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Abstract. Neurodegenerative pathologies produce important distor-
tions in speech. Parkinson’s Disease (PD) leaves marks in fluency,
prosody, articulation and phonation. Certain measurements based in con-
figurations of the articulation organs inferred from formant positions,
as the Vocal Space Area (VSA) or the Formant Centralization Ratio
(FCR) have been classically used in this sense, but these markers repre-
sent mainly the static positions of sustained vowels on the vowel triangle.
The present study proposes a measurement based on the mutual informa-
tion contents of kinematic correlates derived from formant dynamics. An
absolute kinematic velocity associated to the position of the articulation
organs, involving the jaw and tongue is estimated and modelled statis-
tically. The distribution of this feature is rather different in PD patients
than in normative speakers when sustained vowels are considered. There-
fore, articulation failures may be detected even in single sustained vowels.
The study has processed a limited database of 40 female and 54 male PD
patients, contrasted to a very selected and stable set of normative speak-
ers. Distances based on Kullback-Leibler’s Divergence have shown to be
sensitive to PD articulation instability. Correlation measurements show
that the distance proposed shows statistically relevant relationship with
certain motor and non-motor behavioral observations, as freezing of gait,
or sleep disorders. These results point out to the need of defining scor-
ing scales specifically designed for speech-based diagnose and monitoring
methodologies in degenerative diseases of neuromotor origin.
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1 Introduction

Parkinson’s Disease (PD) is an illness produced by neurotransmitter decay in
basal ganglia, which mainly produces motor symptoms in early stages, to derive
in cognitive impairments at latter stages. Its effects in speech and phonation are
well documented and have been described and treated in different publications.
The interested reader can check [10] for a comprehensive review. These effects
may be summarized as rough and asthenic phonation, monotonicity, mono-
loudness, phonation blocking, velo-pharyngeal hypernasality, low tone, and oth-
ers similar collected under the general name of hypokinetic dysarthria. Tradition-
ally, its effects in phonation have been studied using mainly distortion features
as jitter, shimmer, noise-harmonic ratio, and tremor on emissions of sustained
vowels. Articulation has been less studied, and in such case, static measure-
ments as Vowel Space Area (VSA) or Formant Centralization Ratio (FCR) have
been used mainly [13]. The deterioration of the patient as illness progresses
is evaluated using general scales as Hoehn and Yahr [9] or UPDRS [5], which
have not been specifically designed to take speech or phonation into account.
On the one hand, to study the influence of disease progress, neurologists have
resourced to other indices, as freezing of gait test (FOG), non-motor symptoms
(NMSS), REM sleep behaviour disorder (RBDSQ), levodopa equivalent dose in
mg. (LED), faciokinesis (FK), phonorespiratory competence (PRC), or phonetic
competence (PC) to evaluate the state of the patient under different points of
view [4,11,14,17]. On the other hand, having into account that PD is an illness
characterized by the failure of the peripheral neuromotor activity, it could be
possible that a description of the neuromotor activity, supported by features
estimated from speech, could serve as a possible semantic descriptor of patient’s
conditions. A possible description of the neuromotor activity from speech can be
given in terms of the dynamic changes experimented by the resonant frequencies
of the vocal tract, which are known classically as formants. The aim of the present
study is to evaluate if features derived from the dynamic behaviour of formants
in sustained vowels are related with some of these indices, and to establish to
which extent dynamic measures can be used in the multimodal study of PD
speech production. Initially, dynamic measurements on formant activity, as the
absolute kinematic velocity (AKV), which will be defined in the sequel, seeming
to be highly correlated with the superficial myoelectric activity of certain facial
muscles (see a related paper in this same issue [7], seem to be the adequate
candidates for such study). The structure of the present paper is as follows: the
biomechanical foundations explaining distortion of vowel articulation by means
of formant dynamics is explained in Sect. 2. Section 3 is devoted to explain the
Information Theory fundamentals behind the distance measurements used in
distinguishing healthy and control utterances. Section4 presents the data and
experimental methods used in the study. The results derived from the present
work are shown and discussed in Sect. 5. Conclusions are given in Sect. 6.
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2 Biomechanical Model of Formant Dynamics

Speech production is planned and instantiated in the linguistic neuromotor cor-
tex [2]. The activity of cortical neurons (primary) is encoded as neuromotor
actions in the basal ganglia, where secondary neurons connected to the mus-
cles of the pharynx, tongue, larynx, chest and diaphragm through sub-thalamic
secondary pathways produce sequences of motor actions which activate the res-
piratory, phonatory and articulatory systems responsible of speech production.
Regarding articulation, the principal structures to consider are the jaw, tongue
and lip muscles. For the purposes of the present study, only the Jaw-Tongue
Biomechanical System (JTBS), as depicted in Fig. 1 will be considered.

Fig. 1. Jaw-Tongue biomechanical system. The jaw (J: \-dash) is fixed against the
skull bone at fulcrum (F) as in a third-class lever system. The tongue (T: /-dash) is
supported by jaw and the hyoid bone. A reference point of the jaw-tongue system is
defined at P,j;, where forces acting on the system induce movements in the sagital
plane (x: horizonal, y: vertical). See the text for a detailed explanation.

The dynamics of the JTBS [8,12] can be approximated by a third-order lever
fixed at the skull in (F), allowing movements mainly in the sagital plane (x, y).
For the purposes of articulation, it can be considered in a first approach as a joint
lumped mass system subject to different forces actuating on the Jaw-Tongue
Reference Point P, (27, yr). The main forces considered are the masseter up-
lift (fp), the stylo-glossus pull-up-back (fsq), the genio-hyoglossus pull-down-
back (fyn) and the gravity (f,,). Besides, due to the action of genio-glossus and
glosso-intrinsic muscles (f,;), the tongue blade and appex may be projected
forwards. As a result, P.,; will experience changes in both directions (Ax,.,
Ay,). To associate these movements with formants (resonances of the oro-naso-
pharyngeal tract) is not a simple task, as the system acoustic properties are
rather complex. Nevetheless, a first-approach relationship could be expressed
for the first two formants F; and F5 as:

R = el o] o= e w
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where a;; are the transformation functions associating P,;; to formants, and ¢ is
the time. The functional A expressing the relationship is known to be non-linear,
time-variant and multi-valued, i.e.: the relation between P,;; and formant values
do not follow a linear rule (superposition could not be applied), the relationship
would be time-dependent, A = A(t), and different articulation positions may
produce identical formant pairs. Therefore, to facilitate a first-order approach to
study the system, the following assumptions had to be taken into account:

— A linear functional A could be considered provided that movement amplitude
ranges are not large (small-signal approach).

— Time invariance could be granted if only low-frequency movements are consid-
ered (i.e.: if dynamic variables are low-pass filtered during measurement and
estimation) with respect to estimation windows (quasi-stationary approach).

— The one-to-many association of formant positions could be handled provided
that the joint probability between formant pairs and articulatory positions is
carefully modelled for the utterances of interest [3].

— Assuming that functional A is invertible, i.e., that an inverse matrix exists:
wW=A"

— The first formant and second formant drifts could be associated with the
vertical and horizontal kinematics of P,;; one to one (no cross-talk between
drifts and kinematic cross-varables, or in other words, the main diagonal of
W will be null).

Once these premises have been granted, it will be possible to associate the drifts
of the first formants with a hypothetical absolute kinematic velocity AKV of the
reference point P,j; as:

dF; (t)? dFs(t) 2) @

vy ()] = (wﬂdt + leT

where w15 and we; are the corresponding weights of W associating the first and
second formants with the vertical and horizontal drifts of P,;;, respectively.

3 Distance Based on Mutual Information

The AKYV of the reference point is a very semantic correlate, as it can be asso-
ciated to streams of neuromotor actions in precedent studies using phonation
[1]. Its histogram-derived probability density function is especially relevant, as it
has been shown to contain information related to phonated intervals and pauses,
syllable nuclei, vowel onsets and trails, and other dynamic features present in
speech articulation [6]. Among other applications, it may be used in estimating
mutual information contents in sustained vowel stability production by healthy
controls and PD patients. In Fig.3 an examples of p(v,.) from a PD patient
contrasted against the same distribution form a healthy controls is shown. The
control file is the one with highest divergence (worst case). The PD file is the
one with the lowest one (best case). Having into account what has been said in
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Sect. 2 about formant dynamics in relation to neuromotor activity, it may be seen
that the PD patient distribution is spread over the span of low and high speeds,
up to 40 cm.s~!, with little activity above this value, whereas the distribution of
the healthy control is limited to 20 cm.s~!, confirming the differential behaviour
of both types of speakers. Measuring how different both dynamic behaviours
could be is based on the Mutual Information contents of these two pdf’s, which
is provided by Kullback-Leibler’s Divergence [15], defined as:

PTi(C)
pMj«J 4

where pasj(vr) and pr;(v,) are the pdf’s of the j-th model and i-th target sub-
jects (control and patient) respectively, and v, € R>g as per (2). In what follows,
a study on PD vowel formant stability will be conducted to compare the results
from two population cohorts with their corresponding health controls by gender
(Fig. 2).
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Fig. 2. Probability density functions of the absolute kinematic velocity v from a female
healthy control (thin line) and a PD patient (thick lines). The AKV is given in cm.s™ .

4 Materials and Methods

The present study has a marked exploratory nature, as to our knowledge, vowel
formant kinematics has not been used before in PD detection, grading or moni-
toring. The intention of the study is to show the performance of this methodology
in population grading studies of PD patients. A database of recordings from a
set of 50 male and 50 female normative subjects free from organic or neurologic
pathology selected by the ENT services of Hospital Gregorio Maranén of Madrid
has been used to supply the normative models. Long sustained vowels (/a/) were
recorded at a 44,000 Hz sampling frequency and 16 bits from each subject. Frag-
ments of 500 ms long of /a/ recordings were analyzed the probability density of
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AKV was obtained from each normative subject. The accumulated Dy with
respect to the whole set of fifty speakers per gender is defined as:

Dirj (Mym)= Y Dkrij; j € Mm (4)
Z-EMf)m

where M ,,, refers to the sets of normative male and female subjects mentioned
before. A subset of eight subjects from each gender were selected on the condition
of showing the lowest accumulated Dy, ;(M #,m) to become the normative model
set. These model sets were used to estimate the accumulated D, of PD patients
of both genders against their respective model set, as:

Dxrj (Tfms Mg m) = Z Dkrij; j € Mym (5)
iETfy'm

The pathological database used is a part of the Parkinsonian Speech Database
(PARCZ) recorded at St. Anne’s University Hospital in the Czech Republic and
consisted in four sets of 5 Czech vowels (/a, e, i, 0, u/) pronounced in 4 different
ways: short vowels uttered in a natural way; long vowels uttered in a natural
way; long vowels uttered with maximum loudness, long vowels pronounced with
minimum loudness, but not whispering. The subset selected corresponded to
utterances by 54 male and 40 female PD patients, respectively. Recordings of
long vowel /a/ at maximum loudness were selected and processed to obtain the
first two formants during the utterance, and the respective pdf’s of their AKV
were estimated as referred before. The distributions for the female set of 40 PD
patients plus 8 normative ones is depicted in Fig. 3 as an example.

045~ Females: Model & Target pdf's
035
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Absolute Speed (cm/s) Model&Target Files

Fig. 3. Probability density functions of the AKV v; from female healthy controls (files
1-8) and PD patients (files 9-48). The AKV is given in em.s™ .
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It may be seen that healthy controls show activity mainly below 20 cm.s™!,

whereas PD patient distributions show activity spread over higher frequencies,
ranging from 0-80cm.s~! for subjects 825, to 0-160cm.s~! and beyond for
subjects 26-48.

5 Results and Discussion

An important issue in monitoring pathology is that of grading, as short-term
timely monitoring of PD may be highly relevant for patient treatment and reha-
bilitation [16]. One of the intentions of the study was to relate D, (objective
grading) with different clinic evaluation scales currently in use (subjective grad-
ing). When the Dy, as given in (3) for each patient in the female target set
{Ts} is estimated with respect to the corresponding model set {M;} a matrix
of distances is produced, which is depicted in Fig. 4.

Females: Target vs Model KLD’s

Kullback-Leibler Divergence

Model Files Target Files

Fig. 4. KL Divergence between eight female healthy controls (models) and forty female
PD patients (targets).

The model set has been ordered accordingly to its inner accumulated Dy,
as given in (4), whereas the target set has been ordered accordingly to (5).
Therefore, the first target file is supposed to be the less divergent with respect
to the model set, whereas the 40" target file should be the most divergent. It
may be seen that the less divergent pair is the 1%¢ target file with respect to the
5t model file. In this way, an ordered set of files by divergence to the model set
is produced. The question now is to find out to which extent Dy is related to
subjective evaluation scales. For such, Pearson’s correlation has been evaluated
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between Dy, and each of the available scores in the set S = {Age, UPDRSIII,
UPDRSIV, FOG, NMSS, RBDSQ, LED, FK, PRC, PC, OC, PRN}, OC being
the average of FK, PRC and PC, whereas PRN is the z-scored correlate of PRC.
Besides, a global composite score (CS) has been produced to represent the set
of objective scores in a single value as:

CS = was; (6)

€82

where Q@ = {w.} is the set of weights associated with the set of neurological
evaluation scores in S. The results of the comparisons for the female set are
given in Table 1.

Table 1. Pearson’s correlation coefficient with KLD (females)

Age |UIIl |UIV |FOG |NMSS RBDSQ|LED |FK PRC PC |OC |PRN | CS p-value
—0.03|—-0.06|—0.12| —0.09| —0.26 | —0.25 —0.37|—-0.02|0.07 [0.11/0.07|0.22 | —0.45|0.0065

It may be seen that the most relevant clinical scores related to D, are the
levodopa equivalent dose (LED), the non-motor symptom score (NMSS), the
sleep behavior disorder screening (RBDSQ), and the z-scored phono-respiratory
competence (PRN). General UPDRS (III) is almost no relevant, UPDRS (IV) is
testimonial, as well as the phonetic competence (although it is unclear how this
last score was estimated). The correlation with the composite score is moderate
and negative (the lower the score, the higher the divergence), with a significant
p-value to reject null correlation. The same comparison for the male set is given
in Table 2.

Table 2. Pearson’s correlation coefficient with KLD (males)

Age UIII | UIV FOG |NMSS | RBDSQ | LED |FK PRC |PC ocC PRN | CS p-value
—0.040.13 | —0.12 | —0.25| —0.21 | —0.34 0.15 | —=0.16 | —0.09 | —0.25 | —0.22 | —0.27 | —0.57 | 0.0000

In this case, as similar situation may be observed with slight variations. The
sleep behavior disorder is the most relevant clinical score, followed by the nor-
malized phono-respiratory competence, the freezing of gait, the phonetic com-
petence, the average facial-respiratory-phonetic competence, and the non-motor
symptom score. Again, the correlation to both UPDRS scales is testimonial. The
correlation to the composite score is a bit larger for the male subset than for the
female one, and also negative, with a significant p-value to reject null correlation.
The score plots of the Dk, and CS for each set are given in Fig. 5.

The first observation from the results presented is that the male set presents
better correlation between Dy and CS that the female one. This is not an
uncommon situation in this kind of studies, as generally models and analysis
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700 700
600 600

500

400
2

400

DKI.

300 300 )

200 200

y=-17.741x + 526.38
100 100

y =-16.479x + 570.6

0 0
-4 -2 0 2 4 6 8 10 12 14 -4 -2 0 2 4 6 8 10 12 14

CompScore+Age CompScore+Age

Fig. 5. Scatter plots of Dk vs CS. Left: female subset. Right: male subset. Linear
regression lines have been drawn and formulated for comparison purposes.

protocols were initially modelled on a male population, and only latter on, were
they adapted to a female population, This fact may result in an underlying gen-
der skew. Besides, the larger number of male cases available in the version of
the PARZ database currently used could also have an influence in the results.
Another factor to consider would be the wider spread of formant frequencies
in female voice, which would introduce more dispersion in the results. Another
factor of dispersion to be taken into account is the variability and low reliabil-
ity of subjective scoring scales. No matter how well designed they may be or
well-trained raters are involved, a human subjective factor is implicit and diffi-
cult to be removed. This fact stresses the need of developing objective scoring
methods even more. But in general, it may be concluded that a certain degree of
correlation between formant dynamics and a wide set of motor and non-motor
scoring scales exist in PD, and could be conveniently exploited if fused with
other articulation static features as VSA or FCR.

6 Conclusions

The main conclusion from the study is that formant kinematics may be a good
candidate for PD stage detection, which has to be further exploited. Some other
conclusions from the present study are the following:

— Formant dynamics can be transformed to speech kinematics in a robust way.

— Mutual-information-based distance measures may be defined on this basis.

— Patient sets may be graded and ordered using AKV probability densities, for
easy database building. This is especially so in building normative sets.

— Structured and ordered data sets can be used in comparative studies.

— PD patients have to be graded accordingly to different motor and non-motor
behavioural features.

— A specific speech-oriented scoring scale is a real need in PD studies.

— Composite scores should take these features into account.
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— Databases oriented to the validation of speech-based methodologies should
include a wide set of motor and non-motor evaluations for a richer compre-
hension of neuromotor pathologies under speech production bases.

As a final reflection, the accurate scoring of PD symptoms is a very urging need,
both for diagnose as well as for monitoring PD patient stage and progression
in a daily basis. Speech is a very convenient reference, as it is ubiquitous, easy
to record, and feasible for feature estimation using not very sophisticated or
expensive resources. The problem to validate this methodology is the lack of
good rating scales adapted to speech. Definitively UPDRS, no matter how well
has been fitted using brute force methods, is not a good candidate for these
studies, as it lacks important speech-related motor and non-motor items, totally
different from those involved in other motor tasks. In this sense, the biomechanics
of limbs, in which many of the UPDRS items are based, is completely different
from those of phonation and articulation systems, and this fact will induce false
estimations and apparent correlates not funded on solid grounds. Therefore, new
methods and correlates have to be sought based on phenomena which are truly
related to speech and phonation. The current study is to be extended to larger
databases with a stronger insight in speech technologies.
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