurons (Rader et al., 2017). Baumann and Nobbe
(2006) reported reduced pitch discrimination, especially for
the deep fundamental frequencies at the male and female f,
range represented by the two most apically placed electrodes
in the cochlea, even in deep insertion. In some of the CI users
of their study, the stimulation in the two apical electrodes was
even perceived as the same frequencies. Moreover, a limited
spectral resolution will likely reduce the harmonics and for-
mant frequency information, resulting in deficits in CI users
for gender categorization, speaker identification, and speech
perception (Fant & Kruckenberg, 2006; Gaudrain & Baskent,
2018; Meister et al.,, 2009). Raising pitch might increase
somatosensory feedback, and its use was reported as an
attempt of male speakers suffering hearing loss to improve
the perception of their own speech (Perkell et al., 1992).
Temporal resolution has also been shown to influ-
ence the perception of acoustic cues in speech, such as
intonation to identify questions or statements (Chatterjee
& Peng, 2008). In summary, CI users are less successful at
utilizing both spectral and temporal cues compared with a
control group (Winn et al., 2016). The evaluation of pros-
ody by Holt et al. (2016) highlights the restricted percep-
tion: They examined the reaction time on prosodic cues
(word stress) in sentences in prelingual deaf adult CI users
and found markedly longer reaction times in comparison
to control speakers. They conclude that this reflects the
poorer discrimination and/or ability to use prosodic cues.
Deviations in the speech production of people with
hearing loss can be represented by means of different acous-
tic features. For instance, f, and sound pressure level (SPL)
have been found to be higher, and the duration of utter-
ances has been found to be longer in people with hearing
loss when compared with speech recordings from control
speakers (Lane & Webster, 1991; Leder et al., 1987; Mora
et al., 2012; Plant & Oster, 1986; Robb & Pang-Ching,
1992). However, there is also evidence that after cochlear
implantation, deaf adults can produce pitch, loudness,
duration, and speech rate values that approximate those
produced by control speakers in the same age range
(Gautam et al., 2019; Hassan et al., 2011; Langereis et al.,
1998). Regarding speech rate, Freeman and Pisoni (2017)
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showed that CI users had slower speech rates compared
with control peers for recordings of 91 prelingually deaf CI
users and 93 control speakers. Furthermore, they found
that faster speech went along with higher intelligibility. This
might be due to higher speech competence, better pronunci-
ation, and by that more fluent speech (Honig et al., 2012).

This study focuses on the speech prosody of post-
lingually deafened CI users compared with a group of age-
balanced control speakers. Standardized speech recordings
from 74 CI users and 72 control speakers are considered. Our
main hypothesis is that, even after rehabilitation by cochlear
implantation, the speech of the CI users exhibits deviations
from that of control speakers at the suprasegmental level.
Statistical analysis was performed separately for male and
female speakers due to the relationship between gender and
some acoustic features. For instance, female speakers have
higher pitch values than the male speakers; thus, to combine
male and female speakers, it would be necessary to perform
pitch standardization, for example, transformation into semi-
tones and normalization to the mean. We also compared
bilateral and unilateral CI users to identify whether using one
or two CIs offer an advantage for speech production.
Regarding literature on speech perception, bilateral use was
shown to have a positive effect (Blamey et al., 2015; Mosnier
et al., 2009; van Schoonhoven et al., 2013); thus, we expect
an improved speech production accordingly.

Considering former and recent studies on speech
production of CI users, the acoustic analysis is usually
performed manually. Due to the effort needed for this
method, mostly smaller numbers of speech recordings or
few participants are included in these studies. In this
study, we considered automatic acoustic analysis because
it enables the examination of larger cohorts and speech
material. Furthermore, automatic analysis is preferred in
large data sets because it can show central tendencies with
a tolerance for automatic measurement errors, whereas an
individualized analysis is preferred on small data sets that
require careful attention for accuracy and consistency.

The parameters considered for feature extraction
include pitch, loudness, duration, and rhythm. Finally, we
compare and discuss the differences between CI users and
the control group, between women and men, and between
uni- and bilateral CI users.

Method

Considering former and recent studies on the speech
production of CI users, the acoustic analysis is usually per-
formed manually. Due to the effort needed for this method,
mostly smaller numbers of speech recordings or few partici-
pants are included in these studies. In this study, we consid-
ered automatic acoustic analysis because it enables the exam-
ination of larger cohorts and speech material. Furthermore,

automated analysis is preferred in large data sets because it
can show central tendencies with a tolerance for measure-
ment errors. In contrast, an individualized analysis is pre-
ferred for small data sets that require careful attention for
accuracy and consistency. Automatic feature extraction can
be expected to be more consistent than manual annotation
(Batliner et al., 2007; Steidl et al., 2008). Any deviation from
a supposed ground truth will be systematic and not impact
the comparison of, for example, pitch between different
groups. Note, moreover, that the notions of “gold standard”
and “measurement errors” in pitch annotation are elusive:
There can be quite a few borderline cases where it is not
clear whether it is an octave jump, some irregular phonation,
or clear nonperiodicity (Batliner et al., 1993).

We preprocess the recordings to eliminate all surplus
acoustic information; then, we extract acoustic features
using automatic methods and perform statistical analysis.
We report the results for the whole spoken text as mean
and standard deviation values.

Data

Standardized speech recordings of 74 postlingually
deaf CI users (37 males and 37 females) and 72 control
speakers (36 males and 36 females) are included in the
experiments. For the control speakers, hearing was not
tested, but none reported to wear hearing aids, having
hearing problems, or having any speech issues. All record-
ings were done in quiet acoustic conditions; the patients
were recorded at the university hospital. The speech
recordings of 56 control speakers (26 males and 30
females) were performed in the hospital, and the remain-
ing 16 control speakers (10 males and six females) are a
subset of elder speakers extracted from the PhonDat I
corpus from the Bavarian Archive for Speech Signals
(BAS), reading the same story and being recorded with a
16-bit resolution at 16 kHz. All of the participants are
German native speakers. The recordings performed in the
clinic were captured with a Samson Meteor Microphone?
having a frequency response between 20 Hz and 20 kHz,
a signal-to-noise ratio of 96 dBA, a sampling frequency of
44.1 kHz, and a 16-bit resolution. These recordings were
down-sampled to 16 kHz to match the sampling frequency
of the BAS data set. All participants were asked to read
the story Der Nordwind und die Sonne (The North Wind
and the Sun), which includes six main clauses with 10 sub-
ordinate clauses in four of them (International Phonetic
Association, 1999).

Table 1 shows the demographic information of the
speakers considered in this study. For the CI users, the

"http://hdl.handle.net/11022/1009-0000-0001-D20B-6.
http://www.samsontech.com/samson/products/microphones/usb-
microphones/meteormic/.
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Table 1. Demographic information about the speakers considered
in this study.

Cl users Control group
Item Male Female Male Female
No. of speakers 37 37 36 36
Mean age (SD) 66 (9) 66 (9) 65 (4) 68 (7)
in years
Unilateral Cl users 25 30
Bilateral Cl users 12 7

Mean time of Cl use
(SD) in years

4365 4147

Note. CI = cochlear implant; SD = standard deviation.

table also includes information about the number of
speakers with unilateral or bilateral implants and the years
of use of CI, which is measured as the time between the
surgery and the speech recording session. Only partici-
pants older than 18 years with no other known disorder
of speech are included. This research was performed in
compliance with the Helsinki Declaration, and the proto-
col was approved by the local ethics committee (Reference
No. 17/516). Written informed consent was obtained from
all participants. More details about the CI users considered
in this study can be found in Supplemental Material S1.

Preprocessing

Noise Reduction and Resampling

Manual segmentation was performed using the
audio editor software Audacity’ in order to remove
unwanted signals that may be present in the recordings.
Additionally, we used a noise reduction algorithm (also
with Audacity) to reduce any background noise. In sum-
mary, the algorithm works as follows: A profile of the
“background noise” is extracted by computing the short-
time Fourier transform (STFT) over a silence segment, for
example, the segment between the beginning of the record-
ing and the onset of speech. Then, the mean power is
computed over each point of the STFT to get thresholds
for each frequency bin. The STFT of the complete signal
is calculated, and the sounds with energies lower than the
thresholds are attenuated for noise reduction. The prepro-
cessed audio files were down-sampled to 16 kHz and
stored in the waveform audio file (wav) format.

Voice Activity Detection

An energy-based voice activity detection (VAD)
algorithm was applied to automatically detect the pauses
in the recordings and to compute some acoustic features
considering only speech segments. The procedure of the

3https://www.audacityteam.org/.

VAD algorithm is as follows: First, the log-energy of the
signal is computed from speech frames of 15 ms taken every
10 ms. Short speech frames are preferred here in order to
have a better temporal resolution to capture the rapid
changes in the energy of the signal. The resulting log-
energy contour is normalized and smoothed by subtracting
the mean and convolving the signal with a Gaussian win-
dow of 10 ms. Silence/pause segments have the lowest
energy levels compared with speech sounds; thus, pause
segments are detected as speech frames with log-energy
levels below a certain threshold. In the case of the normal-
ized log-energy contour, such a threshold is the median log-
energy, which is computed only on the negative values. An
energy-based VAD is considered in this study due to the
simplicity in the implementation and to take advantage of
the reduced background noise in the recordings.

Acoustic Analysis

Acoustic features are extracted automatically from
the speech recordings considering prosodic features based
on pitch, loudness, duration, and rhythm. The following
subsections describe all features computed in this study.
The scripts used in this study can be downloaded from
https://bit.ly/3o0actDo.

Pitch and Loudness

These parameters are analyzed by means of f, and
SPL. The f, contour is estimated for each recording
using the periodicity detector algorithm implemented in
the software Praat Version 6.0.39 (Boersma, 1993; Boersma
& Weenink, 2018). The f, values (measured in Hertz)
are calculated from short-time windows of 40 ms, which
are extracted every 10 ms from the speech signal. Then,
the mean (Mean f,) and standard deviation (Std f;) of the
resulting f, contour are calculated from the voiced
segments, that is, speech segments where f, 0. The f,
features are extracted automatically using a combination of
Praat and Python* scripts.

We are aware of the pitch doubling/halving issues
that might be produced by the £, tracking algorithm imple-
mented in Praat. For this reason, we have included experi-
ments investigating the role of pitch doubling/halving errors
(see Supplemental Materials S2 and S3).

In the case of loudness, the sound pressure is consid-
ered to measure the amount of acoustic energy produced
by a speaker (Svec & Granqvist, 2018). The SPL (mea-
sured in dB) is computed as

SPLyg ... 20log;y 2 (1)
Po

“https://www.python.org/.
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where po is the reference sound pressure of the air
expressed in Pascal (py = 20 p Pa) and p is the sound pres-
sure computed as the root-mean-square value of the
speech signal. In this study, p is calculated from short-
time windows of 40 ms taken from the speech signals
every 10 ms. The mean (Mean SPL) and standard devia-
tion (Std SPL) of the SPL are computed for every record-
ing. Additionally, the VAD algorithm described in the
Voice Activity Detection section is used to compute the
average SPL considering only the voiced segments (VAD
SPL). Varying distances between speaker and microphone
could introduce an intervening factor that cannot be con-
trolled. Thus, Mean SPL values should be interpreted with
caution.

Duration

Duration and ratio of speech are characterized by
considering voiced sounds and pauses. Additionally, the
duration of the recordings with pauses/silence (Total
Length) and without it (VAD Length) is calculated. Abso-
lute measures are considered because all speakers read the
same standard text.

The voiced sounds are extracted by selecting the
speech frames with f, 0. Then, the number of voiced
segments per second (Voiced ratio) and the average dura-
tion of voiced segments (Voiced dur) are calculated from
segments with a duration longer than 40 ms.

In the case of pauses, the VAD algorithm is used to
locate the silence regions in order to compute the number
of pauses per second (Pause ratio) and the average dura-
tion of pauses (Pause dur) within the text. The same algo-
rithm is used to compute the duration of the recordings
only with the voiced segments (VAD Length). The voiced
and pause rates are measured as the number of voiced
segments/pauses per second (n/s), the average duration of
voiced segments/pauses are measured in milliseconds, and
the duration of the recordings is measured in seconds.

Rhythm

To analyze rhythm, Ramus et al. (1999) proposed to
measure the degree of vowel/consonant duration variabil-
ity.” These features are the standard deviation of the dura-
tion of vowels (Std Voc) and consonants (Std Con). Vari-
ability of duration can also be computed as pairwise vari-
ability index (PVI) without relying on syllable division in
stress-timed languages, as proposed by Grabe and Low
(2002). PVI is used to measure the variability of durations

SSome authors question the validity of these metrics for speech
rhythm analysis (see the works of Arvaniti, 2009; White & Malisz,
2020). Note that we use the cover term rhythm as a sort of container
for those duration-based features that model voiced/unvoiced rela-
tions. The theoretical status of “rhythm” and its different varieties is
not further discussed in the text.

in a successive vowel (PVI Voc) and consonant (PVI Con)
intervals. The PVI is computed as

100 m 1
m 1

Ik I

PVI .. — I
v 0:5 lk lk 1

()

k.1

where / is the list with the vowel or consonant durations
and m is the number of vowels or consonants. The stan-
dard deviation of the vowel/consonant duration is mea-
sured in milliseconds. The resulting fractional value is
multiplied by 100 to express it as a percentage. All of the
phones in the recordings are labeled automatically using
the BAS CLARIN web service, which performs forced
alignment using an automatic speech recognition system,
that is, to find the time interval for each phone given an
orthographic transcription (Kisler et al., 2017). The web
platform returns the transcriptions in the TextGrid for-
mat, which includes the time stamps for the words and
phonemes represented in the SAMPA format.

Summary of Acoustic Features

Table 2 shows the complete set of prosodic features
considered to analyze the speech production of the
speakers.” The features are divided into four main param-
eters: pitch, loudness, duration, and rhythm.

Statistical Analysis

The statistical analysis is performed with the open-
source package Pingouin (Vallat, 2018), which is written
in the programming language Python 3. First, an omnibus
test of normality based on D’Agostino and Pearson’s
(1973) study was performed on the computed acoustic
parameters. From the results, we learn that not all of the
features have a normal distribution; thus, we use the non-
parametric Mann-Whitney U test (Mann & Whitney,
1947) to evaluate differences between CI and control
speakers.

Null hypothesis testing with p values as a decisive
criterion has been repeatedly criticized (see the statement
by the American Statistical Association; Wasserstein &
Lazar, 2016). We therefore report p values as descriptive
measures and do not employ them for accepting or reject-
ing a null hypothesis. We adjusted the p values using
Benjamini-Hochberg adjustment (Benjamini & Hochberg,
1995). Moreover, we concentrate on interpreting effect size
measures, following the recommendation of the American
Psychological Association (Wilkinson, 1999).

The effect size is measured by means of Cohen’s d
coefficient. According to Cohen (1988), the effect size can

®https://clarin.phonetik.uni-muenchen.de/BASWebServices/interface.
"Note that in this article, we use “Std” to denote features and “SD”
to denote measured values.
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Table 2. Prosodic features considered in this study.

Parameter Feature Description
Pitch Mean f, (Hz) Average fundamental frequency

Std 1, (Hz) Standard deviation of fundamental frequency
Loudness SPL (dB) Average sound pressure level

Std SPL (dB) Standard deviation of sound pressure level
Duration Total Length (s) Total duration of the recording

VAD Length (s) Duration of the recording without pauses

Voiced dur (ms) Average duration of voiced sounds

Pause dur (ms) Average duration of pauses

Voiced ratio (n/s) Average voiced sounds produced per second

Pause ratio (n/s) Average pause segments produced per second
Rhythm PVI Voc (%) Variability of durations in successive vowels

PVI Con (%)
Std Voc (ms)
Std Con (ms)

Variability of durations in successive consonants
Standard deviation of vowel durations
Standard deviation of consonant durations

be interpreted as small (d = 0.20), medium (d = 0.50), or
high (d = 0.80). These thresholds should be taken with
care; however, they are used here as a general guideline to
provide a better understanding of the results (see Table 3).

Results

Comparison Between CIl Users and Control
Speakers

Tables 4 and 5 show the Mann-Whitney U-test
results for prosodic features extracted from CI users and
control speakers. The mean and standard deviation of
each acoustic feature are also reported in the tables.
Figure 1 shows the box plots of the prosodic features
computed for CI users and control speakers.

The results confirm our main hypothesis: Post-
lingually deafened CI users exhibit speech deviations com-
pared with adults with typical hearing. Such deviations
were mainly observed for duration and rhythm features.
For instance, CI users had considerably longer reading
times than the control speakers. In the case of the male
speakers, the CI users took (on average) 12 s more than
the control speakers to complete the reading (Total
Length [s]: 59 vs. 47, p < .001, d = 0.87). In the case of
the female speakers, the CI users took 9 s more than the
control group (Total Length [s]: 56 vs. 47, p < .001, d =
1.02). CI users also produced a lower Voiced ratio (n/s)
than the control group (males: 1.81 vs. 2.19, p < .01, d =

Table 3. Ordinal interpretation of Cohen’s d effect size coefficient.

Effect size Cohen’s d interval
Small 0.20<d < 0.40
Medium 0.40 <d < 0.80
Large d>0.80

0.86; females: 1.88 vs. 2.16, p < .05, d = 0.48). In male
speakers, such a difference was due to a longer duration
of voiced segments (Voiced dur [ms]: 384 vs. 258, p <
.001, d = 0.77); in females, a lower voiced segments ratio
was due to longer pauses (Pause dur [ms]: 448 vs. 411,
p < .05, d = 0.51). Regarding the rhythm features, CI
users (males and females) produced higher variability in
the duration of vowels and consonants. Male CI users also
showed higher loudness values than the control speakers;
however, such differences were not observed for the
females.

Comparison Between Unilateral and Bilateral
Cl Users

Tables 6 and 7 show the Mann-Whitney U-test
results for the prosodic features extracted from unilateral
and bilateral CI users. Similar to the previous experi-
ments, male and female speakers are analyzed separately.
Figure 2 shows the box plots of the prosodic features
computed for unilateral and bilateral CI users.

The results were inconsistent for males versus
females. However, these results are likely biased due to
the unbalanced and limited number of samples in the uni-
lateral and bilateral groups. In the case of the male
speakers, unilateral CI users produced considerably higher
loudness values (SPL [dB]: 70 vs. 57 p < .05, d = 0.88)
and shorter pauses (Pause dur [ms]: 439 vs. 515 p < .05,
d = 0.98). In the case of the females, we did not find any
difference after adjusting for multiple comparisons.

Discussion

In this study, an automatic analysis is performed by
computing acoustic features related to nonarticulatory
(prosodic) patterns in the speech of postlingually deafened
CI users in comparison to control speakers. In the following,
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Table 4. Mann-Whitney U tests between male cochlear implant (Cl) users and control speakers.

Cl users Control group

Acoustic Male (n = 37) Male (n = 36) Mann-Whitney U test

features M SD M SD U P Cohen’s d
Mean f, (Hz) 134 26 127 22 791 .160 0.26
Std f, (H2) 29 8 28 8 769 212 0.14
SPL (dB) 69 5 67 4 909 .012 0.53
Std SPL (dB) 15 2 13 3 681 .487 0.43
Total Length (s) 59 17 47 8 1084 < .001 0.87
VAD Length (s) 49 13 39 7 1095 < .001 0.97
Voiced dur (ms) 384 214 258 78 1019 < .001 0.77
Pause dur (ms) 464 85 453 79 730 .337 0.13
Voiced ratio (n/s) 1.81 0.51 2.19 0.36 371 .001 0.86
Pause ratio (n/s) 0.37 0.10 0.39 0.07 528 .064 0.22
PVI Voc (%) 69 8 62 7 1107 < .001 1.07
PVI Con (%) 63 9 54 8 1131 < .001 1.10
Std Voc (ms) 96 35 59 21 1191 < .001 1.28
Std Con (ms) 79 45 47 32 1112 < .001 0.83

Note. The p values were adjusted using the Benjamini-Hochberg
standard deviation.

procedure. See Table 2 for the definition of the acoustic features. SD =

differences between control speakers and CI users are
compared for each prosodic parameter, considering gender
differences.

Gender Differences

Apart from influences of hearing and auditory feed-
back on one’s own speech, we need to keep in mind that
prosody features of males and females might be different.
Women generally tend toward a more “correct” pronunci-
ation (Kreiman & Sidtis, 2011; Trudgill, 1972). This can
manifest itself with a tendency toward canonical forms
(less centralized vowels) as shown by Honig et al. (2014),

or with a tendency toward more isolated speech, that is,
toward more and/or longer pauses. In this study, regard-
ing gender differences in control speakers, apart from f,
features, females tend to speak louder, have shorter
pauses, have higher variability of duration in successive
vowels/consonants (PVI-Voc/Con), and have higher stan-
dard deviation of vowel/consonant durations (Std-Voc/
Con). On rhythm features, data in the literature are rare,
and one needs to keep in mind that rhythm is language
dependent. Regarding other data on stress-timed lan-
guages such as German, PVI of the control speakers in
this study, in general, is in the range of Grabe and Low’s
(2002) data for German speakers (where the gender of the

Table 5. Mann-Whitney U tests between female cochlear implant (Cl) users and control speakers.

Cl users

Control group

Female (n = 37)

Female (n = 36)

Mann-Whitney U test

Acoustic

features M SD M SD U P Cohen’s d
Mean f, (Hz) 193 26 195 23 631 .305 0.07
Std £, (H2) 38 9 38 8 694 .543 0.05
SPL (dB) 71 3 70 4 776 190 0.29
Std SPL (dB) 3 2 3 2 590 190 0.01
Total Length (s) 56 11 47 6 1057 < .001 1.02
VAD Length (s) 47 9 39 5 1102 <.001 1.15
Voiced dur (ms) 382 144 340 181 844 .060 0.25
Pause dur (ms) 448 75 411 69 878 .032 0.51
Voiced ratio (n/s) 1.88 0.46 2.16 0.68 505 .041 0.48
Pause ratio (n/s) 0.37 0.09 0.44 0.11 444 .009 0.63
PVI Voc (%) 69 7 63 5 1000 .001 0.89
PVI Con (%) 64 9 53 6 1198 < .001 1.53
Std Voc (ms) 94 31 62 13 1178 < .001 1.35
Std Con (ms) 74 30 48 24 1132 < .001 0.97

Note. The p values were adjusted using the Benjamini-Hochberg procedure. See Table 2 for the definition of the acoustic features. SD =

standard deviation.
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Figure 1. Box plots of the prosodic features computed for cochlear implant (Cl) users and control speakers. The groups are compared con-
sidering male and female speakers separately. Mean f, = mean of the resulting f, contour; Std f, = standard deviation of the resulting 7, con-
tour; SPL = sound pressure level; VAD = voice activity detection; Std SPL = standard deviation of the SPL; Voiced Dur = average duration
of voiced segments; Pause Dur = average duration of pauses; n/s = number of voiced segments/pauses per second; PVI Voc = variability of
durations in successive vowels; PVI Con = variability of durations in successive consonants; Std Voc = standard deviation of the duration of
vowels; Std Con = standard deviation of the duration of consonants.
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speaker is not given). In accordance to our data, in
Torgersen and Szakay’s (2012) data of young and older
English speakers with different dialects from London, men
showed lower PVI values than women, whereas Szakay’s
(2006) data of English-speaking

subjects from New

Table 6. Mann—Whitney U tests between unilateral and bilateral male cochlear implant users.

Zealand revealed no gender difference for PVI. Summing
up, results found in the literature on prosody regarding
gender differences are inconsistent. That is partly due to
the study design and might reflect language-dependent dif-
ferences. The results of this study on the prosody of the

Unilateral Bilateral Mann-Whitney U

Acoustic Male (n = 25) Male (n = 12) test

features M SD M SD U P Cohen’s d
Mean f, (Hz) 129 25 144 23 100 101 0.63
Std f, (Hz2) 29 8 31 9 121 .207 0.26
SPL (dB) 70 4 67 4 223 .044 0.88
Std SPL (dB) 4 3 5 3 111 135 0.37
Total Length (s) 55 12 69 23 97 101 0.86
VAD Length (s) 46 10 56 16 92 .087 0.86
Voiced dur (ms) 363 149 427 305 136 .681 0.30
Pause dur (ms) 439 76 515 81 68 .044 0.98
Voiced ratio (n/s) 1.89 0.50 1.64 0.50 189 135 0.50
Pause ratio (n/s) 0.38 0.07 0.36 0.15 224 .044 0.23
PVI Voc (%) 68 8 72 6 101 101 0.47
PVI Con (%) 62 9 67 8 90 .087 0.70
Std Voc (ms) 90 33 108 36 109 135 0.53
Std Con (ms) 77 45 84 44 134 .331 0.16

Note. The p values were adjusted using the Benjamini-Hochberg procedure. See Table 2 for the definition of the acoustic features. SD =
standard deviation.
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Table 7. Mann—-Whitney U tests between unilateral and bilateral female cochlear implant users.

Unilateral Bilateral Mann-Whitney U

Acoustic Female (n = 30) Female (n = 7) test

features M SD M SD U P Cohen’s d
Mean f, (Hz) 194 26 191 23 104 .662 0.08
Std £, (H2) 39 9 33 8 146 204 0.68
SPL (dB) 71 4 71 2 109 .662 0.10
Std SPL (dB) 3 2 2 1 133 401 0.52
Total Length (s) 56 11 56 11 119 574 0.03
VAD Length (s) 47 9 47 8 117 574 0.02
Voiced dur (ms) 377 144 403 139 96 577 0.19
Pause dur (ms) 434 63 509 92 50 128 1.08
Voiced ratio (n/s) 1.89 0.47 1.80 0.40 110 .662 0.20
Pause ratio (n/s) 0.38 0.08 0.33 0.12 157 128 0.60
PVI Voc (%) 68 8 73 5 55 128 0.61
PVI Con (%) 64 9 66 9 98 .662 0.19
Std Voc (ms) 92 29 102 37 81 422 0.35
Std Con (ms) 73 28 82 36 94 .672 0.30

Note. The p values were adjusted using the Benjamini-Hochberg procedure. See Table 2 for the definition of the acoustic features. SD =

standard deviation.

control group speakers can contribute to the discussion on
this topic. Regarding prosodic characteristics in CI
speakers, we refer to each parameter with respect to gen-
der in the following, and then the prosody of uni- and
bilateral CI users is compared.

Pitch and Loudness Features

Although pitch perception is known to be restricted
in CI users (Gaudrain & Baskent, 2018), differences in f,
values were not found between CI users and control
speakers. These results are in contrast to some found in

Figure 2. Box plots of the prosodic features computed for unilateral and bilateral cochlear implant (Cl) users. The groups are compared con-
sidering male and female speakers separately. Mean f, = mean of the resulting f, contour; Std f, = standard deviation of the resulting 7, con-
tour; SPL = sound pressure level; VAD = voice activity detection; Std SPL = standard deviation of the SPL; Voiced Dur = average duration
of voiced segments; Pause Dur = average duration of pauses; n/s = number of voiced segments/pauses per second; PVI Voc = variability of
durations in successive vowels; PVI Con = variability of durations in successive consonants; Std Voc = standard deviation of the duration of

vowels; Std Con = standard deviation of the duration of consonants.
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the literature (Gautam et al., 2019; Lane & Webster,
1991; Langereis et al., 1998; Leder et al., 1987; Mora
et al., 2012; Ubrig et al., 2011) where f, of CI users tends
to be higher. One reason might be that literature on pitch
of CI users is mainly older and therefore represents the
former state of art of hearing with CI. Due to better surgi-
cal methods and newer coding strategies, frequency repre-
sentation via CI became better, enabling broader and
more precise perception and auditory feedback.

All CI users included in this study lost their hearing
after acquiring speech. We assume that they had access to
more sources of adequate feedback before hearing loss
occurred and might profit from stable feedforward pro-
cesses in motor control of speech (Lane et al., 2007). Fol-
lowing Leder and Spitzer’s (1990) data and the DIVA the-
ory (Guenther et al., 2006), somatosensory feedback and
feedforward motor control might be preserved and con-
tribute to pitch control.

The literature on SPL of CI users is rare. In contrast
to our findings, Yiiksel and Giindiz (2019) found no
marked differences in spectral and SPL characteristics of
speech when analyzing long-term average speech spectra
in postlingual CI users in comparison to control speakers.
In our study, SPL and related features are similar for male
and female CI users, but considerable differences are seen
for male CI users in comparison with control speakers,
which may reflect a higher effort in speech control in male
CI users. However, further experiments involving percep-
tion are necessary to confirm this hypothesis.

Duration Features

In general, the speaking rate of people with hearing
loss has been reported to be slower compared with control
speakers due to a prolongation of speech segments and
insertion of pauses (Osberger & McGarr, 1982; Robb &
Pang-Ching, 1992). Freeman and Pisoni (2017) reported a
lower speech rate in CI users. In our study, both male and
female CI users exhibit a longer duration reading the text
(going along with lower speech rate) and a lower voiced
rate compared with the control speakers. In both male and
female CI users, voiced segments and pauses are consider-
ably longer than those produced by the control speakers.

The role of auditory feedback on reading duration was
demonstrated on five postlingually deafened people after
cochlear implantation by Kishon-Rabin et al. (1999). After
implantation, the duration became significantly shorter on
both words and sentences. In Lane et al.’s (1998) investiga-
tion of changes in duration features, they found an increased
articulation rate after implantation in five of seven CI users.
They conclude that “speakers use self-hearing to monitor
transmission conditions and regulate speech parameters to
achieve a compromise between intelligibility and effort.”
They refer to the theory described above that articulatory
precision results from an economy of effort to produce

speech (Perkell et al., 2007). In our study, the slower speech
rate of CI users compared with the controls might be caused
by the restricted auditory feedback that results from the
degraded signal provided by the implant, reflecting the
higher effort needed for these speakers. However, following
Kishon-Rabin et al.’s study, no other features such as
increased sound pressure support this theory.

Rhythm Features

In addition to the basic duration features, the vari-
ability of consecutive vowel and consecutive consonant
durations was computed in order to model speech rhythm.
According to Jang who focused on second-language learning
in Koreans speaking English, these features are appropriate
to represent rhythm in languages such as English and Ger-
man; the variability measures matches the perceptual evalua-
tion of rhythm (Jang, 2009; summary in Honig, 2017).

Our results showed that CI users produced vowels
and consonants with a higher duration variability com-
pared with the control speakers. Speech rhythm has been
investigated before by considering relative and absolute
duration of syllables in target sentences read by people
with hearing loss. In the study presented by Hood and
Dixon (1969), people with hearing loss show a tendency
to prolong the absolute duration of every syllable. In our
study, CI users also have poorer duration control when
producing different speech sounds. Moreover, in the stud-
ies reviewed by Osberger and McGarr (1982), there is evi-
dence suggesting that people with hearing loss have diffi-
culties controlling and coordinating the larynx and oral
articulatory gestures necessary to produce, for instant,
voicing contrast. In accordance to the duration features,
the rhythm features PVI-Voc/Con and Std-Voc/Con are
higher for male and female CI users compared with the
control speakers. As for the precision of changes from
voiced to unvoiced and vice versa, a previous analysis of
the transitions also showed marked differences between CI
and controls (Arias-Vergara et al., 2019). This may reflect
the reduced auditory feedback and inconsistently increased
effort to control speech.

Uni- and Bilateral Cochlear Implantation
Inconsistent results were found when comparing the
acoustic features obtained from unilateral and bilateral CI
users. For men, differences with effect sizes above 0.8 are
found in loudness (SPL), total length, pauses and VAD
length, and average pause duration. For women, differ-
ences were only seen in pause duration. In both, values of
CI users with only one implant tend more toward values
of the controls. These results can be explained considering
the possible different representation of information on
both ears (Reiss et al., 2011), which, moreover, changes
over time (Reiss et al., 2007). However, considering the
relatively low number of speakers in the bilateral group,
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conclusions are limited. Additionally, in order to analyze
the benefits of two implants, it would be necessary to also
evaluate the speech production of the bilateral CI users in
a setting with two, one, or no implants.

Limitations

In order to have comparable speech corpora, in this
study, only an identical reading text was evaluated. The
motivation for choosing a reading text lies in the stan-
dardization: Reading texts usually gives stable vocabulary
and length of the speech signal, enabling precise group
comparisons. In future projects, also free speech should be
included. However, as this shows more dependencies on
the emotional state and personality, a high variation in
vocabulary and narrative competence, overall words, and
other features, comparability will still be a topic of con-
cern. Future research should also include longitudinal data
to monitor speech production over time. Additionally,
specifics about the hearing state of the patients, side of
implantation, insertion depth, active electrodes, manufac-
turer, filter settings of the input filters, and duration of CI
usage should be taken into consideration, as well as possi-
ble influences on the acoustic parameters of speech pro-
duction. In this study, prosody was evaluated referring to
overall pitch, loudness, duration features and their vari-
ability, and relations of duration features. For further
evaluations, phrase structure and word stress should be
considered.

Conclusions

Speech production of postlingual CI users differs
from that of age-matched control speakers at the supra-
segmental level. In general, CI users produced markedly
higher variability in the duration of vowels/consonants,
took longer time for reading with longer voiced parts and
pauses, and read the text with a lower voiced rate than
the control speakers. The results show that even after
rehabilitation by cochlear implantation, the speech of CI
users deviates from typical speech. Referring to the DIVA
model of auditory feedback on articulation, changes might
rely on the ongoing restricted auditory feedback, yet
changes are mostly seen in duration and rhythm features
and not regarding pitch. The altered voiced segments’ dura-
tion might reflect altered articulatory competence with
changed voiced—unvoiced ratio, as shown by Osberger and
McGarr (1982). The advantages of bilateral CI use are
shown in many articles on speech perception (Van
Schoonhoven et al., 2013) and on speech and language
skills in children (Sarant et al., 2014), especially in challeng-
ing acoustic conditions such as background noise or in
localization. In our study, there is no evidence for an

advantage. However, our data are limited, and the advan-
tages of using two CIs should be confirmed in a bigger
cohort.
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