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INTRODUCTION 

Neurodegenerative diseases leave an imprint on both 
phonation and articulation stability. Hypotonia (muscle 
stiffness), vocal fold unbalance (bi-laterality) and tremor 
(altered neuromotor feedback) some ways in which the 
degeneration manifests. Articulatory instability has been 
less studied, compared to reduced vowel space and vowel 
centralization. Another relevant aspect is the dynamic 
behavior of formant transitions in dyadochokinetic 
exercises, to assess hypokinetic dysarthria in Parkinson’s 
Disease (PD). The objective of the study is to compare 
articulation in PD patients against a normative population 
from kinematic features estimated on formants using 
Information Theory to quantify their divergence with 
respect to normative subjects. 

MATERIALS AND METHODS 

Jaw-Tongue Biomechanical Model 

Speech articulation depends on the activity of vocal tract 
structures, such as the jaw, tongue, lips and velo-pharynx, 
among others. These structures are moved by different 
muscles, which are activated by neuromotor pathways 
from cranial nerves [1]. The production of speech sounds 
depends on the positions of these structures and on their 
dynamic displacements.  

 
Fig. 1 : Jaw-Tongue Model. F: Fulcrum; T: Tongue; J: Jaw 
bone; H: Hyoid bone; fsg: stylo-glossus force; fm: masseter 

force; fgi: glosso-intrinsic forces; fgh: genio-hyoid force; fw: 
gravity; Xa, Ya: accelerometer normal and tangential; Δxr, 
Δyr: horizontal and vertical displacements of the reference 
point (PrJT) in the sagittal plane. 

In the present paper the role of the jaw-tongue system, 
as depicted in Fig. 1 will be studied when affected by 
neuromotor degeneration induced by PD. The jaw-tongue 
biomechanical system is considered to be a third-order 
lever with lumped mass load concentrated in the reference 
point {xr, yr}. Harmonic oscillation {Δxr, Δyr} around the 
fulcrum (F: attachment to the skull) is assumed under 
forces acting on this system (see Fig. 1). 

A kinematic correlate of articulation 

The displacement of the reference point of the jaw-
tongue system when observed over time may be described 
by an absolute kinematic velocity (AKV) defined as: 

| | 															(1) 

Where F1 and F2 are the first two formants, and B1, B2 and 
B12 are quadratic scaling factors relating movement and 
acoustics [2]. An important question on the use of 
kinematic features derived from acoustic correlates (F1 and 
F2) is to which extent formant dynamics can be associated 
to articulation kinematics (positions and velocities of the 
jaw-tongue center of masses). 

The assessment of AKV as a reliable kinematic correlate 
of articulation is carried on the multiple signal recording 
framework described in Fig. 2.  

 
Fig. 2 : Speech, sEMG and Accelerometry recording. 
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A diadochokinetic exercise is carried on, consisting in 
the fast and continuous repetition of the diphthong [aj:], at 
a rate of 2-3 repetitions per second. Inverse adaptive 
filtering is used to estimate the vocal tract transfer function 
from running speech in real time [3]. F1 and F2 are 
evaluated from the transfer function.  Surface 
electromyography on the masseter (sEMG) and three-
channel accelerometry (Acc) are recorded also 
synchronously with speech. Sampling rates of sEMG and 
Acc are equalized to 500 Hz, as well as formant estimates, 
which are produced each 2 ms. The validation of formant 
dynamics to represent kinematic variables is done by 
regression of signals on the following relational chain: 
sEMG>fm, yAcc>Δy and Δy>ΔF1, ΔF2. The results of 
regression studies are given in Table 1. 

Table 1 : Regression results for the diadochokinetic 
validation exercise. r: correlation coefficient; p: p-value; S: 
Spearman; P: Pearson. 

Correlation r (S) p (S) r (P) p (P) 
Δyr vs fm 0.83 <0.001 0.81 <0.001
ΔF1 vs Δyr  -0.89 <0.001 -0.89 <0.001
ΔF2 vs Δyr 0.78 <0.001 0.79 <0.001

The correlation between the masseter force estimate from 
sEMG (fm) and the vertical displacement of the reference 
point (Δyr) is high and statistically relevant (0.83/0.81), 
showing a strong relation between neuromotor activity and 
movement. The correlation between vertical displacement 
(Δyr) and formant changes are also high and relevant, 
stronger and counter-related with respect to ΔF1 (-0.89), 
than with respect to ΔF2 (0.78/0.79). These results are 
aligned with the relationship between the phonation 
opening (Δyr) and the variation of the first formant (ΔF1). 

Relating KLD to clinical scores 

Estimates of the AKV probability density function have 
been used to evaluate the Kullback-Leibler divergence 
(KLD) between two different distributions [4]. A 
correlation study between KLD’s and specific neurological 
scores of PD patients has been conducted. Vowel 
utterances [a:, i:, u:] from 60 male and 40 female PD 
patients within an age range of 66.3±8.6 and 69±7.7 years 
(respectively) have been processed and statistically 
modelled. Similar vowel utterances from another set of 26 
male and 27 female normative subjects within an age of 
65.6±8.9 and 61.8±9.1 years old (respectively) have also 
been processed and statistically modeled to produce a 
normative database. Recordings were taken at 16 kHz and 
16 bits. The database was collected at St. Anne’s 
University Hospital in Brno (Czech Republic), including 
also meta-information from each patient as gender, age, 
time since first diagnosis, scores of UPDRS-III and IV, 
freezing of gait (FOG), non-motor symptoms (NMSS), 
sleep disorders (RBDSQ), mini-mental state (MMSE), 
Addenbrooke’s cognitive evaluation (ACE-R), Beck 
depression inventory (BDI), faciokinesis and 
phonorespiratory competence.  

RESULTS AND DISCUSSION 

Table 2 gives the results of comparing the KLD between 
each PD speaker in the male database to the scores assigned 
by clinical neuromotor therapists by correlation. 

Table 2 : Correlations between DKL and clinical scores for 
the male set. r: correlation coefficient; p: p-value; S: 
Spearman; P: Pearson. Male set. 

Score r (S) p (S) r (P) p (P) 
PD duration 0.40 0.0038 0.31 0.0241
UPDRS III -0.12 0.4397 -0.19 0.2224

FOG-Q 0.41 0.0024 0.40 0.0029
NMSS 0.44 0.0013 0.41 0.0024

RBDSQ 0.51 0.0002 0.52 0.0001
MMSE -0.15 0.3325 -0.18 0.2620
ACE-R 0.21 0.1769 0.24 0.1352

BDI -0.10 0.5351 -0.12 0.4314

It may be seen that KLD presents a moderate but 
statistically relevant correlation with respect to the time 
interval since first diagnosis. Correlation is also relevant 
with respect to freezing of gait, non-motor symptoms and 
sleep disorders. No relevant correlation has been found to 
UPDRS, mini-mental state or ACR and BDI scores. 

CONCLUSIONS 

Correlation studies between sEMG, Acc and speech 
formant dynamics reveal important cause-effect relations 
among these traits, which allow the definition of 
articulation kinematic modelling. KLD from probability 
densities of articulation kinematics (AKV) can be used to 
grade the timely evolution of neurodegenerative processes, 
after first diagnosis. No significant correlation has been 
found relative to UPDRS, as this scale does not describe 
speech alterations properly. 
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