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1
General introduction

In 1766,MatthieuMaty described the case of a “handsome, sanguine”manwhowalked

with great difficulty in an unsteadymanner. Themovement of his left armwas reduced

and he had difficulty in moving his body parts. In addition, his speech was impaired

(Maty, 1769, p. 261-266):

“Whatwords he still couldutterweremonosyllables, and these cameout,
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after much struggle, in a violent expiration, and with such a low voice

and indistinct articulation, as hardly to be understood but by those, who

were constantly with him. [...] he was attentive to, and sensible of, every

thing, which was said in conversation, and shewed himself very desirous

of joining in it, but was continually checked by the impediment in his

speech, and the difficulty which his hearers were put to.”

These words were later quoted by James Parkinson in An Essay on the Shaking

Palsy (Parkinson, 1817). In this seminal work, he described six individuals, some of

whom he met on the street, who suffered from a variety of motor difficulties,

including speech. What he described as the shaking palsy, would later become known

as Parkinson’s disease (PD). Nowadays much more is known about the etiology,

neuropathology, diagnosis, symptoms, and treatment of the disease. At the same

time, there is much more work to be done. Also the origin of the articulatory

impairment in PD, as described by Matthieu Maty, is still poorly understood. The

present dissertation aims to increase our understanding of this impairment.

Speech impairment can have a major impact on the life of individuals with PD. In a

study by Miller et al. (2006), individuals with PD who were asked about the

consequences of their speech impairment reported that they often found it difficult to

engage in conversation. This in turn led to feelings of frustration and depression and,

ultimately, to withdrawal from conversations altogether. Given the fact that speech

impairment can be so detrimental to the life of these individuals, it is of great

importance to learn more about its nature, so that we are better able to diagnose and

treat their symptoms.

Previous studies on speech impairment in Parkinson’s disease have found speech to
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be impaired at the subglottal, glottal, supraglottal, and the suprasegmental level. At

the supraglottal, or articulatory level, PD speech is often characterized as imprecise,

slurred, or dysfluent. However, these terms are rather abstract and it is not always clear

what they refer to. In the present work, therefore, we measure articulatory trajectories

to characterize speech production in PD in ways that have not previously been

systematically examined. In doing so, we try to learn more about what aspects of

speech production make PD speech sound ‘slurred’ to a listener. Most previous work

on PD speech has been limited to the acoustic domain; we contribute further to this

work with an additional acoustic study (Chapter 2). For the studies described in

Chapters 3, 4, and 5, we use electromagnetic articulography to study the kinematics

(i.e., the real, physical movements) of the tongue, lips, and jaw. We will analyze these

data in the framework of Articulatory Phonology (AP) (Browman & Goldstein, 1989),

a theory that describes the coordinated activity of speech gestures during the act of

speaking. Given that PD articulation has been characterized as ‘slurred’ by so many,

we expect the kinematics of PD speech to differ from typical speech. We aim to

empirically investigate this hypothesis and, at the same time, to learn more about how

articulation is disordered in PD.

1.1 Symptoms, diagnosis, and etiology of Parkinson’s disease

Parkinson’s disease (PD) is known to have a detrimental effect on an individual’s

motor functioning (Opara et al., 2017). PD is nowadays diagnosed by the presence of

bradykinesia (slowness of movement, derived from the Greek words βραδύς, ‘slow’,

and κίνησις, ‘motion’) combined with one or more symptoms of rigidity (by some

referred to as ‘stiffness’), tremor, or postural instability. Additional symptoms,
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experienced by many individuals with PD, include fatigue, constipation, depression,

anxiety, apathy, sleep disorder, sexual disorder, dementia, psychosis, reduced facial

expression, word retrieval difficulty, drooling, and speech impairment (Davie, 2008;

Schapira, 2009).

PD is part of a larger group of parkinsonian disorders, which include multiple

system atrophy, progressive supranuclear palsy, and dementia with Lewy bodies

(Dickson, 2012). These disorders share one or more symptoms with PD but have a

different neural origin. Even so, the overlap in symptoms makes it difficult to

differentiate between the disorders and to make a correct diagnosis. Moreover, there

are no biomarkers available that indicate the presence of PD, and a definitive diagnosis

can only be given after post-mortem examination (Joutsa et al., 2014; Tolosa et al.,

2006). It has been suggested that speech assessment may also be a useful tool in the

diagnosis and differentiation of PD (Brabenec et al., 2017).

The neuropathologic hallmark of PD is the presence of Lewy bodies and Lewy

neurites (i.e., atypical aggregates of the α-synuclein protein) in brain areas including

the olfactory bulb, the substantia nigra, and at a later stage of the disease also in

cortical areas (Dickson, 2012; Schapira, 2009; Tolosa et al., 2006). The primary cause

of the motor symptoms in PD is a loss of dopaminergic cells in the pars compacta, a

part of the substantia nigra located in the midbrain (Davie, 2008). Neural damage is

not limited to the substantia nigra, however, and besides dopaminergic, also

cholinergic, adrenergic, and serotonergic system are known to deteriorate (Schapira,

2009).

The cause of PD is still unknown, although there is an increasing body of evidence

that points towards a role of environmental factors, such as exposure to pesticides
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(Brouwer et al., 2017; Brown et al., 2006). In addition, so-called PARK genes (named

after the disease) have been linked to familial PD (Kouli et al., 2018). These genes may

interact with environmental factors, but as of yet, this link is poorly understood

(Tolosa et al., 2006).

At present, there is no cure for Parkinson’s disease, but bradykinesia, rigidity, and,

to a lesser extent, tremor, can be successfully treated with a drug called “levodopa”

(Sethi, 2008). However, treatment with levodopa does seem to come at a cost, as

levodopa is known to induce dyskinesia, that is, jerky, involuntary movements

(Fabbrini et al., 2007). Moreover, levodopa does not ameliorate all motor symptoms

of PD and has no effect on non-motor symptoms, such as sleep disorder, mood

disturbance, and dementia (Sethi, 2008). Gait disturbance and postural instability,

both highly prevalent symptoms of the disease, are often found to be less responsive to

treatment with levodopa than, for instance, rigidity and tremor (Schaafsma et al.,

2003; Sethi, 2008). Likewise, speech impairment is considered by many as a symptom

unresponsive to levodopa (Maillet et al., 2012; Poluha et al., 1998; Sethi, 2008).

1.2 Speech impairment in Parkinson’s disease

Approximately 50 to 75% of individuals with PD experience one or more forms of

speech impairment (often referred to as hypokinetic dysarthria1) over the course of

their disease (Hartelius & Svensson, 1994; Ho et al., 1999; Logemann et al., 1978;

Miller et al., 2007). Research has been primarily focused on phonatory and

articulatory impairment. In a cross-sectional study including 200 individuals with PD

1We refrain from using the term hypokinetic dysarthria in this dissertation, as findings from
recent kinematic studies contest the idea that lingual gestures in PD speech are in fact
(consistently) hypokinetic (McAuliffe et al., 2006; Wong et al., 2011; Yunusova et al., 2008).
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(Logemann et al., 1978), trained listeners judged that 89% percent of subjects had a

phonatory impairment, and 45% percent of subjects had an articulatory impairment.

Likewise, a study using a similar design by Ho et al. (1999) found phonatory

impairment to be the most common and early speech symptom in PD. Articulatory

impairment was increasingly found along with the progression of the overall degree of

speech impairment. Subjects with the most severe speech impairment all showed

phonatory and articulatory impairment. The focus of this dissertation is on

articulatory impairment in PD.2

1.2.1 Articulatory impairment

Various aspects of articulation have been identified to be impaired in PD speech. For

example, many acoustic studies have found that both stops and vowels are often

undershot in PD speech. Stops may become spirantized (Ackermann & Ziegler, 1991;

Logemann & Fisher, 1981), sibilants are at times produced with an (assumed) atypical

tongue blade posture (Logemann & Fisher, 1981), and vowel space areas frequently

become reduced in size (Sapir et al., 2011; Sapir et al., 2010; Skodda et al., 2012;

Skodda et al., 2011c).

In addition to acoustic studies, articulation in PD speech has been examined

directly. Prior to the 1980s, this was done by using a strain gauge transduction system

(Abbs & Gilbert, 1973). This device consisted of movement transducers attached to

both lips and the jaw. Both lip aperture and jaw lowering could be measured in this

way. More recent kinematic studies often use a technique called electromagnetic

(midsagittal) articulography (EMA), which is also the method used in Chapters 3, 4,

2An overview of phonatory impairment in PD can be found in Goberman and Elmer (2005).
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and 5 of this dissertation. This method allows flesh point tracking of sensors, which

are glued to the articulators. The main advantage over older methods is that besides

the lips and jaw, also tongue movement is measured. Since the tongue is the primary

articulator for a large range of speech sounds, the use of electromagnetic

articulography allows researchers to study speech in a more comprehensive way.

Previous studies using kinematic methods have shown that displacement and

velocity is often reduced for gestures of the lower lip (Caligiuri, 1987; Walsh & Smith,

2012), upper lip (Connor et al., 1989), and jaw (Connor et al., 1989; Forrest &

Weismer, 1995; Kuruvilla-Dugdale et al., 2020; Robertson & Hammerstad, 1996;

Svensson et al., 1993; Walsh & Smith, 2012; Yunusova et al., 2008). Surprisingly, in

contrast to what would be expected based on acoustic studies, Wong et al. (2010),

Wong et al. (2011), and Wong et al. (2012) found larger displacement and higher

velocities for tongue gestures of individuals with PD. Not all studies, however, have

found lingual articulatory differences between individuals with PD and typical

speakers (Goozée et al., 2011; Kearney et al., 2017; Yunusova et al., 2008). In a recent

study, Kuruvilla-Dugdale et al. (2020) only found smaller displacements for

individuals with PD in anterior tongue movements for complex phonemes such as

sibilants, affricates, and consonant clusters. Such consonant clusters are further

investigated in Chapter 4 of the present dissertation. A potential explanation for the

differences between acoustic and kinematic studies is provided by McAuliffe et al.

(2006), who examined both acoustic and kinematic measures in their study on PD

speech. Although they found no evidence for impaired spatial accuracy of tongue tip

gestures, speech intelligibility was rated as being impaired. The authors suggest that

the reduced intelligibility could be due to impaired articulatory timing rather than to
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articulatory imprecision.

So far, few kinematic studies have examined articulatory timing in PD speech. A

study by Connor et al. (1989) on inter-articulatory timing found atypical timing of

peak velocities in labial and mandibular gestures. Additionally, a study by Weismer

et al. (2003) found that the timing between lip protrusion and voicing differed

between individuals with PD and typical speakers. Finally, a study by Yunusova et al.

(2008), who examined the proportional timing of tongue gestures with respect to

vowel duration, did not find any deviant results for PD speech.

In sum, it is still unclear exactly how timing and coordination of speech are affected

by PD. The studies in this dissertation, therefore, aim to shed more light on this by

examining intergestural coordination and timing of fast syllable repetitions.

1.3 Articulatory phonology and task-dynamics

In Chapter 3 and Chapter 4 of this dissertation, patterns of speech production are

examined using the Articulatory Phonology (AP) framework (Browman &Goldstein,

1989, 1992; Browman &Goldstein, 1986). This framework considers the articulatory

gesture to be the fundamental primitive of speech production and phonological

representation. A gesture is a concrete, measurable, and physical event, which does

not (directly) relate to notions of features or segments as used in more traditional

approaches towards phonology (e.g., Halle & Chomsky, 1968). An example of a

gesture is labial closure; for this gesture, both the lips as well as the jaw contribute to

the formation of a constriction. The advantage of using AP over other approaches is

that it makes it straightforward to interpret the kinematic data that is acquired for this

dissertation. For instance, AP provides a detailed theoretical account of the
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Figure 1.1: A bilabial closure produced by constriction of the lips. The lips make contact with each other
and form a closed constriction at a labial constriction location. Image retrieved from the Seeing Speech
database (Lawson et al., 2015): printed with permission.

coordination between multiple – at times overlapping – gestures over time. In

addition, from the 2000s onward, researchers have started to also implement prosodic

aspects of speech in AP (see Byrd & Krivokapić, 2021, for an overview).

Another advantage of using AP is that its gestures can be modeled using

task-dynamics (TD) (Kelso et al., 1985; Saltzman & Munhall, 1989). In this

framework, gestures are viewed as dynamical, self-organized systems that are

combined to shape the configuration of the vocal tract over time. Each gesture can be

modeled using tract-variable point attractors using second-order linear differential

equations. These point attractors draw one or more articulators towards an

articulatory target (i.e., the equilibrium state of the system). In TD, labial and lingual
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gestures are specified by their constriction location and constriction degree. For

example, an /m/ is characterized by a “labial” target constriction location and a

“closed” constriction degree target (see Figure 1.1). In TD, a target is fixed in space,

but the articulatory trajectory towards it is not. Thus, these targets may be reached via

different routes (a principle known as equifinality), which are partially defined by the

parameters of the model, such as stiffness and damping, but may also be influenced by

external factors, such as perturbations (Abbs & Gracco, 1983; Folkins & Abbs, 1975;

Kelso et al., 1984).

In order to create a phonological structure, multiple gestures have to be produced

and coordinated with one another. Browman and Goldstein (1989) provide the

example of a 15-month-old child (after a study by Ferguson & Farwell, 1975), who

was able to produce all the individual gestures required for the word pen — such as

bilabial closure for the /p/ — but was not yet able to successfully combine them and

put them in the right order. This example shows that coordination between gestures

has to be learned over time.

The coordination of gestures within a syllable can be modeled using coupled

oscillators, where each gesture is modeled as an oscillator coupled to other oscillators

(i.e., gestures). The (relative) phase angles between these oscillators can be

subsequently used to describe coordinatory patterns (Nam et al., 2009; Nam &

Saltzman, 2003; Saltzman & Byrd, 2000; Saltzman & Munhall, 1989). These phase

angles between gestures have been found to be rather systematic; that is, some occur

more frequently than others. Two phase angles in particular, 0° (in-phase) and 180°

(anti-phase) have been found to be intrinsic to human motor control (e.g., Kelso,

1984, see also Figure 1.2). Gestures that are coordinated in-phase become activated in
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(a) In‐phase coupling

(b) Anti‐phase coupling

Figure 1.2: Two sets of coupled oscillators. In (a) the oscillators are coupled in‐phase, whereas in (b) the
oscillators are coupled anti‐phase.

parallel, whereas gestures that are coordinated anti-phase will become active in a serial

manner. Gestural coordination and the coupled oscillator model are discussed in

more detail in Section 4.1.5.

In the present work, we will examine articulatory gestures produced by individuals

withPD, and compare these to those of typical speakers. Wewill also study the coupling

between the articulatory gestures and compare these findings to what has previously

been found for speakers of similar languages.
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1.4 Dissertation outline

Taken together, previous kinematic studies on PD speech suggest that PD speech is

not — or at least not consistently — characterized by hypokinetic gestures

(i.e., reduced in amplitude). It is therefore unclear to what extent spatial accuracy is

impaired in PD. At the same time, there may be deficiencies in the timing of speech

gestures, but the findings from previous studies can not be considered as conclusive

evidence at this stage. The overarching aim of this dissertation is, therefore, to learn

more about the kinematics that underlie articulatory impairment in PD. The primary

research questions that this work will address are:

1. To what extent is spatial accuracy impaired in individuals with Parkinson’s

disease?

2. To what extent is inter-gestural coordination impaired in individuals with

Parkinson’s disease?

Before addressing these issues with targeted studies of articulation, however, it is

essential to have a clear view of the effect of (the daily drug cycle of) levodopa on

speech. It is important to understand how levodopa affects speech, so that this

influence can be controlled for in the design of experiments examining articulation. In

Chapter 2 we investigate the effect of the drug levodopa on vowel articulation in PD.

Levodopa is the gold standard treatment in PD, but past research on how the drug

affects PD speech has provided mixed findings. In our study, we measure vowel space

areas at varying points in time across four days. These times are chosen relative to the

drug intake scheme of the individuals with PD. To increase generalizability, we

examine speech production in a sample of speakers of two different languages.
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Having established how levodopa influences speech, we then examine, in

Chapter 3, the spatial accuracy of speech gestures in Dutch-speaking individuals with

PD. We do this using a fast syllable repetition task. Although basic kinematic

parameters during this task have been investigated before (Wong et al., 2012), it is

currently unclear if spatial accuracy is affected in individuals with PD who perform

the task, and how this spatial accuracy interacts with the temporal demands of the

task. Therefore, in the present work, we analyze what factors influence spatial

accuracy in PD speech.

In addition to the analysis of spatial accuracy in Chapter 3, Chapter 4 is concerned

with the coordination — or timing — between gestures. Previous work on

non-speech coordination in PD suggests that individuals with PD have impaired

coordinative control (e.g., Almeida et al., 2002; Byblow et al., 2002; Byblow et al.,

2000; Johnson et al., 1998; Swinnen et al., 1997; van den Berg et al., 2000;

Verschueren et al., 1997; Wu et al., 2010). This impairment may also extend to PD

speech, but studies on interarticulatory coordination have provided mixed results and,

so far, no studies have examined intergestural coordination in PD. More knowledge

on this issue is warranted, as impairment in the coordination of gestures may be a

source of articulatory impairment in PD, as has been suggested by McAuliffe et al.

(2006).

A potential source of impaired articulatory timing in PD may be the presence of

tongue tremor, which has been found to occur in individuals with PD (Delil et al.,

2015; Hunker & Abbs, 1990; Jaulent et al., 2015; Leopold & Kagel, 1996; Lou &

Jankovic, 1991; Robbins et al., 1986; Shahed & Jankovic, 2007; Toda et al., 2017).

Such an involuntary tremor may interfere with planned gestures of the speech motor
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system. In Chapter 5 we elaborate on this and show, via the development of a

tongue-tremor-detection algorithm, that tongue tremor may be more common in PD

than has previously been assumed.

Finally, in Chapter 6, our findings will be discussed in regard to our main research

questions and we will elaborate on the limitations of the studies presented in this

dissertation and on future research directions.
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