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Abstract. People with postlingual onset of deafness often present speech pro-
duction problems even after hearing rehabilitation by cochlear implantation. In
this paper, the speech of 20 postlingual (aged between 33 and 78 years old) and
20 healthy control (aged between 31 and 62 years old) German native speakers is
analyzed considering acoustic features extracted from Consonant-to-Vowel (CV)
and Vowel-to-Consonant (VC) transitions. The transitions are analyzed with ref-
erence to the manner of articulation of consonants according to 5 groups: nasals,
sibilants, fricatives, voiced stops, and voiceless stops. Automatic classification
between cochlear implant (CI) users and healthy speakers shows accuracies of
up to 93%. Considering CV transitions, it is possible to detect specific features of
altered speech of CI users. More features are to be evaluated in the future. A com-
prehensive evaluation of speech changes of CI users will help in the rehabilitation
after deafening.
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1 Introduction

Hearing loss can affect speech production in both adults and children. People suffering
from severe to profound deafness may experience different speech disorders such as
decreased intelligibility, changes in terms of articulation, increased or decreased nasal-
ity, slower speaking rate, and decreased variability in fundamental frequency (F0) [4,
8, 10]. Furthermore, speech disorders vary depending on the age of occurrence of deaf-
ness. When hearing loss occurs after speech acquisition (postlingual onset of deafness),
speech impairments are caused by the lack of sufficient and stable auditory feedback
[9]. Currently, there are different treatments available for different types and degrees
of hearing loss. Cochlear Implants (CI) are the most suitable devices for severe and
profound deafness when hearing aids do not improve sufficiently speech perception.
CI consists of an outer part, the speech processor, where acoustic information is trans-
formed into electrical stimuli that are forwarded through the skin to the implanted part
that goes into the cochlea. Due to the frequency distribution along the cochlear length,
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the electric stimuli can provide frequency information. However, CI users often present
altered speech production and limited understanding even after hearing rehabilitation. If
the deficits of speech would be known the rehabilitation might be adequately addressed.
Previous studies have analyzed speech disorders in postlingual CI users. In [3], a study
was presented to evaluate hypernasality considering speech recordings of 25 postlin-
gual CI users and 25 age-matched Healthy Controls (HC). Nasometric measures were
obtained using two sentences uttered by patients and controls. The authors reported
higher nasalance scores in the CI users compared to the healthy speakers. In [18], a
study was presented considering speech recordings of 40 postlingual CI users and 12
HC speakers. Acoustic analysis was performed computing the fundamental frequency
(F0) from the sustained phonation of vowel /a/. The authors reported a reduction of
F0 in the CI users compared to the control group. In [6], a study was presented to
evaluate speech deterioration in 3 postlingually deafened adults. Additionally, speech
recordings of 3 HC speakers were considered for comparison. The authors reported
greater F0 variability in the CI users compared with the control group. Furthermore,
the patients showed less differentiation of place of articulation in fricative and plosive
consonants.
This paper investigates the use of Consonant-to-Vowel (CV) and Vowel-to-Consonant
(VC) transitions to detect speech problems in postlingual deafened CI users. Further-
more, the consonants are labeled as nasals, sibilants, fricatives, voiced stops, and voice-
less stops. The reason is that the articulatory settings necessary to produce certain
speech sounds may be altered in the hearing impaired people. As described in [7],
after cochlear implantation, the user may notice differences between the sounds per-
ceived and the sounds produced. If this is the case, then the CI user will move the
articulators in order to produce a speech sound similar to the sound perceived. Such
changes may be captured with the transitions. Previous work has considered voiced-to-
voiceless/voiceless-to-voiced transitions to evaluate altered articulatory motor control
in neurological diseases such as Parkinson’s disease [13]. In the present study, the tran-
sitions are extracted considering different phoneme groups in order to detect speech
production problems in CI users. In the neural model of speech production (DIVA
model) proposed in [2], speech movements are planned considering phoneme-specific
and speaker-specific mappings, which are acquired and maintained with the use of au-
ditory feedback. With ongoing hearing loss the speech sound map can slightly change,
but moreover, the sensory-motor control is decreasing as one tends to use only as much
force and effort for all movements as necessary. Therewith articulation looses its preci-
sion. The use of transitions in this study is also motivated by previous findings related to
speech motor control. As proposed in [14], the production of speech sound sequences
is based on acoustic goals. For example, for many consonants one goal is the abrupt
acoustic transition to surrounding vowels associated with a diminution of sound level.
According to [14], an internal model is used by the brain to control the necessary articu-
latory movements to achieve different acoustic goals. Such an internal model is acquired
and maintained with the use of auditory feedback. Thus, speech disorders occur when
there is no sufficient speech perception. For instance, note that voiceless-stop-to-vowel
transitions might be correlated with the voice onset time, which is defined as the time
between the release of the oral constriction for any plosive sound and the beginning of
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vocal fold vibrations [11] and has been considered in other studies to evaluate voicing
contrast in CI users [7]. On the other hand, previous work suggests that fricative and
sibilant production differs between CI users and HC speakers. Particularly for sibilants,
these changes are produced because the spectral resolution of the CIs is lower in higher
frequencies, thus, CI users shift the production of the sibilant sounds into the frequency
range perceived by them [12]. We caution that it is not the aim of our study to find
acoustic goals (as described in [14]), but to detect speech problems in CI users by ex-
tracting different acoustic features from the CV/VC transitions. We believe that such
an approach will lead to the development of computational tools that will help to adapt
hearing rehabilitation and speech therapy to the specific needs of CI users.
The rest of the paper is organized as follows: Section 2 includes details of the data and
methods. Section 3 describes the experiments and results. Section 4 provides conclu-
sions derived from this work.

2 Materials and methods

Figure 1 shows the methodology proposed in this work. First, forced alignment is per-
formed over the speech recordings uttered by each speaker. Then, the phonemes are la-
beled as vowels, nasals, sibilants, fricatives, voiced stops, and voiceless stops. Then, the
CV/VC transitions are extracted and assigned to their corresponding phoneme group.
In the next step, acoustic features are extracted for each group of CV/VC transitions
and then a Support Vector Machine (SVM) is considered to classify between CI users
and healthy controls (HC). Each stage of the methodology is described in more detail
in the following sections.

Classification
CV/VC 

transitions

Voiceless stops
Voiced stops

Fricatives
Sibilants
Nasals

Speech signals

Transcriptions
+

Forced alignment
and phone labeling

Feature 
extraction

Fig. 1. Methodology implemented in this study.

2.1 Data

Standardized speech recordings of 20 postlingual deafened CI users (4 men) and 20
healthy controls (11 men) German native speakers were considered for the tests. The
speech signals were captured in noise-controlled conditions at the Clinic of the Ludwig-
Maximilians University in Munich, with a sampling frequency of 44.1 kHz and a 16 bit
resolution. The speech signals were re-sampled to 16 kHz. All of the patients were
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asked to read 97 words [1], which contain every phoneme of the German language in
different positions within the words. The age of the CI users ranges from 33 up to 78
years old (57.2± 12.2). The age of the healthy speakers ranges from 31 up to 62 years
old (44.2± 9.3).

2.2 Segmentation

The speech of the CI users is evaluated considering acoustic features extracted from
CV/VC transitions formed with different phoneme groups of the standard German con-
sonant system (Table 1). In order to obtain the time stamps of the phonemes in the

Table 1. Phoneme groups considered in this study.

Group IPA Transcription
Nasals /n/, /m/, /N/
Sibilants /s/, /S/, /z/, /Z/
Fricatives /f/, /v/, /j/, /C/, /h/
Voiced stops /b/, /d/, /g/
Voiceless stops /p/, /t/, /k/

recordings, the BAS CLARIN web service is used [5]. This web service provides a
forced alignment tool based on the Munich Automatic Segmentation system presented
in [15]. The speech recordings are uploaded with their corresponding orthographic tran-
scription to obtain the time stamps of the phonemes represented in SAMPA format.
Then, the SAMPA segments are labeled according to Table 1. Additionally, short vow-
els, long vowels, and vowels that occur in unstressed position are labeled into one group.
In the final step, the CV/VC transitions are extracted and grouped individually accord-
ing to their phoneme label. Figure 2 summarizes this process.

2.3 Feature extraction

A Hamming window of 25 ms with a time step of 10 ms are applied from the begin-
ning of the consonant (for CV transitions) or vowel (for VC transitions). The set of
acoustic features includes 9 Perceptual Linear Predictive (PLP) coefficients and 13
Mel-Frequency Cepstral Coefficients (MFCCs). The mean, standard deviation, skew-
ness, and kurtosis are computed from the descriptors, forming an 88-dimensional fea-
ture vector per speaker. Thus, there are 5 feature vectors per transition, one for each
phoneme group.

2.4 Automatic classification

The automatic classification of postlingual CI users and HC is performed with a radial
basis SVM with margin parameter C and a Gaussian kernel with parameter γ. C and
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Fig. 2. Phoneme labeling procedure. In the figure, the German word “Schmetterling” contains two
VC transitions (vowel-voiceless stop, vowel-nasal) and two CV transitions (voiceless stop-vowel,
nasal-vowel)

γ are optimized through a grid search with 10−4 < C < 104 and 10−6 < γ < 103.
The selection criterion is based on the performance obtained in the training stage. The
SVM is tested following a 10-fold cross validation strategy. The performance of the
system is evaluated by means of the accuracy (Acc), which measures the proportion of
speakers that were assigned to the correct group by the system, the sensitivity (Sen),
which measures the proportion of speakers correctly assigned to the CI users group,
and the specificity (Spe), which measures the proportion of speakers correctly assigned
to the HC group. Additionally, the Area Under the ROC Curve (AUC) is considered.
The values of the AUC range from 0.0 up to 1.0, were 1.0 means a perfect system. The
AUC is interpreted as follows: AUC < 0.70 indicates poor performance, 0.70 ≤ AUC
< 0.80 is fair, 0.80 ≤ AUC < 0.90 is good, and 0.90 ≤ AUC < 1 is excellent [16].

3 Experiments and results

Table 2 shows the obtained results for the classification of CI users and HC speakers
when only features extracted from CV transitions are considered for training. It can
be observed that the best performance is obtained with the sibilant-to-vowel transitions
(Acc = 93%, AUC = 0.94), which confirms previous findings regarding the production
of sibilant sounds in postlingual CI users [12]. Also, a difference can be observed when
comparing the performance of voiceless-stop-to-vowel (Acc = 83%, AUC = 0.87) and
voiced-stop-to-vowel (Acc = 70%, AUC = 0.73) transitions. In this case, the highest
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Table 2. Results for the automatic classification between CI users vs HC speakers, considering
CV transitions. Acc: Accuracy. Sen: Sensitivity. Spe: Specificity. AUC: Area under the ROC
curve.

Transition Phone group Acc (%) Sen (%) Spe (%) AUC
Voiceless stops 83 80 85 0.87
Voiced stops 70 65 75 0.73

CV Sibilants 93 95 90 0.94
Fricatives 85 90 80 0.87
Nasals 88 85 90 0.90

results were obtained with the voiceless stops compared to the voiced stops. These re-
sults can be explained considering the study presented in [17]. The authors suggest that
voiceless stop consonants require a more complex timing in coordinating the upper and
laryngeal articulators than voiced stop consonants, which may be produced by simul-
taneous action of these articulators. Additionally, good results were also achieved for
nasal-to-vowel (Acc = 88%, AUC = 0.90) and fricative-to-vowel (Acc = 85%, AUC =
0.87) transitions. Table 3 shows the obtained results for the classification of CI users
and HC speakers when only features extracted from VC transitions are considered for
training. In general, it can be observed that the classification results are lower than
those presented in Table 2. For VC transitions, the highest results were obtained with
fricative-to-vowel (Acc = 80%, AUC = 0.84) and sibilant-to-vowel (Acc = 78%, AUC =
0.85) transitions. Fair results were also obtained with voiced-stop-to-vowel transitions,
however, from the sensitivity measure we can observe that the system is not able to
identify postlingually deafened CI users properly (Sen = 60%).

Table 3. Results for the automatic classification between CI users vs HC speakers, considering
VC transitions. Acc: Accuracy. Sen: Sensitivity. Spe: Specificity. AUC: Area under the ROC
curve.

Transition Phone group Acc (%) Sen (%) Spe (%) AUC
Voiceless stops 68 70 65 0.74
Voiced stops 75 60 90 0.71

VC Sibilants 78 85 70 0.85
Fricatives 80 80 80 0.84
Nasals 63 65 60 0.63

4 Conclusions

In this paper we presented a study to investigate the use of acoustic features extracted
from CV/VC transitions to detect speech problems in postlingually deafened CI users.
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In order to do this, the transitions were grouped individually according to the manner of
articulation of the consonants, i.e, voiceless stops, voiced stops, sibilants, fricatives, and
nasals. According to the results, CV transitions prove to be more suitable than the VC
transitions to detect changes in the speech of the patients in comparison to a group of
HC speakers. Furthermore, the obtained results were similar to previous findings which
are related to consonant production problems in CI users. The highest classification
accuracy was obtained with features extracted from sibilant-to-vowel transitions (Acc
= 93%), which indicates that there are differences between the production by CI users
and HC controls. Additionally, good classification results were obtained with features
from fricative-to-vowel (Acc = 85%), nasal-to-vowel (Acc = 88%), and voiceless-stop-
to-vowel transitions (Acc = 93%). These results motivate us to implement this approach
for the longitudinal monitoring of CI users. We are aware of a mismatch regarding the
age and sex in CI and HC. Currently, we are collecting more HC. However, we don’t
expect the outcome of the experiments to change, i.e., that CV are better than VC and
that sibilant-to-vowel transitions provide the best discrimination. The long term goal of
this study is to provide to the expert clinicians with additional information that could
be used to help the patients with their speech therapy. Future work will include more
speech tasks such as text reading, rapid repetition of syllables, and sentence reading.
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