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2
The influence of levodopa on speech

production in Parkinson’s disease

This chapter is an extension of the 2019 ICPhS conference proceedings paper titled ‘The effect
of levodopa on vowel articulation in Parkinson’s disease: A cross-linguistic study’ (Jacobi et al.,
2019).
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Abstract

Parkinson’s disease (PD) is a neurological disorder that is characterized

by an impaired global motor system, leading to tremor, abnormal gait,

and dysarthria. Speech difficulties in PD include monoloudness,

pathological voice quality, and imprecise articulation. The standard

treatment for relieving PD symptoms is the drug levodopa, but it is

currently unclear how this drug affects speech. We investigated the

effect of levodopa on the vowel space of four Dutch and six Slovenian

individuals with PD. In addition, their speech was compared to that of

three Dutch and four Slovenian typical speakers. All subjects recorded

their speech on twenty occasions during four days, over the course of

two to four weeks. First and second formants of corner vowels /a, i,

u/ produced in isolated words were measured at the acoustic midpoint

of the vowels. Both vowel space areas, as well as vowel articulation

indices (Roy et al., 2009), were calculated to measure each speaker’s

vowel space dispersion. Results indicate that vowel articulation in PD is

not significantly affected by levodopa in either language, which

suggests that motor control underlying vowel articulation may not be

as responsive to levodopa as (non-speech) motor control.
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chapter 2

2.1 Introduction

It is well known that motor symptoms of Parkinson’s disease worsen with disease

progression. These motor symptoms include bradykinesia, rigidity, tremor, gait

disturbances, and also speech impairment. Speech is affected in PD at the level of

phonation, prosody and articulation precision (Duffy, 2013).

Currently, the gold standard treatment of motor symptoms in PD is the oral

administration of levodopa, a drug that partially restores motor functioning after it is

being converted into dopamine in the brain. Although the effects of the drug on some

symptoms such as rigidity are striking, the underlying pharmacological workings of

the drug are still unclear. That is, it is clear that the drug works to alleviate some

symptoms, but the pharmacodynamics are not yet fully understood. In order to fully

understand the effects of the drug, more needs to be learned about the neural

pathways involved in specific areas of motor functioning, such as initiation, control,

and coordination of motor actions. Studies on levodopa may aid this endeavor, as

they tell us more about which motor areas are responsive to dopamine and which are

not.

As for speech, the effects of levodopa are poorly understood. Whereas some

features of speech are seemingly responsive to treatment (at least to some extent),

others are not. In addition, previous studies have led to mixed findings. These may be

due to methodological differences between studies, or caused by individual differences

between individuals with PD, in combination with small sample sizes. Moreover,

speech can be studied in many different ways, using different tasks, measures, or —

when it comes to assessing effects of medication — recording times. These different

methods have undoubtedly contributed to the variability in results. Regarding
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methodological differences, for example, it has been demonstrated that spontaneous

speech from individuals with PD is less intelligible in comparison to them reading

aloud (Kempler & van Lancker, 2002) and that some measures are more likely to elicit

abnormalities in PD speech than others. Rusz et al. (2013) for instance found that a

sustained phonation task was not suitable to capture speech impairment in an early

stage of PD, whereas measures of vowel dispersion were. Besides methodological

differences, there is the pharmacological effect of levodopa itself which fluctuates

within and varies between individuals with PD, making it challenging to reliably assess

its effect on speech or any other motor functions.

Comparisons between studies are further complicated by the fact that studies

examining PD speech often include only one language, making it hard to generalize

findings to other languages and speakers (an excellent discussion of cross-linguistic

perspectives can be found in Pinto et al., 2017). A cross-linguistic approach in

dysarthric research has the advantage that universal tendencies in speech disorders

may be brought to light, or, when differences between languages are found, it may

suggest that some languages are more susceptible to a certain type of disorder than

others (Pinto et al., 2017). For instance, the same speech disorder may have a different

outcome in a language that includes many long vowels in comparison to a language

that does not.

In the present study we, therefore, included speakers of two different languages:

Dutch and Slovenian. By doing so, we were able to examine whether the effect of

levodopa on vowel articulation was comparable between these two languages.
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chapter 2

2.1.1 Levodopa treatment in Parkinson’s disease

The amino acid levodopa (l-3,4-dihydroxyphenylalanine) also commonly referred to

as l-dopa, is the naturally occurring isomer of d, l-3,4-dihydroxyphenylalanine. The

Italian pharmacologist Torquato Torquati, in pursuit of understanding the workings

of adrenaline, was the first to isolate it from the Vicia faba bean in the early years of

the 20th century (at the time being unaware of the significance of his finding) (Misu

& Goshima, 2005; Torquati, 1913). It took over 40 years before it was discovered that

levodopa could reverse the catatonic, Parkinson-like, effects of the drug reserpine in

animals. In 1958, two independent research groups reported on rabbits treated with

reserpine, a treatment that was known to deplete levels of dopamine in the brain.

They discovered that, after injecting reserpine, treating rabbits with levodopa resulted

in a significant increase of dopamine levels in the brain (Carlsson et al., 1958;

Weil-Malherbe & Bone, 1958). Levodopa was used because, in contrast to the

biologically active dopamine, it was able to cross the blood-brain barrier before being

converted into dopamine. The first to directly study the relationship between

dopamine and Parkinson’s disease were Ehringer and Hornykiewicz (1960), who

examined post-mortem brains of individuals with PD and found clear evidence of

depleted dopamine levels in the dorsal striatum (which is now known to be caused by

the degeneration of dopamine-releasing neurons in the substantia nigra pars

compacta). This finding sparked a range of novel studies in which individuals with

PD were treated with levodopa in an attempt to restore dopamine resources in the

brain, as was shown to work for the rabbit’s brain. The most successful attempt was

initiated by Cotzias et al. (1967) who treated individuals with PD with oral, high, and

sustained doses of levodopa and found that symptoms such as rigidity and tremor
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disappeared after intake. Modern-day levodopa treatment is still remarkably similar to

Cotzias et al.’s drug regimen. As the benefits of treating individuals with PD with

levodopa are so substantial, the drug was initially called a “miracle drug” (Sethi, 2008,

p. 521) and has, for instance, been referred to as “one of the greatest success stories of

modern neuroscience” (Hornykiewicz, 2010, p. 251). It is nowadays the gold

standard treatment of PD and motor symptoms of individuals with PD may

ameliorate as soon as 15 to 30 minutes after oral intake. Even so, the use of the drug

has some major drawbacks such as the high prevalence of motor complications.

Workings of levodopa and its complications

Although practically all individuals with PD are treated with levodopa at some stage

of their disease, the effectiveness of the drug depends on several interacting factors,

such as dosage, frequency of intake, and brain responsiveness. One downside of

levodopa treatment is that the half-life of the drug is only about one to two hours,

making it impossible to maintain a constant levodopa concentration in the blood

plasma (Abbott, 2010; Nutt, 2001). Before reaching the brain, a considerable amount

of levodopa has already been converted into dopamine by the aromatic l-amino acid

decarboxylase enzyme (AAAD). This process can lead to nausea or even vomiting,

especially at the start of a drug regimen. Only about one percent of the original intake

volume will eventually cross the blood-brain barrier, meaning that most of it is lost

along the way there (Jankovic, 2002). One approach to increase the availability of

levodopa in the brain is to use inhibitors of AAAD such as carbidopa or benserazide.

These inhibitors drastically increase the external supply of levodopa to the brain,

making up to three times as much of it available (Contin &Martinelli, 2010).
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It has been shown that 40 to 50% of all individuals with PD experience motor

fluctuations or dyskinesia (i.e., the uncontrolled, involuntary movement of a body

part) within five years after starting levodopa therapy (Ahlskog & Muenter, 2001;

Nutt, 2001). This phenomenon — the so-called “wearing-off effect” — typically

occurs at the end-of-dose stage, which at times is already reached one to two hours

after drug intake (Jankovic, 2002). Fluctuations and dyskinesia only vanish upon the

next intake of levodopa. Not only does the effect of the drug wear off over time,

during the active period of levodopa abnormalities may also occur. Both so-called

“peak-dose dyskinesia” may occur as a response to peak levodopa plasma levels as well

as periods in which PD symptoms suddenly reappear amid a drug cycle, known as the

“on-off” phenomenon (Nutt et al., 1984). To prevent this from happening, a stable

blood plasma level has to be reached, which is difficult to achieve without the use of

an intravenous method (Mouradian et al., 1990). One way to avoid dyskinesia is to

use dopaminergic agonists instead of levodopa, which are less effective but last longer

(Holloway et al., 2004; Rascol et al., 2000). Unfortunately, these agonists are related

to impulse control disorders, which in extreme cases, can lead to, pathological

gambling, compulsive shopping, and sexual disorder (Voon et al., 2017). Neurologists

can nowadays either decide to prescribe levodopa only, dopaminergic agonists

(especially in an early stage of the disease), or a combination of the two (Stowe et al.,

2008).

Another complication of levodopa treatment is that, over the course of the disease,

the responsiveness to levodopa decreases. As a result of the disease itself, striatal

dopaminergic terminals, used as buffers to store dopamine in the brain, are lost over

time. Besides their buffering capacity, these terminals are also involved in the
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conversion of levodopa into dopamine. Thus, as more terminals are destroyed as a

result of the disease, both the storage of dopamine as well as the process of retrieving

dopamine from levodopa becomes difficult (Jankovic, 2002). This in turn will lead to

the recurrence of symptoms and an increase of dyskinesia due to the pulsatile

stimulation of dopamine receptors (Olanow et al., 2004). Simply increasing the

amount of oral intake of levodopa only has a limited short-term effect and is therefore

often undesired (Nutt, 2001).

Symptoms unresponsive to levodopa

Arguably the largest limitation of levodopa therapy is that the drug only ameliorates a

very limited set of symptoms. Although bradykinesia and rigidity usually respond

well to treatment (similar to the effect of levodopa on catatonic rabbits as described in

Section 2.1.1), tremor is only suppressed in some individuals with PD, whereas axial

(also called midline) symptoms, such as postural instability and pathological gait,

generally remain entirely unaffected by the drug. Also, non-motor symptoms such as

depression, anxiety, sleep disorder, constipation, hallucinations, and dementia do not

seem to benefit from levodopa therapy (Sethi, 2008). As research has shown that the

damaging effect of Parkinson’s disease does not limit itself to the nigrostriatal

dopaminergic system, symptoms not alleviated by levodopa are likely the result of

damage to the non-dopaminergic pathways in the brain.

Recent work indicates a relationship between the non-dopaminergic

pedunculopontine nucleus (PPN) and controlled locomotion. It has been suggested

that neurons in the PPN are involved in modulating the duration and initiation of

motor movements, which may explain the unresponsiveness of motor functions, such
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as gait, to levodopa (Tubert et al., 2019). In a post-mortem study by Zweig et al.

(1989), it was found that the number of cells in the pedunculopontine nucleus parc

compacta (PPNc) was on average 46% lower in individuals with PD in comparison to

control subjects. This number correlated with neuronal loss in the substantia nigra

pars compacta, which in contrast to the PPNc is a part of the dopaminergic system.

Moreover, it has been suggested that malfunctioning of the PPNmay be caused by an

inhibitory effect coming from the globus pallidus and substantia nigra projecting

onto the PPN. This hypothesis is supported by studies reporting on deep brain

stimulation of the central part of the subthalamic nuclei, which are known to decrease

the activity of inhibitory projections of the globus pallidus to the PPN (Mitchell et al.,

1989). Individuals with PD who received such stimulation improved on all major

motor impairments of PD, including akinesia, rigidity, tremor, gait, and postural

instability (Heywood &Gill, 1997; Kumar et al., 1998). Converging evidence that the

PPN is associated with motor control in PD comes from work by Schweder et al.

(2010), who used diffusion tensor imaging to map PPN connectivity profiles in the

brain. Connectivity between the PPN and the cerebellum was absent in a group of

individuals with PD with freezing of gait (FOG), whereas it was present in both

individuals with PD without FOG as well as in control subjects. As the cerebellum is

associated with the learning, coordination, timing, and fine-tuning of motor actions

(Buonomano & Mauk, 1994; Ito, 1984, 2000), the lack of connectivity between the

PPN and cerebellum in individuals with PD with FOG may well affect these motor

functions which are also required for speech production.
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Speech and its relationship with gait

Whether or not speech is responsive to levodopa is still under debate. Studies that

approach speech as a whole, without any further specification, often report no or

negligible benefits of levodopa e.g., Coppen et al., 1972; Fabbri et al., 2017b;

Jankovic, 2002; Plowman-Prine et al., 2009; Quaglieri and Celesia, 1977; Sethi, 2008.

Interestingly, some of these studies have suggested a relationship between speech and

gait, as gait is generally considered to be unresponsive to dopaminergic treatment. In a

study by Park et al. (2014), individuals with PD performed a walking task along with a

speech task in which sentences had to be read aloud. It was found that for individuals

with PD with freezing symptoms, velocity during walking correlated negatively with

speech initiation in the verbal task. At the same time, these correlations were not

found for individuals with PD without freezing symptoms nor for control subjects.

Findings from Skodda et al. (2012) are in line with these results. In their study, gait in

PD was assessed with the Unified Parkinson’s Disease Rating Scale (UPDRSgait), after

which individuals with PD read aloud four complex sentences. Assessments were

done twice, at a two to three-year interval. Vowel articulation, as measured by the

vowel articulation index (VAI) (see Section 2.2.5), was found to negatively correlate

with UPDRSgait, meaning that gait deterioration occurred along with increasingly

impaired articulation of vowels. In contrast, general motor performance did not

decrease over time, conceivably due to a positive response to dopaminergic therapy.

Based on these findings, it has been suggested that gait and speech may share common

neural pathways, unresponsive to dopamine. This idea is supported by work from

Klawans (1986), who found that after 10 years of levodopa therapy most individuals

with PD improved or remained stable on measures of rigidity, tremor, handwriting,
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and finger dexterity, whereas only postural reflexes, speech, and gait had worsened.

Even though the effect of levodopa on speech as a whole does not seem to be

substantial, there are studies that reported an effect of the drug when examining

speech in more detail. In the following section, the effects of levodopa on phonation,

prosody, and articulation are discussed.

2.1.2 Phonation

Studies on levodopa treatment and its effect on phonation have found contradictory

results. In work by Wolfe et al. (1975), speech pathologists rated speech of individuals

with PDwhile they were on medication (from here onward also referred to as the “on”

state) compared to when they were off medication (from here onward also referred to

as the “off” state). It was found that voice quality was more impaired while individuals

with PD were off medication. Unfortunately, no effect sizes were reported, making it

difficult to understand the magnitude of their findings. Goberman et al. (2002)

examined f0 measures of American English-speaking individuals with PD during the

production of prolonged vowels and the reading of the Rainbow Passage. At a group

level, they found no differences on measures of mean f0 and intensity range. Likewise,

Skodda et al. (2010b), who examined 23 individuals with PD in early and later stages

of levodopa therapy, found no differences over time on measures of mean f0, f0

variability, and intensity. Another longitudinal study was conducted by Rusz et al.

(2016), who recorded speech of 15 Czech PD speakers both before the beginning of

levodopa treatment as well as 1.5 and 2.5 years after the onset of treatment. The

follow-up recordings were both made while individuals with PD were in the on-state

(on1 and on2). Measures of voice quality and pitch variability were not found to differ
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between any of the time points. Variability in intensity was found to differ between

on1 and the other two conditions, which may indicate a short-term effect of levodopa

on respiratory activity. However, the authors state that “the clinical impact of this

slight improvement remains limited” (Rusz et al., 2016, p. 385).

While large group differences seem to be absent when it comes to the effect of

levodopa on phonation, both the study by Goberman et al. (2002) and Skodda et al.

(2010b) do report strong individual differences between individuals with PD, which

suggests that for some individuals with PD phonation may benefit to some extent

from levodopa, whereas for others it may not (Rusz et al., 2016, did not report on

individuals). Nevertheless, phonatory improvements of individuals with PD that do

seem to benefit from levodopa are far less dramatic in comparison to improvements

regarding other symptoms, such as bradykinesia and rigidity. Taken together, these

findings suggest that while the dopaminergic system in the brain may be involved in

phonation, other, non-dopaminergic systems, may be more influential.

2.1.3 Articulation

Previous work has shown that articulation of both vowels and consonants can

become impaired in PD. Vowel articulation is often studied using metrics that

examine vowel dispersion. Such measures have shown that the acoustic distances

between vowels are reduced in many individuals with PD (Sapir et al., 2010; Skodda

et al., 2012; Skodda et al., 2011c). Also the effect of levodopa on vowel articulation

has been examined using these measures. Skodda et al. (2010b), for example,

examined vowel articulation indices (VAI, see Section 2.2.5) in individuals with PD

before levodopa treatment, at the start of treatment, and 12-14 weeks after the start of

36



chapter 2

treatment. Although VAI scores of female individuals with PD were reduced in

comparison to a group of female typical speakers, no differences between any of the

time points were found at a within-subjects level. Also in the earlier mentioned study

by Rusz et al. (2016), no effect of levodopa on VAI scores was found. Similarly,

Tykalová et al. (2015) who studied 14 Czech PD speakers found no effect for the

F2i/F2u ratio — a measure that estimates the articulatory distance between these two

vowels — during reading and spontaneous speech. Poluha et al. (1998) who studied

10 PD speakers found no effect on vowel space area during reading, nor did Gu et al.

(2017) who studied VAI scores and intensities of stops in 21 Mandarin-speaking

individuals with PD when reading aloud.

With respect to consonant production, findings from perceptual studies suggest

that individuals with PD show imprecise articulation of, especially, stop consonants.

As a result of what is assumed to be articulatory undershoot, stops are often produced

as fricatives (Ackermann & Ziegler, 1991; Logemann & Fisher, 1981; Tykalová et al.,

2017). Wolfe et al. (1975), who had speech pathologists rate the articulation of PD

speakers before and after intake of levodopa, found a significant improvement of

articulation after levodopa intake. On the other hand, many studies incorporating

more objective, acoustic measures, found no effect of levodopa. Among those studies

is work by Rusz et al. (2016) who studied voice onset times (VOTs) of 15 Czech PD

speakers during a syllable repetition task, and work by Ho et al. (2008), who studied

VOTs of the stop /t/ for nine PD speakers. In both studies, no differences were

found between on and off conditions. Similarly, studies on articulation rate and

speech have been unable to find any effects of levodopa (de Letter et al., 2007;

Goberman et al., 2005; Skodda et al., 2011b).
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The above findings suggest that there is only a very limited, if any, improvement of

articulation after levodopa intake. However, deep brain stimulation (DBS) of the

subthalamic nucleus (STN), more recently paired with stimulation of the

pedunculopontine nucleus (PPN), does seem to have considerable effects on

articulation. However, results are not unequivocally positive, as both improvement as

well as deterioration of articulation has been observed (Mazzone et al., 2012; Pinto

et al., 2014; Skodda, 2012). Interestingly, while levodopa may not affect speech on its

own, there is some evidence that levodopa does affect articulation after DBS surgery.

Martel Sauvageau et al. (2015) found formant centralization ratios of seven Quebec

French-speaking individuals with PD to deteriorate with levodopa intake before

surgery, but surprisingly, to improve with levodopa intake after surgery. By contrast, a

study by Pinto et al. (2014) found the reverse pattern for seven French individuals

with PD. In their study, intelligibility scores improved under DBS stimulation, but

this effect disappeared with the intake of levodopa. Although these findings are

contradictory and difficult to explain, they do suggest that changes in the brain due to

DBS are affected in ways that influence speech motor control. The underlying

mechanisms involved, however, are not yet fully understood.

2.1.4 Evidence frommuscle and imaging studies

Although acoustic measures of articulation do not seem to show an effect of the drug,

measures of muscle activity do. Both lip as well as tongue strength and endurance

increase after treatment (Cahill et al., 1998; de Letter et al., 2003). Similarly, activity

of the thyroarytenoid muscle which is part of the larynx has been found to reduce

after intake of levodopa, and in turn to improve perceptual ratings of voice onset time
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(Gallena et al., 2001). Movements of the jaw have been found to be predominately

unresponsive to treatment, that is, they were found to be atypical both before and

after medication (Svensson et al., 1993).

Maillet et al. (2012) studied levodopa effects on speech for the first time using brain

imaging. In their functional magnetic resonance imaging (fMRI) study they recorded

spontaneous speech of 12 PD speakers while measuring their brain activity. During

speech production, activity was found in the frontal cortex, including the lateral

premotor cortex and the anterior cingulate gyrus, and the cerebellum. Surprisingly,

no activation in auditory areas was found. A comparison between activity in the on

versus off-state did not show any differences, which is in line with the earlier

mentioned acoustic studies. The authors suggest that activity in the cerebellum and

non-dopaminergic cerebral areas may be the result of compensatory strategies to

preserve speech. However, one limitation of their study is the lack of any typical

speakers, which makes it difficult to reach any solid conclusions.

2.1.5 The present study

Although previous work does not suggest a strong relationship between dopaminergic

brain regions and speech, such a relationship may have been missed due to the time at

which measures have been made with respect to the drug cycle. As blood plasma levels

of levodopa are known to fluctuate over time, timing of measurements may affect

whether or not an effect is found. It is for instance well known that, in general,

individuals with PD often show the best response to levodopa in the early morning, as

opposed to the afternoon and evening (Piccini et al., 1991, note however that the

reversed effect has also been observed in Quinn, 1998). It is not unlikely that these
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fluctuations also influence speech production and may therefore make measures less

reliable.

Most studies on the short-term effects of levodopa on speech have included only two

recording times, within timewindows ranging from30up to 90minutes (e.g., de Letter

et al., 2007; de Letter et al., 2003; Maillet et al., 2012; Martel Sauvageau et al., 2015;

Skodda et al., 2011b; Skodda et al., 2010b), but a few have included more measures

(up to four) at specified intervals within a drug cycle of up to three hours (e.g., Cahill

et al., 1998; de Letter et al., 2010; Goberman et al., 2002; Goberman et al., 2005; Ho

et al., 2008). A three-hour time window, however, may still not be sufficient to obtain

a full image of an individual’s speech, as such a time window does not make it possible

to examine diurnal effects on the speech of individuals with PD. Related to this, also

fatigue may play a role. High prevalence of fatigue is a common symptom in PD (e.g.,

Friedman&Friedman, 1993; Friedman et al., 2007; Karlsen et al., 1999) and it has been

shown that fatigue can influence speech production (Evgrafova et al., 2016; Greeley et

al., 2007; Whitmore & Fisher, 1996). However, it is currently unclear whether fatigue

(in combination with specific levodopa levels) also further deteriorates speech in PD

(Solomon, 2006).

In the present study, we investigated how speech, specifically vowel articulation,

reacts to levodopa in two languages at multiple points in time across the day (i.e.,

reflecting varying levodopa levels). Speech of participants was recorded at five

moments in time, spread across the day from early morning to late afternoon or

evening. In contrast to recording speech on a single day only, our participants

recorded their speech on multiple days, in order to capture a more representative

sample of each individual’s speech produced over a greater period of time and a variety
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of conditions. Specifically, speech recordings of individuals with PD in the present

study were made at 20 different time points distributed over four full days (i.e., five

recording sessions per day), including morning and late afternoon or evening

measures. By doing so, we were able to investigate speech variation throughout an

entire day for the first time. We further included two languages, Slovenian and Dutch,

in order to find out whether or not our findings would be language-specific. Because

Dutch and Slovenian use different vowel systems (see Section 2.2.3), levodopa may

have a different effect on these two languages.

Speech from both individuals with PD and typical speakers was characterized using

vowel space areas (VSAs) and vowel articulation indices (VAIs), which provided an

estimate of the relative dispersion of vowels throughout the acoustic vowel space.

Dysarthric individuals with PD are known to produce a reduced VSA in comparison

to typical speakers, reflecting a decrease of intelligibility (e.g., Goberman & Elmer,

2005; McRae et al., 2002; Skodda et al., 2012). Another, more recently developed

acoustic index of vowel articulation is the VAI, which has been designed to correct for

inter-speaker variability through normalization (Roy et al., 2009). It has previously

been argued that the VAI is more sensitive to disordered speech than the VSA (Sapir

et al., 2011; Skodda et al., 2012). In order to provide more comprehensive insights

into vowel articulation, both measures were included (and described in detail) in the

present study.

In sum, the goal of this study is to shed more light on the effect of dopaminergic

therapy on speech production in PD, by calculating VSA and VAI scores, which are

known to be robust acoustic measures that approximate the amount of vowel

dispersion at the articulatory level. More knowledge on this topic may improve
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pharmacological treatment, but may also benefit future speech studies. If levodopa

does affect vowel articulation, this means that levodopa intake should be part of the

design of any study that examines PD speech. It would entail that comparisons within

or between individuals with PD would not be reliable if speech recordings were not

taking the continuing fluctuations of levodopa in the blood into account (which is

the case for a large number of studies such as Fox and Ramig, 1997; Skodda et al.,

2011c). However, if it turns out that the effect of levodopa on vowel articulation is

absent, this will allow researchers to focus more on other aspects of the design, safely

ignoring the levodopa drug cycle. In this light, we believe that the current study

contributes to the methodology of future studies on PD speech.

Hypotheses

Wewill address the following research questions in this study:

1. Do the VSA and VAI scores calculated from PD speech differ between the off-

state and the on-state?

2. Will theVSA andVAI scores be different for individuals with PD in comparison

to typical speakers?

Regarding thefirst researchquestion, ourhypothesis is that therewill not be adifference

between the two states (in line with the relative absence of an effect of levodopa in the

studies discussed in Section 2.1.3). With respect to the second research question, we

expect lower VSA and VAI scores for individuals with PD in comparison to typical

speakers (cf. Section 2.1.3).
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2.2 Method

2.2.1 Subjects

In total, 10 speakers (two female, eight male) diagnosed with idiopathic Parkinson’s

disease were included in the study. They were native speakers of either Dutch (n = 4),

or Slovenian (n = 6). In addition, Dutch (n = 3) and Slovenian (n = 4) typical speakers

were included (six female, one male), who either were the partner or a close friend of

the individual with PD. An overview of the speakers included in the study can be

found in Table 2.1. Dutch speakers were recruited across the Netherlands, whereas

Slovenian speakers were recruited from Ljubljana (i.e., the capital city of Slovenia) and

its surroundings. No speakers had a history of neurological disorders (other than

Parkinson’s disease) or depression, and they were all treated with levodopa in oral

form (see Table 2.2). Individuals with PD who had undergone deep brain stimulation

surgery were excluded from the study. The age of the individuals with PD ranged

from 61 to 83 years old (mean = 69.3) for Dutch speakers and from 57 to 71 years old

for Slovenian speakers (mean = 61.0). The duration of disease ranged from 5 to 9

years (mean = 6.5) for Dutch speakers and 2 to 12 years (mean = 6.8) for Slovenian

speakers. The age of the typical speakers ranged from 61 to 73 years (mean = 67.7) for

Dutch speakers and from 49 to 71 years (mean = 57.8) for Slovenian speakers.

2.2.2 Procedure

Prior to the recording sessions, speakers were visited at home, where the experimenter

would hand over the recording equipment and provide instructions of use and how to

perform the tasks. The speech recordings were made by the speakers themselves, at
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Table 2.1 Characteristics of the individuals that took part in this study.

Subject Group Language Gender Age Disease Reported speech difficulties
duration

NL01 PD Dutch M 62 6 years slurred speech
NL02 PD Dutch M 72 10 years slurred speech and loss of intensity
NL03 PD Dutch F 62 6 years loss of intensity
NL04 PD Dutch M 83 7 years slurred speech, loss of intensity, bradykinesia
SLO01 PD Slovenian M 57 6 years none
SLO02 PD Slovenian M 57 7 years tight muscles, increased speech rate
SLO03 PD Slovenian M 58 9 years loss of intensity, unintelligible
SLO04 PD Slovenian M 62 5 years none
SLO05 PD Slovenian M 61 12 years none
SLO06 PD Slovenian F 71 2 years speech freezing
NL05 Typical Dutch F 61
NL06 Typical Dutch F 73
NL07 Typical Dutch F 69
SLO07 Typical Slovenian M 71
SLO08 Typical Slovenian F 49
SLO09 Typical Slovenian F 49
SLO10 Typical Slovenian F 62

home without the presence of an experimenter. Our reasoning to take this approach

was threefold. First, it created a naturalistic setting and avoided the presence of a

Hawthorne effect (i.e., subjects changing their behavior as a result of feeling observed)

to some extent. Second, as meeting new people and new environments can cause

stress for any participant in experimental research (Pillet-Shore, 2011), we believe that

our approach was least likely to induce feelings of anxiety in the participants. This

especially applied to individuals with PD, since it is known that levodopa can induce

anxiety in PD (Quinn, 1998) and that anxiety, in turn, may worsen the symptoms

(Marsden et al., 1981). Last, home recordings spared individuals with PD from

potentially tiring lab visits and made it comfortable for them to take part in the study.

For these reasons, it has earlier been suggested that the optimal recording environment

for an individual with PD requires a home setting (Goberman et al., 2002).

During the initial visit of the experimenter, a practice recording session was carried

out in the presence of the experimenter to make sure that participants understood and
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could perform the tasks. In addition, an instruction manual was provided, guiding

participants through the tasks in a step-by-step fashion. Participants recorded

themselves on four different days spread over a period of two weeks (Slovenian

participants) or four weeks (Dutch participants). Participants were free to choose

their own days of preference. Each recording day consisted of five recording sessions.

These sessions were scheduled in such a way that they included the off-state (sessions

were recorded 15 minutes prior to the first intake of levodopa on that day) and four

on-states (sessions were recorded 60 and 120 minutes after the morning levodopa

intake, and 60 and 120 minutes after the late afternoon or evening levodopa intake).

Specific times were adapted to each speaker’s individual schedule (i.e., time of intake

and intake frequency), and were set after consultation with the experimenter. In each

recording session, the participants performed four tasks. They read aloud sentences

containing target words, they played two games designed to elicit semi-spontaneous

speech with their partner, and they performed a fast syllable repetition task. Only the

analysis of vowels produced in target words in the sentence reading task is discussed in

this chapter.

Prior to the Slovenian recording sessions, the individualswithPDreported their level

of fatigue on a 10-point scale ranging from “not at all tired” to “exhausted”. This data

was not collected for the Dutch individuals with PD (as this data was collected earlier).

2.2.3 Experimental materials

The present study included speakers of both Dutch and Slovenian. As indicated in

the introduction of this chapter, a cross-linguistic approach in dysarthric research has

the advantage that universal tendencies in speech disorders may be brought to light, or,
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Table 2.2Overview of dopaminergic treatment for each individual with PD.

Subject Levodopa intake Dopamine agonist intake Length of Additional
per day per day levodopa treatment medication

NL01 1000/250mg levodopa/benserazide none 3 years
NL02 1000/250mg levodopa/benserazide 16mg ropinorole 8 years rivotril
NL03 300/75mg levodopa/benserazide 4mg ropinorole 5 years rivastigmine
NL04 1000/250mg levodopa/benserazide 12mg rotigotine patch 4 years
SLO01 75/18.75/200mg levodopa/carbidopa/entacapone none 10 days
SLO02 450/112.5mg levodopa/carbidopa none 3 years biperiden,

propranolol
SLO03 600/150/1000mg levodopa/carbidopa/entacapone none 3 years rasagiline
SLO04 700/100/75/800mg 3.15mg pramipexole 2 years rasagiline,

levodopa/benserazide/carbidopa/entacapone aspirin
SLO05 850/212.5/1130mg none 8 years

levodopa/carbidopa/entacapone
SLO06 400/100mg levodopa/carbidopa 6mg ropinorole 2 years

when differences between languages are found, it may suggest that some languages are

more susceptible to a certain type of disorder than others (Pinto et al., 2017).

Although Dutch and Slovenian were primarily included in this study for practical

reasons, the phonologies of the two languages do differ in some important respects

(see Figure 2.1). Dutch, a Germanic language, has a vocalic inventory that includes 13

monophthongs and three phonemic diphthongs and includes length distinctions.

The vowels differ in the place of articulation, roundedness, and length. Long vowels

have an average duration of approximately 200 ms, whereas short vowels have a

duration of approximately 100 ms (Booij, 1999). Slovenian, a Slavic language, has a

vocalic inventory that includes only eight monophthongs and does not contain any

phonemic diphthongs. It does not differentiate between long and short vowels,

although stressed syllables do contain longer vowels compared to unstressed syllables

(Šuštaršič et al., 1995). Furthermore, Slovenian has only one open low vowel (i.e.,

/a/), where Dutch differentiates between the low vowels /a/ and /A/. Although

Slovenian used to be considered a pitch-accented language (Toporišič, 2001),

nowadays the majority of speakers seem to be unaware of marked pitch patterns

(Šuštaršič & Tivadar, 2005). Dutch has never been considered a pitch-accented
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language and only uses lexical stress.

In the present study, speakers of both languages produced utterances containing

target words, which included the stressed corner vowels /a/, /u/ and /i/ at V1

position in (C)C1V1C2V2(CVCV) syllable structures (see Appendix A). Where

possible, liquids and sibilant fricatives were avoided at C1 positions to minimize

perseverative coarticulatory effects on the vowel. The consonant following the target

vowel was always a plosive, and each vowel-plosive combination was expressed in two

different target words. Dutch target vowels were elicited in 30 disyllabic words, where

stress always fell on the first syllable. The second syllable always contained a schwa

(e.g., bieten /"bi.t@/ “beetroot”, vaten /"fa:.t@/ “barrels”, voeten /"fu.t@/ “feet”). All

30 target words were read aloud during each session. Slovenian target vowels were

elicited in 36 words which varied in syllable length (one to four syllables per word),

where the target syllable always carried primary stress (e.g., pita /"pi.ta/ “pie”; solata

/so."la.ta/ “salad”; tuba /"tu.ba/ “tuba”). Instead of reading all target words in

every session, the Slovenian words were read aloud using two alternating sets of 18

words per session.

Target words were elicited by means of carrier phrases of the form ‘He has said

[TARGET] again’ (in the Dutch stimuli) and ‘The word [TARGET] has more than one

syllable’ (in the Slovenian stimuli). The phrases were printed onto separate laminated

cards, which were shuffled in order to avoid an order effect. It also forced speakers to

catch their breath between two trials as they had to manually swap their current card

with the next one. Speakers were asked to shuffle the cards prior to each recording

session as a means of randomization. In total, approximately 20 repetitions of every

target word were elicited from each participant. In every session, Dutch speakers
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Figure 2.1: Organization of Dutch (Gussenhoven, 1999) and Slovenian (Šuštaršič et al., 1999) vowel
spaces. The shaded triangles indicate the vowel space areas (VSAs) defined by the equivalent corner
vowels for each language (based on Gussenhoven, 1999; Šuštaršič et al., 1999).
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recorded approximately 10 items for each target vowel whereas Slovenian speakers

recorded approximately six items.

2.2.4 Recordings

In order to collect high-resolution audio recordings, Shure WH20XLR headset

microphones were used, which were connected to an iRig Pro Duo audio interface

that digitized the signal and transferred it to a Motorola Moto C Plus Android

smartphone. An Android application, ‘USB Audio Recorder PRO’, available in the

Google Play Store, was used to collect and store the data on the smartphone at a

sampling rate of 44,100 Hz and a 32-bit rate. The folder in which the recordings were

stored was synchronized to a cloud server, allowing the experimenter to monitor

speakers’ progress remotely and provide assistance or directions if required.

Permission for the online storage of speech recordings was obtained from the speakers

prior to the study in order to comply with European GDPR regulations. Ethical

approval for both studies was issued by the research ethics committee of the

University of Groningen’s Faculty of Arts under number 53197881.

2.2.5 Analysis

Software tools

For the Dutch recordings, word boundaries were identified and manually labeled

using ELAN (Sloetjes &Wittenburg, 2008). The individual phonemes were extracted

from the target words using the online forced aligner WebMAUS, which includes

Dutch as spoken in the Netherlands (Kisler et al., 2017). As WebMAUS does not

include Slovenian, word and phoneme segmentation for this language was manually
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carried out in Praat (version 6.1.07, Boersma &Weenink, 2019). The signal analysis of

the vowels of interest was carried out in MATLAB (version R2017a, MathWorks,

2017). The statistical analysis was done in R (version 4.1.1, R Core Team, 2021) by

means of linear mixed-effects regression using the lme4 package (version 1.1-27.1,

Bates et al., 2015). Models were tested for the inclusion of the appropriate random

intercepts and slopes. In order to select the best model to fit our data, model

comparison was carried out using maximum likelihood (ML) estimation when

comparing models differing only in the fixed effects (i.e., using the anova() function

in R). Restricted maximum likelihood estimation (REML) was used to compare

models differing only in the random effects, and for the final model. The significance

of individual predictors was determined via the lmerTest package (version 3.1-3,

Kuznetsova et al., 2017). In case the final model contained any non-significant

predictors (as ML and REMLmay show slightly different results) other than group or

pharmacological state (which were always included due to our hypotheses), these were

excluded from the model. We use a signficance threshold α of 0.05. For

reproducibility, all analyses and data can be found online at

https://github.com/JiddeJacobi/.

Preprocessing of data

For the seven Dutch speakers, a total of 1376 tokens of /a/, 1237 of /i/, and 1381 of

/u/ were collected, with approximately 180-200 exemplars of each vowel per speaker.

For the eight Slovenian speakers, a total of 1184 tokens of /a/, 1180 of /i/, and 1180

of /u/ were collected, with approximately 110-120 exemplars of each vowel per

Slovenian speaker. Formants were extracted using an automatic formant tracker

50

https://github.com/JiddeJacobi/


chapter 2

implemented in MATLAB (Nearey et al., 2002). This tracker estimated formants

from autocorrelated LPC coefficients, for which the user had to manually set a

frequency range in which to find the cut-off between F3 and F4, after which the

tracker assumed that there were three formants below this frequency. In addition, the

number of cutoff frequencies that should be tried within that range could be

manually adjusted, limiting or extending the number of cutoff frequency candidates

that were applied to the specified range. For optimal results, some amount of

trial-and-error testing was required for each language separately. For Dutch, the

combination yielding the best results was a lower bound set to 2400 Hz, an upper

bound set to 3900 Hz along with the use of five cut-off frequencies. For Slovenian, a

lower bound of 3000 Hz, an upper bound of 4500 Hz, and eight cut-off frequencies

led to the best results. After the formant trajectories were defined, F1 and F2 values

were obtained from the temporal midpoint of the vowel. A graphic representation of

the vowel space area for one speaker is shown in Figure 2.2 (before and after the

exclusion of outliers, as described below).

As a result of the automatic nature of both forced alignment and formant tracking,

some output values were clearly implausible. In order to remove such erroneous values,

we excluded formant values exceeding 1.5 times the interquartile range below the first

quartile or above the thirdquartile for each individual speaker separately. For theDutch

data, this led to the removal of 228 tokens (5.7%). For the Slovenian data, which was

fully manually segmented, no values had to be excluded.
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Erroneous measures resulting from disordered speech

For one Dutch speaker (NL04), a substantial amount of data (60 tokens) had to be

excluded from the analysis. Upon further examination, it became clear that these

outliers were mainly present during intervals of devoiced speech. Due to the absence

of a fundamental frequency in these intervals, the formant tracker experienced

difficulties. Being forced to make an estimation nonetheless, it often incorrectly

identified F2 as being F1 (see Figure 2.3). The outlier exclusion procedure explained

in Section 2.2.5, however, was sufficient to remove almost all erroneous tokens, while

retaining the correct tokens (see Figure 2.2).
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(a) The VSA of NL04 prior to the removal of outliers.
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(b) The VSA of NL04 after the removal of outliers.

Figure 2.2: The vowel space area of speaker NL04 before (a) and after (b) the removal of extreme outliers.
Note that (b) still contains an /u/ token with a very high (and clearly erroneous) F1 estimate. This token,
however, had a negligible effect on the results of the analysis.
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(a) Voiced /u/

(b) Unvoiced /u/

Figure 2.3: Example of erroneous tracking of formants in NL04. Two pronunciations of the word hoepel
/hu.p@l/ “hoop” are displayed in (a) and (b). In (a) the vowel /u/ was voiced whereas in (b) it was
unvoiced. The red trajectories depict the results from the automatic formant tracker. It is clear that in
(b) the second formant is incorrectly identified as being the first, and the third as being the second.
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Quantifying vowel articulation

Vowel centralization in participants’ speech was assessed by means of the vowel space

area (VSA) and the vowel articulation index (VAI) (Roy et al., 2009). These metrics

are based on formant frequencies. Formants describe concentrations of energy around

specific frequencies in the acoustic spectrum. These concentrations are the result of

resonating cavities in the vocal tract, which amplify particular sets of harmonics

(Harrington & Cassidy, 2012). The size of these resonating cavities is altered by

changes in the shape and position of the tongue, which in turn lead to different

distributions of formants. As every vowel has a unique tongue configuration, every

vowel also has its own discrete distribution of formants. Conversely, patterns of

formants also provide information about lingual articulation (Fant, 1960, but see for

instance Ghosh andNarayanan, 2010, andWieling et al., 2016, who illustrate patterns

in articulation which are not necessarily present in the acoustics, and Stevens, 1989,

on the non-linear mapping between acoustics and articulation). The first (F1) and

second formants (F2) are especially informative about tongue position: F1 is inversely

related to tongue height, and F2 is directly related to tongue fronting. For example, in

order to produce an /i/ the tongue has to move forward and upward, leading to an

increase in F2 and a decrease in F1. A high back vowel such as /u/ is characterized by

a low F1 and F2, and to produce an /a/ the tongue has to be lowered, which is

associated with a high F1. It has been argued that the disordered speech in individuals

with PD is largely the result of articulatory undershoot, meaning that the amplitude

of articulatory movement is reduced (Kent et al., 2000), which will likely give rise to a

more centralized acoustic vowel space (Lindblom, 1963).

The VSA is most commonly used to assess vowel centralization, and can be
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calculated as follows:

VSA =
∣∣∣F1i×(F2a−F2u)+F1a×(F2u−F2i)+F1u×(F2i−F2a)

2

∣∣∣
In this formula, the formant values are measured in Hertz. F1i is the first formant of

the vowel /i/, F2a is the second formant of the vowel /a/, and so forth. The VSA is

the area of the triangle constructed from the Euclidian distances between the F1 and F2

coordinates of the three corner vowels/a/, /u/, and /i/ (See Figure 2.2). Although the

VSAhas been used extensively in previous research, it has been shown that thismeasure

is less sensitive to mildly disordered speech (Roy et al., 2009; Sapir et al., 2011; Sapir et

al., 2010; Skodda et al., 2012). More recently, the vowel articulation index (VAI) has

been developed as a potentiallymore suitablemeasure for disordered speech (Roy et al.,

2009). TheVAI is a ratio that canbe calculated as follows (themeaningof the individual

components is the same as for the VSA):

VAI = F2i+F1a
F2u+F2a+F1i+F1u

As the sum of the formant values in the numerator increases, the VAI will increase as

well. When the sum of the formant values in the denominator increases, the VAI will

decrease. For fluent English speakers, the VAI is known to be close to one, as the sum

of formant values in the numerator and denominator are usually about equal (Sapir et

al., 2011). Whether or not this also applies to Dutch and Slovenian has so far not been

examined. It has been argued that the VAI (in contrast to the VSA) is able to eliminate

inter-speaker variability due to gender and age, and ismore sensitive to treatment effects
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(Sapir et al., 2010). Furthermore, it has previously been shown to be an effectivemetric

in the differentiation between fluent and disordered PD speech (e.g., Rusz et al., 2016;

Sapir et al., 2011; Sapir et al., 2010; Skodda et al., 2012). In Figure 2.4, two vowel space

areas are visualized, along with their corresponding VSA and VAI scores (reported in

the caption).
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Figure 2.4: Vowel space areas from two speakers in a single recording session. The VSA and VAI scores
for this session were 309642 and 0.98, respectively, for the participant with the larger vowel space,
who was a female typical speaker. The VSA and VAI scores were 125413 and 0.83, respectively, for the
participant with the more centralized vowel space, who was a male individual with PD.
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2.3 Results

2.3.1 Vowel space area

Group comparison

The VSAs were calculated based on the the mean first and second formant values of

the corner vowels, separately for each speaker, day, and session. The best linear

mixed-effects regression model included group (included due to our hypothesis;

individual with PD or typical speaker; non-significant, β = 24814; F(1,14) = 0.290, p

= 0.598, d1 = 0.288) and gender (β = -237977; F(1,14) = 27.475, p < 0.001, d = -2.80)

as fixed-effect factors, with random intercepts for each participant. The residuals

approximately followed a normal distribution. Note that random slopes were not

necessary, as the fixed effects did not vary per speaker. Models that also included

language (Dutch or Slovenian), the time of day (morning or (early) evening), day

of testing (first, second, third or fourth) or age did not improve the model’s fit (p =

0.237,p = 0.518, p = 0.467 and p = 0.686 respectively), nor did interactions between

group and gender (p = 0.159), group and language (p = 0.270), group and time of

day (p = 0.816), language and time of day (p = 0.379), language and gender (p =

0.462), or gender and age (p = 0.614). Figures 2.5 and 2.6 visualize the averaged raw

data separated by gender and group, whereas Figure 2.7 visualizes the results of the

model.

1Cohen’s dwas calculated using the formula 2×t√
DF for each effect separately (Kleiman, 2017).
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Figure 2.5: Mean vowel space area for individual participants, grouped by gender and language.
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Figure 2.6: Overview of VSA scores for each group and gender. Note that no separation is made in the
plot between the two languages.
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Figure 2.7: Visualization of the final group comparison regression model in Section 2.3.1, predicting the
vowel space area (VSA). The factors group (non‐significant, but included with respect to our hypothesis)
and gender were included in this model. The horizontal blue lines represent the expected value. The
gray dots indicate the partial residuals.
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Pharmacological state comparison

For the comparison between the different pharmacological states of the individuals

with PD, the data of the typical speakers was excluded. The best linear mixed-effects

regression model included pharmacological state (included due to our hypothesis; on

or off; non-significant, β = -837.9; F(1,188) = 0.022, p = 0.882, d = 0.194) and gender

(β = -377600; F(1,6) = 93.716, p < 0.001, d = -2.819), and an interaction between

language and gender (β = 192200; F(1,6) = 10.921, p = 0.016, d = 0.387) as

fixed-effect factors, with random intercepts for each participant. Note, however, that

the interaction is likely not generalizable, as only a single female individual with PD

was included per language. The residuals approximately followed a normal

distribution. Models including session (off, morning1, morning2, evening1 or

evening2) (p = 0.389), language (p = 0.090), time of day (p = 0.397), day of

testing (p = 0.751), age (p = 0.850), daily levodopa intake (p = 0.514) or years

since diagnosis (p = 0.088) did not improve the model, nor did interactions

between state and language (p = 0.063), state and gender (p = 0.492), state and

day of testing (p = 0.744), language and time of day (p = 0.713) or the

interaction between language and day of testing (p = 0.781). Figure 2.8 visualizes

the results of the model.
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Figure 2.8: Visualization of the final state comparison regression model in Section 2.3.1, predicting the
vowel space area (VSA). The model only included the data from individuals with PD. The factors state
(non‐significant, but included with respect to our hypothesis), gender, and the interaction between
gender and language were included in this model. The horizontal blue lines represent the expected
value. The gray dots indicate the partial residuals.
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2.3.2 Vowel articulation index

Group comparison

VAI scores were derived from the mean first and second formant values for the corner

vowels, separately per speaker, day, and session. The optimal linear mixed-effects

regression model included group (included due to our hypothesis; individual with PD

or typical speaker; non-significant, β = 0.038; F(1,14) = 0.722, p = 0.450, d = 0.454)

and gender (β = -0.140; F(1,14) = 10.088, p = 0.007, d = -1.700) as fixed-effect factors

with random intercepts for each participant. The residuals approximately followed a

normal distribution. Models including language (p = 0.916), time of day (p =

0.711), day of testing (p = 0.922) or age (p = 0.750) as fixed effects did not

significantly improve model fit. Also interactions between group and gender (p =

0.091), group and language (p = 0.250), group and time of day (p = 0.522),

language and time of day (p = 0.480), or language and gender (p = 0.400) did not

improve the model. Figures 2.9 and 2.10 visualize the averaged raw data separated by

gender and group, whereas Figure 2.11 visualizes the results of the model.
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Figure 2.9: Mean VAI scores for individual participants, grouped by gender and language.
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Figure 2.10: Overview of VAI scores for each group and gender. Note that no separation is made in the
plot between the two languages.

64



chapter 2

PD Typical

female male female male
0.7

0.8

0.9

1.0

1.1

gender

VA
I

Figure 2.11: Visualization of the final group comparison regression model in Section 2.3.2, predicting
the vowel articulation index (VAI). The factors group (non‐significant, but included with respect to our
hypothesis) and gender were included in this model. The horizontal blue lines represent the expected
value. The gray dots indicate the partial residuals.
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Pharmacological state comparison

Also for the analysis of VAI, data from typical speakers was excluded for the analysis of

pharmacological states. The best linear mixed-effects regression model included

pharmacological state (included due to our hypothesis; on or off; non-significant, β

= -0.009; F(1,188) = 1.286, p = 0.258, d = -0.039), gender (β = -0.194; F(1,8) =

11.359, p = 0.01, d = -1.772) as fixed-effect factors with random intercepts for each

participant. The residuals approximately followed a normal distribution. Models

including session (instead of state; p = 0.423), language (p = 0.597), time of day

(p = 0.222), day of testing (p = 0.933), age (p = 0.336), daily levodopa intake (p

= 0.992) or years since diagnosis (p = 0.085) did not improve the model fit, nor

did interactions between state and language (p = 0.139), state and gender (p =

0.622), state and day of testing (p = 0.726), language and time of day (p =

0.821), language and day of testing (p = 0.726) or language and gender (p =

0.050). Figure 2.12 visualizes the results of the model.
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Figure 2.12: Visualization of the final state comparison regression model in Section 2.3.2, predicting
the vowel articulation index (VAI). This model only included the data from the individuals with PD. The
factors state (non‐significant, but included with respect to our hypothesis) and gender were included
in this model. The horizontal blue lines represent the expected value. The gray dots indicate the partial
residuals.
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2.3.3 Fatigue

Fatigue scores were only collected for the Slovenian individuals with PD, which is why

for this analysis the Dutch individuals with PD were excluded. The inclusion of

fatigue did not improve the model fit for VSA (p = 0.941), nor for VAI (p = 0.636).

2.3.4 Individual variation

Our statistical analysis suggested that there was no effect of levodopa on VSA, nor on

VAI. While in part this could have been due to our limited sample size, effect sizes for

the variable state were very small (Cohen’s d was 0.194 for VSA and -0.039 for VAI).

Moreover, when we considered the individual trends in our data, the VSA and VAI

scores for each speaker, when compared across the five time-points of the four different

days, did not show a consistent pattern for any of the speakers (see Figure 2.13 and

Figure 2.14). Specifically, there was only a single speaker (NL03) who, on average, had

a smaller VSA in the off-state compared to the on-state. There were no speakers for

whom, on average across four days, the VAI score in the off-state was the lowest of the

five recording sessions.
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Figure 2.13: Variation of VSA (a) and VAI (b) scores for speaker NL02 across recording sessions and days.
Note that no consistent pattern can be observed in these graphs. The graphs of the other participants in
this study were comparable, in the sense that there were no participants who showed a stable pattern
across recording sessions or days.
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Figure 2.14: Mean VSA (a) and VAI (b) scores for the individuals with PD per session. Note that NL03
and SLO06 were female speakers, the others were male speakers.
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2.4 Discussion

The purpose of this study was to examine the effect of levodopa on vowel articulation

in Parkinson’s disease. The two measures that were used to do so, VSA and VAI, did

not reveal any differences between the moments during which individuals with PD

were on medication compared to when they were off medication. This finding

suggests that, despite the fact that levodopa affects non-speech motor control, it does

not affect the articulatory motor system in the short term. This is in line with the

earlier work on pharmacological influences on articulation in PD from Rusz et al.

(2016) and Ho et al. (2008) who studied VOT in PD speech and with work from

Skodda et al. (2010b), Rusz et al. (2016), Poluha et al. (1998), and Gu et al. (2017)

who examined vowel centralization in PD in a range of different languages.

In order to investigate potentially fluctuating effects of levodopa on speech, the

present study examined pharmacological effects over the time course of a substantial

part of the day: from early morning to late afternoon or evening. Our results,

however, do not support our first hypothesis which predicted that VSA and VAI

scores calculated from PD speech would be lower during the off-state when compared

to the on-state, as our analysis did not show any significant differences between the

five recording times. Thus, this seems to suggest that there are no major fluctuations

of vowel articulation across a day. In addition, although individuals with PD often

report experiencing less fatigue in the morning compared to the rest of the day

(Van Hilten et al., 1993), no effect of fatigue was observed in our analyses. These

findings are of significance, as they support the idea that, for articulatory research,

individuals with PD can be recorded at any time of the day, regardless of fatigue or

their pharmacological state. This makes it easier for researchers to schedule their
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recordings, as they do not have to schedule separate recording times for each

individual with PD with respect to their levodopa cycle. Additionally, also individuals

with PD may benefit from this knowledge, as there seems to be no reason to

specifically record their speech in an early-morning off-state.

Building upon previous work, the absence of an effect in our study is congruent

with the idea that speech should be categorized among thenon-responsive symptoms to

dopaminergic treatment (Sethi, 2008). The lack of a pharmacological effect of levodopa

on articulation (aswell as axial symptoms such as gait), suggests that fine-grained tongue

control (and gait) at least partly relies on non-dopaminergic brain regions. However,

what is overlooked at times is that speech is the sum of many parts. As there is some

evidence that phonatory and respiratory systems are responsive to levodopa in a limited

set of individuals with PD, there is reason to believe that subglottal, and glottal parts of

the speech system do rely on dopaminergic brain pathways. In this light, it is sensible

to not onlymake a distinction between subglottal, glottal and supraglottal features but

also (or even rather) between the different muscles of the speech system, a thought that

is in line with work by Gick et al. (2012). Such a distinction may be useful, as it is

conceivable that some muscles are controlled by dopaminergic brain regions, whereas

others are not.

The absence of an effect of levodopa in our study could also be due to our limited

sample size. However, one important finding of our study is the presence of a large

amount of variation across sessions and days within all 10 individuals with PD.

Analysis of VSA and VAI measures derived from our data revealed a substantial

amount of variation both within as well as between individuals with PD. For instance,

for NL02, on the first day, the VSA and VAI scores were highest in the off session,
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whereas on the second day, the reversed pattern was observed (see Figure 2.13). This

high variability can be explained by the fact that the speaker’s articulation varied

notably between sessions, but one could also argue that the number of words in our

study was not sufficient to determine reliable VSA and VAI measures. However,

previous studies that did find significant differences between VSA and VAI have

included comparable or even lower numbers of words (Sapir et al., 2010; Skodda et al.,

2011c). Our results, therefore, point towards the first explanation.

Another factor that may have influenced our results is the varied symptomatology

between individuals with PD. Additionally, intake frequency, intake times, and

dosage of levodopa greatly vary between individuals with PD. Along with

gastrointestinal influences, which affect the working of the drug, it cannot safely be

assumed that the effect of levodopa across different individuals with PD is fully

comparable (Fernández et al., 2010). Nevertheless, since the aim of treatment is to

achieve stable blood plasma levels of levodopa for all individuals with PD, and the fact

that it has been found that these levels peak around one hour after administration

(Nutt et al., 1984; Poluha et al., 1998), it is safe to assume that the human body’s

response to levodopa is more prominent after one hour as opposed to two hours after

intake, which was the premise of the present study. In addition, we included the daily

levodopa dosage as a factor in our analysis but found no effect of the amount of intake

on our measures. Moreover, also at an individual level, we did not find any effects of

levodopa on our measures, the only exception being speaker NL03, who on average

had the smallest VSA in the off-state, suggesting that her articulation was clearer

during the on-state. However, this pattern was not observed in her VAI scores and

might therefore simply be the result of chance. Notably, NL03 was also the speaker
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who by far had the largest vowel space area of all individuals with PD, which can be

partially explained by her being both female and Dutch. The absence of any effects at

the individual level suggests that levodopa has no effect on articulation in PD,

regardless of the way in which the disease is expressed or the way in which the

levodopa blood level fluctuates in the individual.

Because the present study was conducted over a period of two to four weeks, no

claims can be made about the long-term effect of levodopa on speech. Although it

cannot be ruled out that long-term effects do exist, studies have so far failed to find

these (Skodda et al., 2010b; Tykalová et al., 2015). Moreover, longitudinal studies in

this field have a problematic design by nature, as speech from individuals with PD will

probably deteriorate over time regardless, making it difficult to disentangle the

long-term effect of the drug and the impairment caused by the disease. Nevertheless,

since vowel articulation seems to be unaffected by levodopa in the long term, some

researchers have even suggested that vowel articulation could be used as a measure of

disease progression (Skodda et al., 2012; Tykalová et al., 2015).

Besides the effect of levodopa on speech, we also failed to find evidence in support

of our second hypothesis which stated that VSA and VAI scores would be lower for

individuals with PD in comparison to typical speakers. No significant differences

between individuals with PD and typical speakers were observed in our study, while

this has been repeatedly reported in previous work (e.g., Sapir et al., 2011; Skodda

et al., 2011c). One reason for this absence could be that our PD group primarily

consisted of male speakers, whereas our group of typical speakers primarily consisted

of female speakers. Although we aimed to control for this in our statistical analysis,

this is hard to achieve in a situation with substantial collinearity. One other
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explanation could be that the dysarthria of individuals with PD in the current study

was not as severe, or perhaps different in nature to that of individuals with PD in

previous studies. Unfortunately, these parameters are difficult to control, since the

variation of symptoms between individuals with PD is notoriously large, or as Nutt

(2016, p. 957) puts it: “If you have seen one person with Parkinson’s disease (PD),

you have seen one example of PD”. Future studies could, however, benefit from

selective recruitment of one subtype of PD, in order to minimize this variation.

A limitation of the present study is that it made use of text that was read aloud,

which may not have fully captured the extent of the dysarthria, as it has been shown

that individuals with PD are less intelligible when speaking spontaneously as

compared to when they read aloud (Kempler & van Lancker, 2002). A problem with

spontaneous speech, however, is that words are rarely pronounced in isolation and are

affected by variable prosodic structures, making a careful acoustic analysis in those

conditions challenging. To deal with this, one could use (more subjective) perceptual

ratings. Such an approach has been used in the past by Rigrodsky and Morrison

(1970), but also they were unable to find an effect of pharmacological treatment on

articulatory clarity.

The idea that there is no strong acoustic consequence of levodopa on

vowel-articulation seems to be at odds with findings by Cahill et al. (1998) and

de Letter et al. (2003), who did find an effect of the drug on the tongue’s muscle

strength and endurance. However, it is questionable whether reduced strength leads

to disordered speech, as it has been argued that the required force to produce

intelligible speech is much smaller than the maximum force that humans are capable

of (Kent et al., 1987). It can therefore safely be assumed that a 10 to 20% loss of
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muscle force does not hamper speech production (Robin et al., 1992). In that light, it

comes as no surprise that Solomon et al. (2000), who examined tongue strength and

endurance in PD, found no relation between muscle weakness in the tongue and

articulatory precision.

The present study was the first to compare vowel articulation in Dutch and

Slovenian individuals with PD. The results from our analysis did not show clear

differences between the two languages, except for the VSA scores of the female

individuals with PD. On average, the female Dutch speaker with PD had a higher

VSA in comparison to the female Slovenian speaker with PD. However, since this is a

comparison between two speakers only, this result cannot be generalized to a larger

population. In neither of the two languages did we find an effect of medication.

Together with evidence from previous work, this suggests that articulation in PD is

not affected by levodopa, regardless of the language. However, there are a number of

caveats with respect to our comparison between the two languages. First, while the

Dutch data was annotated using a forced aligner, the Slovenian data was annotated

manually. Although the segmentation of the forced aligner was checked and

confirmed by the experimenters, we can not exclude the possibility that these different

methods may have influenced our results somewhat. Second, it is important to realize

that the triangular vowel space, constructed from the three corner vowels, is a

simplified characterization of vowel production. From Figure 2.1 it becomes clear

that the triangular shape does not encompass all vowels that a speaker produces. In

order to construct an all-encompassing vowel space, one would need to record all the

peripheral vowels, something that was not feasible within the bounds of the present

study. However, even though the VSA and VAI remain approximations of the full
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acoustic range of a speaker, previous studies have demonstrated that both the VSA

and VAI are adequate tools to quantify key aspects of vowel articulation in clinical

populations (Sapir et al., 2010; Skodda et al., 2012). Finally, the reliance on the corner

vowels only may have had different consequences for the two languages included in

this study. In Figure 2.1 it can be observed that, for instance, the Dutch open back

vowel /A/ —which is not part of the Slovenian vowel inventory— is not captured by

the triangular vowel space. The metric therefore seems to map better onto Slovenian

than onto Dutch. The result of the comparison between Dutch and Slovenian should

therefore be interpreted with caution and we encourage future researchers to confirm

our findings in other languages. In our view, the field would benefit from greater

information about the language that is under investigation, information that is now

unfortunately often missing e.g., de Letter et al., 2003; Ho et al., 2008; Poluha et al.,

1998. We deem this important, as knowledge of the studied language makes

comparisons to other languages possible, which may ultimately lead to more

linguistically universal knowledge on disordered speech.

2.5 Conclusion

The present study did not find evidence for a beneficial or detrimental effect of

levodopa on vowel articulation in Parkinson’s disease. Both the vowel space area and

the vowel articulation index did not significantly differ between on and off conditions.

Furthermore, we did not find an effect of the moment in time the drug was taken,

suggesting that there are also no fluctuating effects on speech during the day.

Consequently, future investigations of vowel articulation in Parkinson’s disease do

not necessarily need to control for the pharmacological state of the individuals with
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PD, and can thus record speech from individuals with PD during any point of the day.

Finally, although our findings suggest that the articulation of individuals with PD

does not benefit from pharmacological treatment of dopaminergic brain regions, their

articulation may benefit from (non-)pharmacological treatment of non-dopaminergic

regions, such as the PPN (Mazzone et al., 2012). Studies employing deep brain

stimulation, for example, have already shown effects on speech production after

surgery, suggesting that the stimulated areas may serve a key role in articulation.

Nonetheless, still too little is known about the underlying role of these systems in

speech production. Future brain research, using relatively novel techniques such as

deep brain stimulation, may provide more insight into this.
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