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a  b  s  t  r  a  c  t

The  diagnosis  of Parkinson’s  Disease  is a challenging  task  which  might  be supported  by  new  tools  to
objectively  evaluate  the  presence  of  deviations  in patient’s  motor  capabilities.

To  this  respect,  the dysarthric  nature  of patient’s  speech  has  been  exploited  in several  works  to detect
the  presence  of  this  disease,  but none  of them  has  deeply  studied  the use  of  state-of-the-art  speaker
recognition  techniques  for  this  task.

In this  paper,  two classification  schemes  (GMM-UBM  and  i-Vectors-GPLDA)  are  employed  separately
with  several  parameterization  techniques,  namely  PLP,  MFCC  and LPC.  Additionally,  the  influence  of  the
kinetic  changes,  described  by  their derivatives,  is  analysed.

With  the  proposed  methodology,  an  accuracy  of  87%  with  an  AUC  of  0.93  is obtained  in  the opti-
mal  configuration.  These  results  are  comparable  to  those  obtained  in  other  works  employing  speech  for

Parkinson’s  Disease  detection  and  confirm  that the selected  speaker  recognition  techniques  are  a solid
baseline  to compare  with future  works.  Results  suggest  that  Rasta-PLP  is the  most  reliable  parameteriza-
tion  for the  proposed  task among  all the  tested  features  while  the two  employed  classification  schemes
perform  similarly.  Additionally,  results  confirm  that kinetic  changes  provide  a substantial  performance

n’s  Di

be affected by PD since it involves complex and very precise move-
ments, but on spite of being good candidate for PD detection and
improvement  in  Parkinso

. Introduction

The second most prevalent neurodegenerative disease, Parkin-
on’s Disease (PD), is usually diagnosed on the basis of the
bservation of motor cardinal signs [1] and other non-motor

ndicators (physiological and cognitive manifestations) which are
mployed in the clinical diagnosis. Despite neuropathological diag-
osis during autopsy is considered as the gold standard, some
tudies demonstrate that following the usual clinical diagnosis cri-
eria it is possible to obtain 90% of accuracy in final judgement, but

he average detection time to reach this accuracy is 2.9 years [2].
o monitor the progress of the disease, specialists often employ
he Unified Parkinson’s Disease Rating Scale (UPDRS)1 [3] or the

∗ Corresponding author.
E-mail address: laureano.moro@upm.es (L. Moro-Velázquez).

1 UPRDS comprises four main parts: I, mentation, behaviour and mood; II, activ-
ties of daily living; III motor; IV complications. The rating of this scale is obtained

ttps://doi.org/10.1016/j.asoc.2017.11.001
568-4946/© 2017 Elsevier B.V. All rights reserved.
sease  automatic  detection  systems  and  should  be considered  in the  future.
© 2017  Elsevier  B.V.  All  rights  reserved.

Hoehn and Yahr (H&Y) scale2 [4] which include objective and
non-objective assessments. In this regard, new technologies could
accelerate the diagnosis process and provide a more objective mon-
itoring of the affection.

Since PD affects the coordination of movements, it is reasonable
to hypothesize that the assessment of the patients’ performance
during a complex motor task might be employed for diagnosis pur-
poses. Speech production, an ability that is almost universal, might
evaluation, its capabilities have not been deeply exploited yet.

through interviews with the patient and clinical observations. The best possible
score for each part is 0 whereas the worst one depends on the part. The global
UPDRS value can range between 0 and 147, where the larger the value, the higher
the  affection of the disease.

2 The H&Y scale comprises several levels whose values can range from 1 to 5 in
which 1 implies that the patient has low or no functional disabilities and 5 that
patient is totally dependent.

https://doi.org/10.1016/j.asoc.2017.11.001
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asoc.2017.11.001&domain=pdf
mailto:laureano.moro@upm.es
https://doi.org/10.1016/j.asoc.2017.11.001
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It is well known that the neurodegenerative processes associ-
ted to the disorder cause hypokinetic dysarthria,  thus producing

 reduction of loudness and articulation amplitude, slowing down
he speech sometimes and principally reducing intelligibility [5–9].
iterature evidences the influence of PD on speech from early to
dvanced stages although it is mainly perceived in mild to advanced
hases [10–12]. In this regard, it is expected that new methods of
utomatic assessment employing voice and speech can be used to
etect the signs that are not perceived in the first stages of the
isease but which could provide relevant information.

There are several studies and approaches using speech or voice
o find biomarkers of the presence of PD or to assess its severity.

ost of the literature can be divided into four groups depending
n the analysed aspect: phonatory,  articulatory, prosodic and lin-
uistic. The phonatory studies are related to the glottal source and
esonant structures of the vocal tract. Works based on articulatory
nd prosodic aspects are more abundant and diverse as there exist
ore analysis possibilities and since the influences of PD in articu-

ation and prosody seem to be more evident [12]. The works within
hese groups are based on syllable rate analysis, or the process-
ng of certain segments of the speech to obtain indexes correlated

ith the disease. Concerning the prosodic works, studies are mainly
ocused in the paralinguistic features such as pitch variation or
he manifestation of emotions among others [13–17]. Finally, the
tudies related to deviations in the linguistic domain examine the
ocabulary, phrase construction and the existence of word repe-
itions. Some representative works within this group are found in
18–21]. The speech material used in each case is a differentiating
actor of the four groups. In the phonatory analysis, the most advis-
ble acoustic material is sustained vowels while in the other three
roups, running speech is needed. Specifically, in articulatory anal-
sis, diadochokinetic (DDK)3 speech can be valuable in addition to
he other running speech materials such as spontaneous speech or
eading text.

The present study can be framed into both the articulatory
nd the phonatory groups attending to the type of analysis that is
mployed and the acoustic material used.

Going into detail about some articulatory relevant works, studies
s [23] indicate that speech processing can produce powerful indi-
ators of imprecise consonant articulation in PD-related dysarthria.
uthors perform an analysis of DDK tasks (/pa-ta-ka/) in a database
f 24 PD patients and 22 controls, providing 88% of efficiency on
eparating PD from controls. In this study all the utterances are
ubdivided automatically into different representative segments to
nalyse articulation. Only 13 features are obtained by performing
easurements on these segments, each feature describing a dif-

erent articulatory trait of speech. Its main drawbacks are the use
f a small database which is sex unbalanced and the use of only
DK utterances, limiting the possible articulatory combinations.
ther works such as [24] employ frequency features, namely Mel
requency Cepstrum Coefficients (MFCC) and Band Bark Energies
BBE) from running speech, and other features obtained after the
egmentation of specific regions, providing good results with three
orpora. However, in this case the results are too optimistic due to

n over-fitting of the model, since it was optimized during training.

Equally, there are articulatory studies more focused on the fluc-
uations of the voice onset, offset and break segments during

3 DDK tests consist in the repetition of words or syllables starting in a calm syllable
ate which is increased until the speaker reaches her/his limit rate. Literature reports
ignificant differences between controls and PD patients in several measures over
DK tasks [22]. DDK is of great interest because this task implies alternating articu-

atory movements where the employment of plosive syllables and different points
f  articulation promotes a good scenario in which changes in velocity of articulation
an facilitate PD detection or assessment.
 Computing 62 (2018) 649–666

running speech, which are considered to be crucial in the evalu-
ation of voice quality. For instance, in [25,26] it is evidenced that
the parkinsonian speech has lower values of relative fundamental
frequency, which is the ratio between the fundamental frequency
in the cycles of a vowel before or after a voiceless consonant and
the typical fundamental frequency during the utterance. The main
drawback of these two  works is that the databases are unbalanced
in sex, which could bias some conclusions. Other studies per-
form the tracking of vowel formants and VSA during articulation,
including onset and offset, with heterogeneous results [27–29]. As
formants reflect the position of the tongue, a reduction of the artic-
ulation ranges could subsequently limit the frequency ranges of
the formants. In [30], a comparison of PD detection techniques is
performed using the acoustic material extracted from sustained
vowels, sentence repetitions, reading passages and monologues.
An accuracy of 80% is achieved using vowels extracted from mono-
logues, providing enhanced results compared to utilizing sustained
vowels. The main drawback of this study is the use of a small and
unbalanced database (20 patients and 15 controls).

In any case, these and many other works such as [8,9,31,32] evi-
dence that articulation perturbations introduced by PD can provide
reliable information about the presence of the disorder.

Respecting the phonatory works, sustained vowels are expected
to generate simpler acoustic structures that might be easier to
analyse. Some works demonstrate that it is possible to detect
the influence of PD on the vocal folds vibration by reason of the
presence of noise and other perturbations caused by incomplete
closure [33], abnormal phase closure and phase asymmetry or vocal
tremor [34]. Likewise, some works like [35–37] use dysphonia mea-
sures including noise or frequency and amplitude perturbations to
assess the severity of PD in telemonitoring scenarios achieving good
results. A major drawback, though, is that recordings are done using
portable and different equipments introducing noise and variability
in the databases which could bias the system.

Finally, other authors employ a combination of techniques as in
[38]. In this case, phonatory, prosodic and articulatory features are
used jointly, providing results of 80% of accuracy in PD detection.

Although there are many approaches using voice and speech as
acoustic materials to detect and assess PD, as far as the authors
of this study know, no work has analysed thoughtfully the use of
state-of-the-art speaker recognition techniques for this task. Two
major classification schemes in this field are Gaussian Mixture Model
– Universal Background Model (GMM-UBM) [39] and i-Vectors [40]
which are usually employed in combination with phonatory and
articulatory information of the speaker. In this study several PD
automatic detectors are analysed using GMM-UBM and i-Vectors in
combination with different parameterizations and speech tasks.

The paper is organized as follows: Section 2 summarizes the
main guidelines of this study. Section 3 develops the theoretical
background about the different parameterizations and classifica-
tion techniques. Section 4 introduces the experimental setup and
describes the databases used in this study. Section 5 presents the
obtained results. Lastly, Section 6 presents the discussions and 7,
the conclusions and future work.

2. Overview and contribution

The present work performs a thorough study about the influence
of the different parameters and configurations of state-of-the-art
speaker recognition techniques for the detection of PD. Mainly,
different combinations of acoustic material, parameterization and

classification schemes are analysed separately to identify the
strengths and weaknesses of each one in PD detection.

As it is depicted in Fig. 1, speech materials can be a sustained
vowel, a DDK task or two  different sentences. Three families of
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Fig. 1. Overvie

eatures are used separately, namely, MFCC, RASTA filtered Percep-
ual Linear Predictive coefficients (Rasta-PLP) and Linear Prediction
oefficients (LPC) as well as two classification schemes, GMM-UBM
nd i-Vectors. Each of these parts has some degrees of freedom such
s window length, number of feature coefficients or number of
aussians among others. This study proposes a large amount of
ombinations of these degrees of freedom, each one generating a
ifferent model which is tested and assessed in terms of accuracy

or the detection of PD. In this way, it is possible to compare the
erformance of the classification methods and the suitability of the
arameterizations and the speech tasks for the PD dysarthria detec-
ion. However, this study considers experiments using the different
ombinations separately not only to assess their convenience in PD
ysarthria detection but to establish a baseline for comparison in

uture works.
It is important to remark that although literature shows some

xamples of the use of these techniques for the detection of PD
24,41,42], none of the works provides a deep study of them assess-
ng thoughtfully the diverse degrees of freedom.

Additionally, a preliminary study of the kinetic changes is per-
ormed, since the speed and acceleration of the features which

odel the vocal tract can provide relevant information about artic-
lation and its perturbations. In all of the cited combinations,
his kinetic information is added to the feature vectors and the
ongitude of the speech segments employed to calculate them is
valuated in order to analyse its influence in the detection of PD.
articular attention has been paid to this degree of freedom which
as not been thoroughly contemplated in the literature, indepen-
ently of the features or classification scheme used, and on spite of
he fact that fluctuations of articulation’s velocity and acceleration
re firmly associated to PD.

In short, the contribution of this work is twofold, firstly to
xplore the possibilities of state-of-the-art speaker recognition
echniques in the detection of PD establishing a baseline for future
orks. And secondly to assess the influence of kinetic changes in

his detection.

. Theoretical background

In this section, the main techniques and basis used in the
ethodology, i.e. the feature families, kinetic changes and classifi-

ation schemes, are introduced along with a critical discussion of
ts use in automatic PD detection.

.1. Parameterizations

A great number of short term parameterizations are employed

n speaker recognition tasks but literature shows that the most
ecurrent features in this area are LPC, MFCC, and Rasta-PLP. These
hree techniques are selected for this study since all of them have
een widely used for speaker and speech recognition tasks and
methodology.

have demonstrated their capabilities to characterize the vocal tract
during speech production. Each one provides a different character-
ization of the speech, allowing to extract some conclusions after
the comparison of the different performances in the PD automatic
detection with the proposed classification methods.

The first ones, LPC, were developed in the seventies [43] and are
typically used to compress the audio signal, reducing the bit rate
in communications. This type of feature extraction portrays largely
the vocal tract and the radiation at mouth through the use of a time-
variant all-poles filter which can describe the spectral envelope.
LPC coefficients have not been tested in PD automatic detection.
Nevertheless, LPC do not capture glottal source features and these
can reveal important indicators about PD as it is stated in several
works [34,23], thus, the use of LPC in this study is employed as an
indicator evaluating the importance of glottal source variability in
PD detection with the proposed methods.

MFCC are very well known in speech processing since the
eighties [44] and can be considered as the standard speech param-
eterization approach. To obtain these coefficients, the spectral
estimate of the signal is filtered in multiple bands and mapped
in the mel  scale. The logarithm of the resulting bands is trans-
formed through the Discrete Cosine Transform (DCT) leading to the
MFCC. Regarding voice and speech pathology detection, this param-
eterization has been successfully employed in a large number of
studies with different purposes [45–48] including the detection of
PD [38,42,24]. It is difficult to provide a direct interpretation of the
information contained in these coefficients but it has been demon-
strated that they can model the tract during articulation with some
traces of glottal source-related features [49].

PLP coefficients were proposed in the nineties [50] as a cep-
stral domain representation of the vocal tract during articulation.
To the authors of this study knowledge, these coefficients have
never been used for PD automatic detection. PLP analysis of speech
is based on a linear prediction algorithm but in this case, the
all-pole modelling is applied to an auditory spectrum, which is
more consistent with human hearing. This auditory spectrum is
obtained after warping the original spectrum into the Bark scale
and applying a post-processing composed of two main steps: firstly,
a pre-emphasis is applied simulating the equal-loudness curve at
40 dB to consider the sensitivity of human hearing at different fre-
quencies and secondly, a dynamic range compression is employed
to compensate the non-linear relationship between the level of
sound and its perceived loudness. This processing provides empha-
sis on the speech characteristics which are more relevant to the
human hearing system and allows a low order in the subsequent
all-pole model representing the vocal tract. Additionally, a RASTA
filter can be included between the Bark filterbank and the auditory

post-processing to obtain the RASTA-PLP. The idea of RASTA filter-
ing is to eliminate all the components that do not contain phonetic
information. To this end, a band-pass filtering is employed, allevi-
ating the effect of convolutional noise introduced in the channel
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Fig. 2. LPC, MFCC and PLP

hile smoothing some of the fast frame-to-frame spectral changes
resent in the short-term spectral estimate due to the analysis of
rtifacts [51]. The RASTA processing is a technique mainly used
o mitigate the influence of noise in the codification, similar to
thers such cepstral mean substraction. However, while cepstral
ean subtraction compares the current analysis window against

he average of the whole utterance, RASTA uses a relatively short
istory of the signal on the order of several hundreds of millisec-
nds. Such a short history effectively enhances transitions between
ifferent speech segments and makes the result dependent on the
revious short segment of speech such as phoneme or syllable [51].

A diagram explaining the procedure to calculate LPC, MFCC and
LP coefficients is introduced in Fig. 2. A common trait of the three
eature families is that they rely on the characterization of the reso-
ance properties of the supralaryngeal vocal tract, which has been
ecognized as one of the most important sources of information in
peech recognition applications [52]. However, the three groups of
eatures are defined in different domains: LPC in the frequency and
LP and MFCC in the cepstral domain. It is convenient to remark
hat LPC do not use perceptual mechanisms to obtain coefficients
hile MFCC and PLP use perceptual approximations at some point

ut with different approaches. Thus, including the three parame-
erizations in the study allows to compare the use of perceptual vs.
on-perceptual and cepstral vs. non-cepstral parameterizations. In
his sense, perceptual techniques can condense information while
on-perceptual can provide information discarded by the other
echniques. Moreover, the use of coefficients which do not include
lottal source information such as LPC allows to evaluate the impor-
ance of the presence of glottal source representation in the whole
rocess.

With independence of the family of features used, it is possible to
epresent a vector pn of F features calculated in a parameterization
ront-end for each time window under analysis as:

n = (p1, . . .,  pi, . . .,  pF ) (1)

here n and i are the time window and coefficient indexes respec-
ively.

.2. Kinetic changes
Additionally to the three families of features, a characterization
f the kinetic changes of each instantaneous coefficient is consid-
red in this work in order to include variations of velocity and
lation procedure scheme.

acceleration, which are supposed to describe deviations in artic-
ulation.

One of the first attempts to include kinetic information in a
speaker recognition system is reported in [53]. There, the author
describes an automatic speaker verification system using cep-
strum coefficients over short segments that are expanded by an
orthonormal polynomial representation aiming to add dynamical
information to the system. This expanded polynomial representa-
tion is also named delta (�) and describes the slope or velocity of the
instantaneous coefficients. Deltas are typically calculated within a
certain context segment of length �derivative (derivative segment
length). In particular for the referenced work, delta features are
defined over 90 ms  segments containing 9 windows of 10 ms  with-
out overlapping since that interval length is found adequate for
preserving transitional information between phonemes. In a fur-
ther work by the same author [54], a speech recognizer relying
on cepstral characteristics and delta features computed through
polynomial regression is introduced. Using windows of 8 ms,  the
performance of the system is explored within different derivative
segments varying from 3 to 11 windows for the delta coefficients
computation. Results indicate that the inclusion of the delta sig-
nificantly improved performance compared to just considering the
instantaneous coefficients. Moreover, derivative segments of 72 ms
– or 9 windows – are found to be the optimal value that derives
effective regression coefficients. From this point on, literature has
adopted the use of these kinetic changes in a wide selection of appli-
cations due to their complementarity with the information given by
instantaneous coefficients. Likewise, several variations have been
proposed, such as the inclusion of double-delta (��) coefficients
to characterize the curvature or acceleration.

Derivatives are calculated employing an anti-symmetric FIR fil-
ter and particularly for this work, the impulse response is obtained
using the first order orthogonal polynomial as described in [54]:

Di,n =
∑n0

m=−n0
Ci,n(m) · m

∑n0
m=−n0

m2
(2)

where Di,n is the derivative at the nth window, Ci,n(m) is a function
defined in the interval −n0 ≤ m ≤ n0 containing 2 · n0 + 1 coefficients

centred at window n and relative to the ith coefficient of a certain
feature family (for instance, the second MFCC). Thus, the num-
ber of windows used in the FIR filter and therefore the length
of the signal segment employed in this process depends on n0.
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Fig. 3. Scheme illustrating �derivative and its relationship with �window and the number of coefficients used to calculate � for n0 = 2.
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ig. 4. First derivative of the fourth PLP coefficient (F = 12) calculated using two diffe
oice  (down).

y varying this value it is possible to select the more appropri-
te derivative segment length or �derivative for specific purposes.
hort values of �derivative might result in a noisy derivative sequence
nd too long values could smooth it, leading to loss of information.
ig. 3 illustrates the relationship between �derivative and the num-
er of coefficients and �window used to calculate �.  Fig. 4 serves as
n example of the use of different n0 values in the derivative cal-
ulation where the higher n0, the smoother the derivative curve.
raditionally, works using derivatives do not explore the optimum
0 and the number of FIR coefficients is not mentioned or is fixed
o a value which is independent of the window size. As �derivative is
ependent of n0 and �window, using fixed n0 when utilizing a range
f different �window produces the variation of �derivative according to
he changes of the window length. In other words, the use of short
window generates shorter derivative segments than those obtained
hen using long �window. This methodology could be unorthodox
hen trying to compare the performance of different �window as

hese two parameters – �window and �derivative – should be studied
ndependently.

The first derivative – �,  velocity – is obtained applying the
xpression (2) to the features vector and the second derivative –
�, acceleration – by using the same expression employing the

rst derivative array to extract Cn(m). Therefore, after the param-

terization of a frame, a new feature vector including derivatives
an be represented as:

n = {pn, �,  ��} = (x1, . . .,  xi, . . .,  xD) (3)
alues of n0 during two  /pa-ta-ka/ utterances of a control (upper) and a parkinsonian

where D = 3 · F. Then, for an utterance composed of N windows, the
cluster of feature vectors, Xu is:

Xu = {x1, . . .,  xn, . . .,  xN} (4)

3.3. Classification schemes: GMM-UBM and i-Vectors

In the present study two  classification schemes, GMM-UBM  and
i-Vectors, are used. GMM-UBM have been employed in the last few
years in speaker recognition and other speech-based tasks [39],
having had great popularity until the appearance of the i-Vectors
approach [40]. The i-Vectors technique has demonstrated to be suc-
cessful in speaker recognition and in other speech-related tasks
where some examples are diarization [55], language identification
[56] or accent recognition [57]. The fundamentals of these tech-
niques are explained next.

The general idea of a GMM  model is to estimate the proba-
bility density function that characterizes the cluster of vectors of
dimension D of a certain class, c, using a linear combination of G
multivariate Gaussian components. The model can be used to cal-

culate the likelihood of any new vector belonging to this class. This
model is represented by �c = {�cg, �cg, ˙cg}|Gg=1, where �cg are the

mixture weights 0 ≤ �cg ≤ 1,
∑G

g=1�
c
g = 1; �cg are D-dimensional

means and ˙cg , D × D- dimensional covariance matrices.
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Thus, the likelihood that one feature vector xn belongs to class
, given the model �c is:

(xn|�c) =
G∑

g=1

�cgN(xn; �cg, ˙cg) (5)

here N( · ) represents Gaussian density functions.
The model �c , with c indicating membership to a certain class

 : c ∈ {control, PD}, is typically estimated using a certain amount
f speech windows belonging to class c following the maximum

ikelihood procedure using the iterative expectation-maximization
lgorithm [58]. When a large training set is supplied, this pro-
edure provides a reliable estimation of the parameters of the
odel. However, the quality of the estimation is compromised
hen the training set is limited. It is possible to partially cir-

umvent this by employing a larger auxiliary database which
ncludes most of the speech characteristics under study, and

hich is modelled using a GMM  procedure. This auxiliary model,

ubm = {�ubmg , �ubmg , ˙ubmg }|Gg=1, is referred as universal background
odel (UBM) [39] and serves as a well-trained initialization, for
hich it is possible to adapt specific models using the provided

 and more scarce – training data. The derived models, �c
ubm =

�ubmg , �̂cg, ˙ubmg }|Gg=1, are termed GMM-UBM and are expected to
ehave better than those developed using the training data directly.
he adaptation from �ubm to �c

ubm is simplified adapting only the
ean, �ubmg to �̂cg , using a maximum a posteriori algorithm (MAP)

39] and setting the covariance matrix and the weights to the values
f the UBM, as it is typically done in speech related applications.

Therefore, the likelihood that the feature vector xn belongs to
lass c, given the model �c

ubm is obtained using expression (5)
eplacing �c with �c

ubm and their respectives means and covari-
nces.

The final decision about the membership of an input utterance
o a certain class is taken by establishing a threshold over the score
ssigned to it, which is calculated by means of expression (6). The
hreshold is typically set at the equal error rate (EER) point deter-

ined using the training data.

GMM−UBM = 1
N

log
N∏

n=1

p(xn|�control
ubm )

p(xn|�PD
ubm)

(6)

Another scheme to map  the speakers into the two  classes under
tudy can be achieved rearranging the identity vector or i-Vectors
pproach [40]. The scheme employs the idea of GMM-UBM but
sing one model, �u

ubm = {�ubmg , �̂ug, ˙ubmg }|Gg=1, for each utterance

nstead for each class. Then, a transformation maps the means �̂ug
o a (G · D)-dimensional vector m called supervector stacking mean
ectors as follows:

 = {�̂1, . . ., �̂G}

For a utterance Xu, the class- and utterance-specific-supervector
c
u, might be rearranged as:

c
u = mubm + Twcu (7)

here T is a rectangular matrix of low rank called total variability
atrix; wcu is a random vector of dimension q (also called i-Vector)

aving a standard normal prior distribution N(0,  1); and mubm is
he UBM mean supervector.
Since the i-Vectors scheme only models data in the low dimen-
ional total variability space, compensation techniques are often
pplied to address the presence of variability factors affecting per-
ormance. One popular technique is the Gaussian Probability Linear
 Computing 62 (2018) 649–666

Discriminant Analysis (GPLDA), which further decomposes the class
and utterance dependent i-Vectors as [59]:

wcu = w + �yc + �u (8)

where � is an eigenvoice matrix, w is the mean i-Vector class- and
utterance-dependent, yc is a vector of latent factors of dimension h
and the residual �u contains the channel component and describes
the within-speaker variability.

To compute the class membership of a certain test i-Vector, wx̃ ,
with a class c, a verification trial is performed to contrast the alter-
native hyphotesis of the test i-Vector and the model having the
same latent variables yc (Hcontrol); or not (HPD). The model of the
class c, wc , is calculated as the mean i-Vector across the recordings
belonging to c. In this manner, the score of the verification trial is
as follows:

�i-Vectors = log
p(wc, wx̃|Hcontrol)
p(wc |HPD)p(wx̃|HPD)

(9)

These scores are calculated following the procedure proposed in
[59]. The final decision is taken comparing the score with a thresh-
old using the EER point established during the training procedure.

4. Experimental setup

This section describes the databases and the methodology
employed in this work.

4.1. Acoustic material

Two databases are utilized in the present paper: the Albayzin
and the GITA databases.

The Albayzin database [60] is a phonetically balanced dataset,
sampled at 16 kHz and quantized with 16 bits, composed by a large
amount of utterances in Spanish language. For this paper purposes,
only the first subset from the five provided in the corpus is used to
create the UBM.

On the other hand, GITA is a Colombian database presented
in [61] which contains a variety of speaking conditions from 50
patients with PD and 50 control speakers, age- and sex-matched.
The UPRDS, H&Y and years since diagnosis distributions of the PD
patients is portrayed in Fig. 5.

In the present paper four types of speech tasks from the GITA
database are used, as detailed in Table 1. Most of the tests are per-
formed for each one of these four groups of recordings separately.
The tasks comprises the DDK tests including repetitions of the syl-
lables /pa-ta-ka/, two  read sentences and a sustained vowel /a:/.
The two  read sentences listed in Table 1 have been selected from
all the available resources since they contain a greater variety of
articulation points. Tables 2 and 3 contain their phonetic transcrip-
tion using the International Phonetic Alphabet (IPA) and the place
of articulation of the consonants (bilabial, labiodental, dental, inter-
dental, alveolar, palatal or velar as illustrated in [62]). These places
can be anterior (bilabial, labiodental, dental, interdental and alve-
olar), medium (palatal) or posterior (velar). In a similar manner,
both tables indicate the presence of fast and slow glides (diphthong
and hiatus respectively), and 2 or 3 joint consonants. Lastly, the
sustained vowel has been edited and does not include onset and
offset segments. This vowel is used for some limited tests in order
to compare its performance against the other speech tasks.

The GITA database is sampled at 44.1 kHz and quantized with
16 bits. Nevertheless, all recordings are filtered and downsampled

to 16 kHz to match the sampling rate of the Albayzin database.
This PD database is employed to train and test the different mod-
els generated through adaptation from the UBM obtained using
Albayzin.
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Fig. 5. UPRDS, H&Y and Years since diagnosis histograms for the PD patients within the GITA database.

Table 1
Speech tasks and phonetic transcription (IPA) from GITA database.

Name Speech tasks and phonetic transcription

DDK pa-ta-ka
[pa ’ta ka]

Sentence 1 Luisa Rey compra el colchón duro que tanto le gusta

Sentence 2 Los libros nuevos no caben en la mesa de la oficina

Sustained vowel a
[a]

Table 2
Places of articulation, and number of joint vowels and consonants in Sentence 1.

Sentence 1: Luisa rey compra el colchón duro que tanto le gusta

Phonetic
transcription (IPA)

’l w i s a ’r e i ’k o m p r a e l k o l ’tʃ o n’ u r o k e ’t a t o l e’ u s t a

Place of articulation Bilabial • •
Labiodental
Dental • • • •
Interdental
Alveolar • • • • • • • • • • •
Palatal •
Velar • • • •

Dipthong - - - -
- -

4

o
t
o
c
t
p

Hiatus 

2  consonants 

3  consonants - - -

.2. Methodology

One of the main objectives of this study is to test the state-
f-the-art speaker recognition technologies in the detection of PD
hrough speech. Nevertheless, the observation of the influence

f the parameters involved in the detection, i.e. �window, F, etc.,
an lead to additional conclusions. For instance, the analysis of
he number of FIR coefficients in the derivative calculation can
oint out towards finding the optimal �derivative in PD detection.
- - - - - - - - - -

In general lines, and as it is depicted in Fig. 1, a speech database
is used as the input of a PD detector composed by a parame-
terization front-end and a classification system. These two  main
parts have several degrees of freedom which are varied at each
training-testing cycle using independently different speech tasks.

It is important to remark that thousands of specific models or
detectors are built and analysed depending on the employed acous-
tic material, classification technique, family of features, �window,
�derivative, G and other degrees of freedom specific of the classi-
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Table 3
Places of articulation, and number of joint vowels and consonants in Sentence 2.

Sentence 2: Los libros nuevos no caben en la mesa de la oficina

Phonetic
transcription (IPA)

l o � ’l i r o �  ’n w e o �  n o ’k a e n e n l a ’m e � a e l a o f i’ �  i n a

Place of articulation Bilabial • • • •
Labiodental •
Dental •
Interdental
Alveolar • • • • • • • • • • • • • • •
Palatal
Velar  •

Dipthong - -
Hiatus - -
2  consonants - - - - - - - - - -
3  consonants

F his st
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ig. 6. Pseudocode of Methodology. First stage. *Sustained vowel is used only in t
estricted to limit �derivative between 35 and 80 ms.

cation technique. The joint analysis of these separated models
llow to evaluate the influence of the degrees of freedom in the
D automatic detection proposed in this work.

The degrees of freedom of the parameterization front-end are:
amily of features, F, �window and n0. Before parameterization, all
udio files from GITA database are filtered and resampled to 16 kHz.
ignals from both databases are normalized and windowed using
amming windows and �window is varied from 10 to 40 ms  at 5 ms

teps. Family of features are MFCC, Rasta-PLP and LPC and the num-
er of coefficients, F, varies in the range: {10, . . .,  20} with steps of 2.
fter parameterization, derivatives are calculated using n0 ranging

rom 1 to 7 avoiding �derivative values under 35 ms  and over 80 ms.  In
hat way, the use of a range of n0 allows to compare the influence of
erivatives at different �window maintaining the derivative segment

engths.
Respecting LPC and PLP, it is convenient to mention that among

ll the available techniques for the linear prediction algorithm, the
utocorrelation method [43] is the one used in this study.

There are two main stages of methodology in which most of the
ifferent degrees of freedom or parameters are varied, depending
n the classification system employed. In the first one, only GMM-
BM classification schemes are used with G taking values from 4

o 256, in powers of 2. The pseudocode of this stage can be found in
ig. 6 showing the different degrees of freedom involved, each one
ncluded in a for loop.
Albayzin database is used to generate the UBM, and each of the
our speech tasks selected from the GITA database is employed sep-
rately for training and testing the GMM  models following a k-folds
ross-validation scheme, with k = 11. An outline of this part of the
age. **n0 does not always range between 1 and 7; in some cases these values are

methodology is shown in Fig. 8, including the ranges of all param-
eters. Among all the obtained results, those with better accuracy
are considered the optimal although other indicators as sensitiv-
ity, specificity, confidence interval (CI), Area Under the ROC  Curve
(AUC) and DET curve are also calculated in the assessment phase.
CI is calculated in all cases as detailed in [63].

After this first round of modelling using GMM-UBM techniques,
a second stage of training-testing with i-Vectors-GPLDA as classifi-
cation system is performed. In this case, �window and �derivative are
fixed to the values providing best results in the GMM-UBM tests as
it is detailed on the pseudocode of Fig. 7 while the rest of the param-
eters from the parameterization front-end are varied in the same
ranges as in the first stage (speech task excluding sustained vowel,
family of features and F). In this scenario, the degrees of freedom
of the classification system are the length of i-Vectors – q – which
takes up values {30, 50, 80}, dimension h of the GPLDA subsystem
taking values {2, 6, 10, 14, 18} and G varying in powers of 2 from 4
to 256. An outline of this part of the methodology is shown in Fig. 9.
Equally, Albayzin database is used to create the UBM. An 11-folds
cross-validation procedure is performed.

In short, for the first stage of the methodology (GMM-UBM clas-
sification scheme), the degrees of freedom are speech task, family
of features, F, G, window size and n0 (�derivative). Considering the
best results obtained in this stage, the last two values are fixed to
the optimum and are used in the second stage, (i-Vectors classifica-

tion scheme) in which the degrees of freedom are the speech tasks
(DDK and the two sentences), family of features, F, h, q and G.

The sustained vowel /a:/ is only used in GMM-UBM tests for
comparison purposes. This acoustic material has poor articulation
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Fig. 7. Pseudocode of methodology. Second stage.

Fig. 8. GMM-UBM training methodology outline. Features can be MFCC, Rasta-PLP and LPC and derivative coefficients � + ��.

Fig. 9. i-Vectors training methodology outline. Features can be MFCC, Rasta-PLP and LPC with derivative coefficients � + ��.
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Table 4
Number of variations of each degree of freedom (Speech task, �window , n0, F, G, q and h) in the two classification schemes and the three feature families.

Number of variations for each degree of freedom

Classification scheme Degrees of freedom Family of features

LPC MFCC Rasta-PLP

GMM-UBM Speech task 4 4 4
(Stage 1) �window 7 7 7

n0 1–5 1–5 1–5
#  Coefficients (F) 6 6 6
#  Gaussians (G) 7 7 7

i-Vectors Speech task 3 3 3
GPLDA �window 1 1 1
(Stage 2) n0 1 1 1

#  Coefficients (F) 6 6 6
#  Gaussians (G) 7 7 7
q  3 3 3
h  5 5 5

F ent pa
D ined u

i
t
t
t
h
p
v
f
t

(
t

ig. 10. Best accuracies in the range {10, . . .,  40} ms  of �window for the three differ
DK,  (b) Sentence 1, (c) Sentence 2, and (d) Sustained vowel. These values are obta

nformation which, in principle, is an important aspect for PD detec-
ion (as detailed in Section 1). Moreover, its use in combination with
he i-Vectors scheme would not lead to more conclusions beyond
hose obtained in the GMM-UBM scheme. Although some works
ave proven that sustained vowels can carry information about the
resence of PD, these utilize the onset and offset segments of the
owels during speech production and specific methodologies dif-
erent to those included in this study which are out of the scope of
his work.
In both stages, all the feature vectors of one specific speaker
Xu) are included in only one fold among all of the generated
o perform the cross-validation. Coefficients, xi, from the train-
rameterizations, GMM-UBM classification techniques and using speech tasks: (a)
sing different number of G, F and �derivative at each point.

ing folds are normalized in the interval [−1, 1] while the weights
obtained in this normalization process are applied to the test
fold.

Table 4 shows the number of possible variations of each degree
of freedom in the two  stages, observing the two classification
schemes and, for each one, the three parameterization families. For
instance, as q can take values {30, 50, 80}, the number of variations
is 3. The number of variations of n0 range between 1 and 5 as the
values that it can take depend on �window. Each combination and

fold leads to a new model. In the GMM-UBM scheme, an amount of
2856 models are trained and tested for each family of features and
fold, while 1890 models are obtained in the i-Vectors stage. There-
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ig. 11. Best accuracies using �window = 10 ms  as a function of �derivative for the three d
.  These values are obtained using different number of G and F at each point.

ore, the total number of models trained and tested in the whole
tudy is 156618, 14238 models per fold.

Additionally, and in order to assess the influence of kinetic
hanges in global results, new tests are made using only the con-
gurations leading to the best results in the two stages (family of

eatures, G, F, etc.) but excluding derivatives from the feature vec-
or. In the same manner, mutual information [64] of all features and
inetic changes respect to control and PD classes is calculated.

. Results

For the sake of simplicity in the presentation, this section only
ncludes results leading to best accuracy values and those showing

 possible influence of the parameters in performance justified by
he presence of PD.

.1. Influence of �window, n0 and F in the first stage of
ethodology

In order to analyse the influence of �window in the accuracy of
he system, Fig. 10 shows the best accuracy results as a function
f �window and family of features using a GMM-UBM classification
cheme.

In the same manner, to evaluate the impact of n0 variation on
ccuracy with respect to the speech task materials and parameter-
zations, Fig. 11 shows the best results in terms of accuracy as a

unction of n0 when using �window = 10 ms,  which is the optimum
alue in most of the cases as can be inferred from Fig. 10. In order
o evaluate the influence of the number of coefficients of the FIR fil-
er when using different window lengths, Fig. 12 depicts accuracy
nt parameterizations using speech tasks: (a) DDK, (b) Sentence 1, and (c) Sentence

as a function of �derivative considering only Rasta-PLP + � + �� and
employing 10, 15 and 20 ms  window lengths.

Additionaly, Fig. 13 shows the maximum accuracy obtained in
the first stage as a function of the number of coefficients, consider-
ing �window = 10 ms.

5.2. GMM-UBM and i-Vectors global results

Best absolute accuracy in the first stage (86%) is obtained using
�window = 15 ms  and n0 = 2. Therefore, the two parameters are fixed
to these optimum values for the tests in the second stage (i-Vectors
scheme).

The best global accuracy results in the two stages of method-
ology are included in Table 5. This table allows to compare the
best outcomes depending on the speech task, parameterization and
classification technique. Focusing on the sentence 2, which leads to
the best absolute accuracy, DET curves for the three parameteriza-
tions and the two  classification techniques are calculated (Fig. 14).
Fig. 15 shows accuracy results as a function of G and F with the
two different classification techniques and Rasta-PLP, which is the
family of features which leads to best outcomes.

Finally, Table 6 shows the best global accuracy obtained for each
speech task including their AUC, specificity and sensitivity and the
specific configuration leading to these results. The values of AUC,
specificity and sensitivity are defined within the interval [0, 1]. Best
global results are obtained using Sentence 2, Rasta-PLP + � + ��,

i-Vectors, q = 50 and h = 14. It is possible to observe that Accuracy,
AUC, Specificity and Sensitivity are the highest of all tests, having
Specificity and Sensitivity similar values. Fig. 16 shows DET curves
for those results referred in the same table.
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Fig. 12. Best accuracies using �window = {10, 15, 20} ms  as a function of �derivative for DDK, Sentence 1 and Sentence 2 using Rasta-PLP + � + �� coefficients. These values are
obtained using different number of G and F at each point.

Fig. 13. Best accuracies using �window = 10 ms  as a function of the number of coefficients for the three different parameterizations, GMM-UBM classification techniques and
using  speech tasks: (a) DDK, (b) Sentence 1, (c) Sentence 2, and (d) Sustained vowel. These values are obtained using different number of G and �derivative at each point.

Table 5
Best accuracy results ± CI for the different acoustic materials using MFCC, Rasta-PLP and LPC with derivative coefficients � + ��. The highest accuracies are marked in bold.

Best accuracy results ± CI (%)

Speech task MFCC + � + �� Rasta-PLP + � + �� LPC + � + ��

GMM-UBM i-Vectors GMM-UBM i-Vectors GMM-UBM i-Vectors

DDK 80 ± 8 80 ± 8 84 ± 7 82 ± 8 68 ± 9 74 ± 9
Sentence 1 77 ± 8 75 ± 8 83 ± 8 79 ± 8 65 ± 9 79 ± 8
Sentence 2 71 ± 10 77 ± 9 86 ± 7 87 ± 7 64 ± 10 71 ± 10
Sustained vowel /a:/ 74 ± 9 – 75 ± 8 – 60 ± 10 –
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Fig. 14. DET curves for MFCC, Rasta-PLP and LPC parameterizations + � + �� leading to the highest accuracies using the two classification techniques in Sentence 2 speech
task  tests.

F ta-PLP
q  refer
a

d
e
o
v

ig. 15. Best accuracies in GMM  and i-Vectors tests using �window=15, n0 = 2 with Ras
 = 14. Best points of operation are marked with a red dot. (For interpretation of the
rticle.)

Additionally, Fig. 17 shows mutual information of features and

erivatives leading to best results (Rasta-PLP and i-Vectors as ref-
renced in Table 6). In the same way, Table 7 includes the results
f this configuration with and without derivatives in the feature
ector.
 + � + �� for Sentence 2 as a function of G and F. In the case of i-Vectors, h = 50 and
ences to color in this figure legend, the reader is referred to the web  version of the

For the sake of simplicity, the influence of q and h in the results

is not reported in detail since it has been considered that any con-
clusions regarding the performance of these parameters would be
barely linked with the presence of PD. It is not possible to obtain
any solid conclusions concerning q and h as the values providing
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Table 6
Best results for each acoustic material. The configuration leading to the highest accuracy is marked in bold.

Best results

Speech task Accu. ± CI (%) AUC Spec. Sens. Feature family �window (ms) n0 Class. technique # Gauss. # Coefs.

DDK 84 ± 7 0.89 0.84 0.84 Rasta-PLP + � + �� 10 3 GMM-UBM 8 10
Sentence 1 83 ± 7 0.86 0.86 0.80 Rasta-PLP + � + �� 10 3 GMM-UBM 64 10
Sentence 2 87 ± 7 0.93 0.89 0.86 Rasta-PLP + � + �� 15 2 i-Vectors 4 12
Sust.  vowel 75 ± 8 0.83 0.70 0.80 Rasta-PLP + � + �� 10 3 GMM-UBM 256 10

Table 7
Results using Rasta-PLP and the configuration leading to best results with and without derivatives to analyse its influence in accuracy, AUC, specificity and sensitivity.

Feature family Classification technique Accuracy (%) CI (%) AUC Specif. Sensit.

Rasta-PLP +� + �� GMM-UBM 86 7 0.86 0.87 0.93
Rasta-PLP (without derivatives) GMM-UBM 71 9 0.68 0.74 0.78

Rasta-PLP +� + �� i-Vectors 87 

Rasta-PLP (without derivatives) i-Vectors 71 

Fig. 16. DET curves for the different speech tasks leading to the highest accuracies
and  the configurations detailed in Table 6.

Fig. 17. Mutual information of Rasta-PLP (R-PLP) features with respect to the con-
trol/pathological classes.
7 0.93 0.89 0.86
9 0.74 0.68 0.79

best results are more influenced by the length of the database (i.e.
number of speakers) and the length of the feature vector utilized
rather than by the particularities of parkinsonian speech.

6. Discussion

The exposed results allow to analyse the influence of parame-
terization, �window, kinetic changes, speech task and classification
schemes for the automatic PD detection through speech. The
employed methodologies are the state-of-the-art techniques for
speaker recognition but different optimum configuration param-
eters are expected for PD detection.

Influence of the family of features. As it can be inferred from
Tables 5 and 6, best results are obtained using Rasta-PLP + � + ��
coefficients, independently of the speech task and the classification
techniques employed. In same cases, the performance of the MFCC
family is similar to the one achieved with Rasta-PLP but providing
a lower maximum accuracy. On the other hand, the differences in
performance between LPC and the other two families of features are
remarkable. Figs. 10, 11 and 13 show that best results for LPC are
usually lower than those obtained with Rasta-PLP and MFCC and
in many cases are at 20 absolute points under the best Rasta-PLP
accuracies.

Going into detail to the Rasta-PLP parameterization, to evaluate
the influence of RASTA filtering in the whole process, some prospec-
tive tests are performed using PLP with and without RASTA filtering
to compare its influence in PD detection. To this aim, the GMM-UBM
methodology depicted in Fig. 8 is repeated limiting n0 = 4 using DDK
speech tasks and a maximum �window of 30 ms.  Fig. 18 shows the
best accuracy vs. window length obtained in the prospective tests
to analyse the use of RASTA filter, while the best numeric results
are included in Table 8. As it can be inferred from these outcomes,
RASTA filtering does not provide remarkable improvements to PLP
suggesting that this filtering does not enhance the capabilities of
PLP for the detection of PD in this study.

Influence of �window and �derivative. With reference to �window,
in general, best results are obtained with the shortest windows,
10 and 15 ms,  which is consistent with the adoption of quasi-
stationary conditions. Something similar occurs with the derivative
segment length in which a high �derivative could blur the veloc-
ity and acceleration tracking. Fig. 11 shows the accuracy obtained
with the three parameterizations as a function of �derivative for
�window = 10 ms. In this scenario, best results are obtained using

n0 = 3, which corresponds with the use of 7 coefficients in the FIR
filter and a �derivative of 40 ms.  Using different �window, the opti-
mum  �derivative is similar, as it can be inferred from Fig. 12 in which
the derivative segment lengths providing best results are most of
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Table  8
Results using PLP feature family with and without RASTA filter in order to its influence in accuracy, AUC, specificity and sensitivity.

Parameterization �window (ms) Accuracy ± CI (%) AUC Specif. Sensit.

PLP + � + �� 15 81 ± 8 

Rasta-PLP + � + �� 10 82 ± 8 

Fig. 18. Best accuracies varying �window in the range 10, . . .,  30 ms  for PLP parame-
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some errors for UPRDS equal to 60 (considering that there are only
erization with and without RASTA filtering, using DDK speech task and GMM-UBM
lassification technique.

he times around 40 ms.  This suggests that the analysis of velocity
hanges in parkinsonian speech characterization should be per-
ormed within these ranges. This length allows more resolution to
haracterize imprecise articulation coordination than larger seg-
ents, which is coherent with the dysarthria features found in

23,65].
Influence of kinetic changes. A supplementary analysis of the

elevance of kinetic changes in the group of features is performed.
s derivatives characterize the velocity and acceleration of vocal

ract movements, the analysis of its relevance can help disclos-
ng the importance of articulation in the studied detectors. Firstly,
ig. 17 shows mutual information of all the coefficients leading to
he best results (as detailed in Table 6, Sentence 2) and the speaker’s
ondition. The mutual information relative to kinetic coefficients is
ignificant with regard to the mutual information of static Rasta-
LP coefficients. Besides, several tests are repeated introducing
ome variations to assess the influence of these derivatives in the
ccuracy. These new tests are performed employing 12 Rasta-PLP
oefficients without derivatives, �window = 15 ms,  and the two  clas-
ification schemes using values of {4, 8, 16, 32}  for G. In the case
f i-Vectors, q and h are varied in the same range specified in the
ethodology of the study. After removing derivatives, tests give

 maximum of 71% of accuracy in both cases as shown in Table 7,
onfirming the influence of the kinetic changes and the importance
f articulation.

Influence of speech tasks. Regarding the speech tasks and tak-
ng into account the overlapping margins in accuracy caused by the
I, the results suggest that Sentence 2 leads to better accuracies,
pecially when parameterizing the signal following the Rasta-PLP
echnique. Observing Tables 2 and 3, it is possible to infer that the
mount of changes between velar, alveolar and labial articulation
laces is not significantly different than those found in Sentence
. Moreover, the bilabial-dental-velar articulation changes which
ccur recurrently in the DDK task do not provide better outcomes

han those obtained with Sentence 2, even when the former task
equires a higher excursion of the articulation organs which is
epeated again and again. Nevertheless, one of the most notewor-
0.87 0.82 0.80
0.87 0.82 0.82

thy difference between Sentence 2 and the rest of tasks is that it
includes more fricative consonants, produced by means of the nar-
rowing of the articulatory organs which do not touch each other.
However, as the differences in accuracy between the three running
speech tasks are not dramatic it is not possible to completely con-
clude that Sentence 2 is more reliable for future tests. In any case, it
is not clear if this sentence includes some segments or allophones
more relevant in the detection of PD, which should be studied in
further works.

In that sense, the models trained with the sustained vowel are
the least efficient among those obtained in the study. These results
support the importance of articulation for PD automatic detection
with speaker recognition techniques. As it is introduced in Section
1, the works centred in phonatory aspects providing good results
make use of the phonation of different vowels or extract vowel
segments from running speech, which contain certain articulatory
information. In the present case none of these circumstances occur,
which explains why  accuracy does not exceed 75% with the sus-
tained vowel task as shown in Fig. 10d). However, works like [23,34]
suggest that phonation by itself can provide information about
tremor or noise attributable to PD, but to take advantage of these
circumstances, the use of features characterizing glottal source is
necessary. Going into detail to Fig. 10d), results with LPC show poor
accuracy as expected since this family of features does not contain
relevant information about the glottal source. Better outcomes are
achieved using MFCC and Rasta-PLP coefficients which suggest that
both families can characterize in some manner the glottal source,
and that could justify the relatively good results that they provide
(75% accuracy) using only one sustained vowel.

Influence of classification techniques. Regarding the classi-
fication techniques, GMM-UBM methods give generally the best
results with all acoustic materials but Sentence 2, which pro-
vides the best outcomes combined with i-Vectors. In general, the
differences of best accuracy results comparing both schemes are
small. Moreover, although the i-Vectors-GPLDA methodology is
more sophisticated and usually produces better performance for
speaker recognition, it is more oriented to use larger UBM and
training databases, containing more variability than the ones used
in this work. The fact that the best results provided by this last
technique employing relatively short i-Vectors (q = 50) while typi-
cal values in speaker recognition are around q = 400 is influenced by
the small size of the database and by the low inter-class variability,
caused by PD. Moreover, it is possible to observe in Fig. 15 that the
highest accuracy results are more spread in the GMM  case (left)
with respect to the i-Vectors best results (right), which are con-
centrated into a small region indicating that the former technique
could generalize better.

Particularities of the patients in the GITA database. The his-
tograms on Fig. 19 are referred to the errors in the PD class using
the configuration leading to the best results (87% of accuracy). These
show the percentages of false rejection in PD class relatives to the
total number of false rejections with respect to UPRDS, H&Y and
years since diagnosis. It can be inferred from the histograms that
most of the errors occur normally in the early and mid  stages. The
detection in advanced stages is more efficient although there are
two patients in this gap) or in patients with more than 7 years
since diagnosis. In any case, the results suggest that there are com-
mon  factors or perturbations in the voice and speech of early and
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Fig. 19. % False rejection distribution in PD class relative to total false rejection of PD class respect to UPRDS, H&Y and years since diagnosis in the best-results case, using
R
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asta-PLP and i-Vectors in Sentence 2 as detailed in Table 6.

dvanced stages, as the same system is able to detect most of the
ases of both.

Although the minimum error found in all the analysed detectors
s 13%, the theoretical limit of false rejection in a speech-based PD
etector is not clearly delimited. Some specialists suggest that a 90%
f PD patients suffer from dysarthria after a median latency period
f 7 years since diagnosis [66,12]. These considerations would limit
he false rejection in automatic detectors to 10%. Recent works like
67] have studied the presence of signs in the voice of PD patients
nd have quantified the percentage of affected patients to 100%
sing the Robertson dysarthria profile [68] in a cohort of 48 patients

n several stages. However, these works are focused in perceptual
stimations or preliminary quality of voice analysis. None of them
ave studied in detail the perturbations in voice during the early
tages neither the differences between the dysarthric disturbances
aused by PD and by ageing. Thus, it is not possible to compare
esults with the minimum theoretical limit but this value depends
n the stage in which the patients included in the database are, and

t could be more than 0% as the percentage of patients without per-
eived dysarthria (most of them in early stages) but with deviations
n articulation is unknown.

Other considerations. It is known that the three families of
eatures provide information about the vocal tract and the added

 + �� coefficients can capture these changes during articulation.
evertheless, LPC parameterizes the vocal tract in the frequency
omain, whereas PLP and MFCC provide the information in the cep-
tral domain and use perceptual modelling. These two  facts seem
o be relevant in the speech processing for the detection of PD.
dditionally, the presence of glottal source information in MFCC
nd, possibly, in Rasta-PLP could contribute to these good results.
aking into account the curves depicted in Fig. 10d), in which
esults are similar in MFCC and Rasta-PLP, there could be a causal-
ty relationship between the possible existence of glottal source
nformation in PLP (as in MFCC) and the differences in the results
btained using the sustained vowel respect to LPC, but this exis-
ence cannot be completely confirmed with the performed tests.
n the other hand, the optimum configuration provides values of

7% in accuracy. This value is similar to most of those reported in the
tate-of-the-art of PD detection. For instance, in [23], values up to
8% of accuracy are obtained. Other works as [30] obtain values up
o 80% using vowels containing articulatory information extracted
from monologues, the same value reached in [38] when combin-
ing phonatory, prosodic and articulatory features for PD automatic
detection. Nevertheless, results are difficult to compare when dif-
ferent databases are employed, taking into account that in most of
the cases they differ in language, sex and age distribution, speaker
tasks and number of speakers. Moreover, there are not too many
works analysing automatic detectors of PD based only on voice or
speech. Some works provide hybrid methods combining speech
with other sources such as posture and gait [69] and others use
very small and unbalanced databases [70,71]. This makes unfeasi-
ble to perform too many comparisons with the obtained results at
the moment.

Also, the literature provides preliminary attempts of using
automatic speaker recognition procedures such as i-Vectors and
GMM-UBM to detect or assess PD [41,42,24]. Some of these
schemes employ multiple features but without a thoughtful con-
sideration of the degrees of freedom or a comparison of results
between different methodologies. For instance, [24] uses MFCC
and GMM-UBM techniques with running speech to detect PD
but employs the same database for UBM modelling and training-
testing, which could bias the results. Moreover, the work does not
analyse the different parameterization and classification ranges or
degrees of freedom. In this sense, the study of the optimum parame-
ters for speaker recognition has been addressed in multiple works
and these have been reconsidered in the automatic PD detection
scenario in this work.

Regarding the CI obtained on this study, in most of the cases it
is relatively high in comparison to those obtained in state-of-the-
art speaker recognition works in which typical values are around
0.5%. These CIs could be enhanced in two manners. The first one
could be improving the accuracy results although, as mentioned,
the false rejection could have a theoretical limit. The second one
can be achieved using more speakers, but obtaining large databases
of speech from PD patients implies an important cost. That is why
most of pathological voice (or speech) databases are usually small
in comparison to speaker or speech detection aimed databases.

Lastly, it is convenient to contemplate that, as it is considered in

[14], some symptoms as depression can influence the speech rate
and therefore articulation. In the recording of the GITA database
the presence of depression in patients is not assessed and, thus,
this could bias the results.
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. Conclusions and future work

In this work, state-of-the-art speaker recognition techniques are
pplied and adapted to a different application domain: the detec-
ion of PD using the patient’s speech. Three families of features are
onsidered, MFCC, Rasta-PLP and LPC along with their respective
erivatives, utilizing multiple configurations. Equally, two classi-
cation techniques, namely GMM-UBM and i-Vectors, are used to

rain and test automatic detectors. The objective of this study is
ainly twofold: firstly to evaluate the potential to apply these

echniques to a new application scenario analising their differ-
nt degrees of freedom to establish a baseline to compare results
ith further studies; and secondly, to evaluate the influence of

inetic changes of instantaneous coefficients and the importance
f the number of FIR coefficients for derivatives in the detection of
D.

While best results, 87% of accuracy, are obtained using Rasta-
LP parameterization and read sentences, none of the classification
echniques seems to stand out respect to the other. However, the
otential of i-Vectors is not exploited totally since this technique

s more aimed to work with larger and more complex databases,
ncluding more variability. An adaptation of this methodology for
mall databases could be advisable in future works. As results sug-
est that the variability between the two studied classes is small,
echniques to reduce intra-class variance should be applied in the
uture to improve classification results.

The tuning of the �derivative for velocity calculation provides a
argin of gain of more than 5 absolute points in classification, con-

luding that the optimum value is around 40 ms.  In the future, the
tudy of kinetic changes and particularly the tuning of acceleration
ust be addressed and its influence in the global detector, eval-

ated. New features based on velocity and acceleration related to
rticulation should be considered.

Additionally, although the signs of PD appear on each patient in
 particular manner, it could be advisable to analyse its influence on
pecific types of phonemes in order to identify articulation places or
ovements more likely to include perturbations caused by the dis-

ase. Moreover, as automatic detection of PD is achieved essentially
y means of the detection of parkinsonian dysarthria, further stud-

es should analyse the differences between the influence of this type
f dysarthria and the one caused by non-parkinsonian neurological
isorders.

Finally, it is possible to conclude that the state-of-the-art tech-
iques for speaker recognition provide good accuracy results in the
utomatic detection of PD and can be considered as a baseline in
uture works. Results suggest that Rasta-PLP characterization pro-
ides the best accuracies compared to MFCC and LPC using short
window (10–15 ms)  and read sentences as acoustic material. The
inetic changes have to be taken into account in the future as
heir relevance has been proven in the automatic detection of PD
atients.
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