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ABSTRACT

The suitability of articulation measures and speech intelligi-
bility is evaluated to estimate the neurological state of patients
with Parkinson’s disease (PD). A set of measures recently in-
troduced to model the articulatory capability of PD patients
is considered. Additionally, the speech intelligibility in terms
of the word accuracy obtained from the Google®) speech rec-
ognizer is included. Recordings of patients in three different
languages are considered: Spanish, German, and Czech. Ad-
ditionally, the proposed approach is tested on data recently
used in the INTERSPEECH 2015 Computational Paralinguis-
tics Challenge. According to the results, it is possible to esti-
mate the neurological state of PD patients from speech with a
Spearman’s correlation of up to 0.72 with respect to the eval-
uations performed by neurologist experts.

Index Terms— Parkinson’s disease, articulation, speech,
intelligibility, UPDRS

1. INTRODUCTION

Parkinson’s disease (PD) is a neurological disorder that alters
the function of the basal ganglia in the midbrain, affecting
motor and non-motor abilities of patients [1]. Motor deficits
include bradykinesia, rigidity, postural instability, and rest-
ing tremor, and non-motor impairments include negative ef-
fects on the sensory system, sleep, cognition, and emotions
[2]. The standard method to evaluate and rate the neuro-
logical state of Parkinson’s patients is based on the unified
Parkinson’s disease rating scale (UPDRS) [3]. This scale in-
cludes a subset of items to assess different motor activities
such as movement of the legs and arms, finger tapping, and
others. This evaluation only includes one item about speech;
however, it has already been observed in the literature that
the loss of control in the motor activity causes different voice
and speech impairments in the majority of PD patients. The
most common symptoms in the speech of PD patients include
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reduced loudness, monopitch, monoloudness, reduced stress,
breathy and hoarse voice quality, and imprecise articulation
[2]. The objective evaluation of speech in PD patients is a
topic that deserves the attention of the research community.
Several studies in the literature have described the speech im-
pairments of PD patients in terms of phonation, articulation,
and prosody [4, 5, 6, 7]. Phonation is related with the capabil-
ity of the speaker to make the vocal folds vibrate to produce
vocal sounds, articulation is related with the modification of
the position, stress, and shape of several limbs and muscles
to produce the speech, and prosody reflects variation of loud-
ness, pitch, and timing to produce natural speech [8]. Along
with these three aspects of speech, intelligibility is also deteri-
orated in PD patients causing loss of communication abilities
and social isolation specially at advanced stages of the dis-
ease [9]. There are studies reporting a close relation of speech
degradation and PD symptoms [10]. This relation can be ex-
plained by the fact that there are many muscles and limbs in-
volved in voiced production; therefore speech is a promising
source of information for assessing the neurological state of
PD patients. Indeed the research community has been highly
interested in studying the speech of people with PD in or-
der to develop computer aided systems to assist the screening
and monitoring of PD patients from speech. In this paper
we are focused on studying the correlation between articula-
tion models and intelligibility with the neurological state of
PD patients according to the motor section of the UPDRS,
i.e., UPDRS-IIL

Several studies in the literature have analyzed and de-
scribed characteristics of PD speech with the aim of discrim-
inating PD patients and healthy controls (HC) or to evaluate
the correlation among different speech characteristics and the
severity of the disease. For instance in [5] the authors studied
possible correlations among vowel articulation, global motor
performance, and the stage of the disease. The authors con-
sidered a total of 68 patients and 32 HC and performed several
statistical tests. They concluded that the vowel articulation in-
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dex (VAI) is significantly reduced in PD speakers; however,
no significant correlations between vowel articulation and the
extent of the disease were found. In [11] different articulatory
deficits observed in PD speech are modeled. The study con-
sidered a total of 46 Czech native speakers, 24 of them with
PD. Each speaker performed the rapid repetition of the sylla-
bles /pa-ta-ka/. The authors calculated 13 features to describe
six different articulatory aspects of speech: vowel quality, co-
ordination of laryngeal and supra-laryngeal activity, precision
of consonant articulation, tongue movement, occlusion weak-
ening, and speech timing. The authors reported a classifica-
tion result of 88% in separating speech signals of PD patients
and HC. The results confirm previous observations where the
imprecise articulation is reported as the most predominant
characteristic of PD-related dysarthria. With respect to the
problems of intelligibility in the speech of PD patients, sev-
eral clinicians have observed those impairments over several
years in a large sample of patients [2]. After these observa-
tions were reported, several studies have addressed perceptual
analyses of speech intelligibility in PD patients. In [12] the
authors analyze possible correlations between the perceived
intelligibility (in terms of correctly pronounced words) and
the severity of the disease. According to their findings, there
is no correlation between the perceived intelligibility and the
neurological state of the patients. A similar result is reported
in [13] where a total of 125 PD patients and the same number
of age matched HC are evaluated. The authors investigate the
correlation between their speech intelligibility (also in terms
of correctly pronounced words) perceived by listeners unfa-
miliar with dysarthric speech and the disease severity. The
authors conclude that although speech intelligibility is sig-
nificantly reduced in people with PD, no correlations were
found between perceived intelligibility and disease severity.
Although extensively reported, the impairments in speech in-
telligibility of PD patients only have been analyzed subjec-
tively through perceived intelligibility, which is non-objective
and time-consuming; it seems worthwhile to develop methods
to automatically assess speech intelligibility in people with
PD. A straightforward way to automatically evaluate speech
intelligibility consists of computing the word accuracy (WA)
of a speech recognizer with respect to a known text. This
approach was proposed and successfully tested in [14] con-
sidering the speech of children with cleft lip and palate.

In this paper we evaluate the suitability of the articula-
tory model introduced in [15] and the speech intelligibility in
terms of WA to estimate the neurological state of PD patients
according to the motor section of the UPDRS scale. Three
groups of patients are considered, Spanish, German, and
Czech native speakers. Besides the experiments with differ-
ent languages, the sets of speakers (train, development, and
test) introduced in the recent version of the INTERSPEECH
2015 Computational Paralinguistics Challenge (ComParE)
[16] are used to evaluate the suitability of the proposed mod-
els on recordings of a publicly accessible dataset.
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2. PATIENTS AND SPEECH TASKS

Spanish: The set of 50 patients included in the PC-GITA
database [17] is considered here (25 male and 25 female).
The age of the speakers ranges from 33 to 77 years (mean
61.1 £ 9.6). The participants were recorded in a sound-proof
booth at Clinica Noel of Medellin in Colombia, using a dy-
namic omni-directional microphone and a professional audio
card. The speakers were asked to pronounce a total of 21 iso-
lated words, 6 sentences, one text with 36 words, and a mono-
logue (average duration: 45 + 23 seconds). The sampling
frequency of the recordings was 44.1 kHz with 16-bit reso-
lution. All of the patients were recorded in ON-state, i.e., no
more than three hours after their morning medication. The pa-
tients were labeled by a neurologist expert; the mean value of
their evaluation according to the MDS-UPDRS-III scale (max
value 132) is 36.7 £ 18.7; the average time post PD diagnosis
was 10.7 £+ 9.2 years.

German: A total of 88 native German speakers (47 male
and 41 female) were recorded in a quiet room at the Knapp-
schaftskrankenhaus of Bochum in Germany [5]. The partic-
ipants performed four speech tasks: 6 isolated words, 5 sen-
tences, one text with 81 words, and a monologue (average
duration: 33 + 8 seconds). The age of the speakers ranged
between 42 and 84 years (mean 66.4 £ 8.9). The sampling
frequency of the recordings was 16 kHz with 16-bit resolu-
tion. As in the Spanish data, the patients were in ON-state
during the recording session; the mean value of their neu-
rological evaluation according to the UPDRS-III (max value
108) scale is 22.7 £ 10.9; the average time post PD diagnosis
was 7.1 £ 5.8 years.

Czech: A total of 20 native Czech speakers were considered
(all of them male). The patients were newly diagnosed with
PD, and none of them had been medicated before or during
the recording session. The participants were recorded in the
General University Hospital in Prague, Czech Republic, and
the speech tasks considered here include 7 isolated words, 3
sentences, one text with 80 words, and a monologue (average
duration: 115 &£ 56 seconds). The recordings were sampled at
48 kHz with 16-bit resolution. The age of the speakers ranges
between 34 and 83 years (mean 61 £ 12); the mean value
of their neurological evaluation according to the UPDRS-III
scale is 17.9 £ 7.4. Further details of this database can be
found in [18].

3. SPEECH MODELING AND NEUROLOGICAL
STATE ESTIMATION

3.1. Articulation model

In [15] we recently introduced a new method to model diffi-
culties observed in PD patients to start/stop the vibration of
vocal folds. The method consists of detecting the onset (from
unvoiced to voiced) and offset (from voiced to unvoiced) tran-



sitions in the speech recording. In the borders between voiced
and unvoiced sounds a frame of 40 ms to each side (80 ms
in total) is taken. Cepstral mean subtraction is performed
over the recordings excluding initial and final silences. The
energy content of those transitions is calculated in terms of
12 mel-frequency cepstral coefficients (MFCCs) and 25 Bark
band energies (BBE). Four functionals (mean value, standard
deviation, kurtosis, and skewness) are calculated per speech
recording, forming 148-dimensional feature vectors to repre-
sent each voice sample. As the method showed to be highly
accurate and robust to discriminate between people with PD
and HC in three languages, here we want to evaluate its suit-
ability to find correlations with the neurological state of the
patients.

3.2. Speech intelligibility

The speech impairments observed in PD patients gener-
ate loss of speech intelligibility. As already introduced in
[14], WA can be a good descriptor of speech intelligibil-
ity in people with pathological voice. In [14] the speech
recognizer was trained with speech of German native speak-
ers and a unigram language model was used to increase
the influence of the acoustic model on the recognizer. In
this study we want to test the suitability of an off-the-
shelf speech recognizer, thus we decided to use the well
known and publicly accessible ASR system developed by
Google Inc®. 1In particular, the speech API v2 is used

(https://www.google.com/intl/es/chrome/demos/speech.html).

It is a cloud-based ASR system that can only be used off-the-
shelf, i.e., we did not have access to the parameters of the
platform, thus we only made the requests and analyzed the
results. The recordings are encoded and converted to the Free
Lossless Audio Codec (FLAC) format with a sampling fre-
quency of 16 kHz. The resulting file is sent to the Google®
servers using the HTTP protocol. The only parameter we
could adjust was the language. We choose “es-CO” for
the Colombian Spanish, “de-DE” for German, and “cs” for
Czech. The Google® speech API converts the input signal
into a word chain. WA was computed for the set of words
together. For sentences and texts it was calculated for each
item.

3.3. Neurological state estimation

The disease severity is estimated using a linear support vector
regressor (SVR) with e-insensitive loss function. The param-
eters of the regressor C' and ¢ are optimized in a grid search
with C € [1074,1073,...,10] and ¢ € [1, 10,20, 30]. The
system is evaluated using Spearman’s (p) correlation between
the predicted values and the UPDRS labels.
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4. EXPERIMENTS AND RESULTS

4.1. Experiments with cross-validation

The articulation features proposed in [15] and the WA ex-
tracted from the speech tasks are considered for the regres-
sion model. The optimization of the SVR parameters in the
experiments with Spanish and German data is performed fol-
lowing a 10-fold cross-validation (CV) strategy. For the case
of the Czech data the optimization is performed following a
leave-one-speaker-out CV (LOSO-CV) strategy. The speaker
independence condition is obeyed in all the experiments and
in all cases the optimization criterion was the highest correla-
tion in test which can lead to slightly optimistic estimates but
the bias is low due to the low number of parameters.

Table 1. p values obtained with the articulation models and

WA. “all”: corresponds to the fusion of the feature vectors of

all speech tasks evaluated with the intelligibility measures.
Energy of the onset transitions

words sentences read text ~monologue
Spanish ~ 0.44 0.49 0.44 0.56
German  0.36 0.28 0.41 0.55
Czech 0.29 0.25 0.21 0.23

Energy of the offset transitions
Spanish ~ 0.46 0.46 0.53 0.74
German  0.37 0.24 0.36 0.31
Czech 0.24 0.18 0.35 0.35
Early fusion of onset and offset transitions
Spanish ~ 0.47 0.60 0.40 0.72
German  0.39 0.24 0.38 0.40
Czech 0.30 0.26 0.28 0.15
Intelligibility measures (WA)

words sentences read text all
Spanish ~ 0.39 0.20 0.07 0.49
German (.14 0.18 0.19 0.31
Czech 0.22 0.16 0.15 0.25

The Spanish data exhibit the highest correlations which
can be explained by the fact that these patients have been suf-
fering from Parkinson’s disease for more years than the oth-
ers, also their average neurological score and its variability
are higher than in the German and Czech patients. We did not
use the monologues to compute WA because it is not realis-
tic to transcribe those recordings during a medical evaluation.
The highest correlations with WA are obtained when all indi-
vidual intelligibility measures are fused. We are aware of the
fact that the results indicated in Table 1 are slightly optimistic
due to the optimization criterion. However, this experiment
gives us a good idea of how far we can go with the models.
In order to evaluate the suitability of the proposed approach
in a publicly accessible dataset, the method is tested with the
data recently introduced in the INTERSPEECH 2015 Com-
putational Paralinguistics Challenge (ComParE) [16].



4.2. Experiments with the ComParE 2015 subsets

For the ComParE 2015 challenge the 50 patients of the PC-
GITA database [17] were partitioned into train and develop-
ment subsets. The test set was formed from 11 additional pa-
tients that were recorded in non-controlled noise conditions.
The MDS-UPDRS-III labels of the speakers in the test subset
were assigned by the same neurologist of the other 50 pa-
tients. A total 42 speech tasks were considered for the com-
petition [16], but for this paper we are only considering 29
of them (21 words, 6 sentences, the read text, and the mono-
logue). In the challenge it was not allowed to manually group
speech tasks performed by the same person. The winners
of the challenge grouped the tasks automatically and showed
that grouping speech tasks leads to better results [19]. As we
consider that in real conditions the neurologist has access to
the patient’s identity, we decided to manually group the 29
speech tasks per speaker to perform the experiments in the
same way as in Section 4.1. Table 2 includes the p values
obtained on the development and test subsets with the same
approaches of the previous section. The C' and ¢ values opti-
mized on development are also provided.

Table 2. p values obtained with the articulation models and
WA on the ComParE 2015 subsets. C' and ¢ are the param-
eters of the SVR, “dev”: development, “sent”: sentences,
“text”: read text, “monol”: monologue, “all”: fusion of the
feature vectors of all speech tasks modeled with WA.

Energy of the onset transitions

words sent text monol
Cie 10;107Y  10;1072 10;1072 20;1074
train/dev 0.28 0.44 0.48 0.42
train/test 0.33 0.63 0.23 0.39

Energy of the offset transitions
C;e 10;10™*  10;10~'  10;10  10;1074
train/dev 0.24 0.23 0.23 0.62
train/test 0.22 0.52 -0.24 0.12

Early fusion of onset and offset transitions

C;e 10;1072  10;10~* 15;10=% 20;1074
train/dev 0.34 0.39 0.29 0.51
train/test 0.36 0.53 0.15 0.43

Intelligibility measures (WA)

words sent text all
C;e 5:107'  5;10°' 5,107 5,107
train/dev 0.40 0.22 0.28 0.44
train/test 0.56 0.31 0.51 0.69

The most stable results are obtained with the energies
of the onset transitions and with the WA measures. Also
the highest p values are obtained with these two approaches,
i.e., 0.63 with onsets of sentences and 0.69 with WA measured
over all of the speech tasks.
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4.3. Experiments with ranks of the predictions

Bearing in mind that the real-world application of this tech-
nology is the estimation of the neurological state of PD pa-
tients to monitor their disease progress, we decided to per-
form a third experiment considering the rank assigned by the
proposed approaches as features, to correlate them with the
actual MDS-UPDRS-III labels. The ranks of the predicted
values obtained with the energy of the onset transitions and
with the WA on each speech task were considered as indepen-
dent features. The average rank obtained on each speech task
with each characterization approach is computed and corre-
lated with the MDS-UPDRS-III scores; no further optimiza-
tion was performed regarding the SVR parameters. The re-
sults obtained with WA on the development and test subsets
are 0.49 and 0.59, respectively; the results obtained with the
onsets on development and test are 0.50 and 0.69, respec-
tively. When the ranks obtained with all the speech tasks and
the two approaches are combined, the results on development
and test are 0.51 and 0.72, respectively, indicating that these
two approaches are slightly complementary.

5. DISCUSSION AND CONCLUSIONS

We showed that the energy content of the onset transitions are
suitable for classification of people with PD and HC [15] as
well as for predicting the neurological state of the patients. In
general, the correlation values obtained with the Spanish data
are higher than with the other languages. A likely explana-
tion is that this group of speakers has higher UPDRS values
and higher variability, which makes it easier to predict the
neurological state. According to the results, an off-the-shelf
speech recognizer can be the basis for an intelligibility-based
test which could be suitable for telemonitoring PD patients.
The results obtained in this paper are slightly better than those
reported by the winners of the ComParE 2015. We are aware
of the fact that we are using additional information that was
not allowed to be used in the competition, namely the iden-
tity of the speakers; however, we wanted to test the presented
methods in real-world conditions, where the neurologist has
access to the patients’ ID. This result indicates that the pro-
posed approach, considering the articulation model and the
WA, is suitable to monitor the disease progression. We are
currently collecting data to study the suitability of our models
to perform longitudinal analyses.
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