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6
General discussion and conclusion

In this dissertation, we examined the articulatory kinematics of speech production in

Parkinson’s disease (PD). Previous research — predominantly based on perceptual

studies — suggests that articulation in PD is imprecise (Darley et al., 1969; Logemann

& Fisher, 1981). At present, however, it is unclear whether this (perceived)

imprecision stems from articulatory undershoot, from coordinative difficulties, from

timing difficulties, or from another source. Previous studies that have examined
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kinematics of PD speech have focused on basic kinematic parameters, such as the

displacement and velocity of gestures (Walsh & Smith, 2012; Wong et al., 2010), or on

inter-articulatory coordination (Connor et al., 1989). Relatively few studies have

investigated lingual kinematics in PD (Goozée et al., 2011; Kearney et al., 2017;

Kuruvilla-Dugdale et al., 2020; Wong et al., 2010, 2011, 2012; Yunusova et al., 2008),

and none have examined intergestural coordination.

As a precondition for the subsequent studies, our first study, described in

Chapter 2, examined pharmacological interactions with speech production in PD. We

found no evidence for an influence of levodopa on vowel articulation. As previous

work has shown that levodopa does affect phonatory impairment in PD, our findings

suggest that although phonation is influenced by the dopaminergic system,

articulation is not, or at least to a lesser extent. In addition, our study suggests that the

articulation of individuals with PD can be studied irrespective of their drug intake

schedule. This finding is beneficial for both future researchers and subjects, as speech

recordings do not necessarily have to be made in an off-state (the state in which there

is no active pharmacological effect of the drug), but can be made at any time of the

day. Having established this, the experiments described in Chapters 3 and 4 could be

conducted while the participating individuals with PD were on active medication.

The studies discussed in Chapters 3, 4, and 5, made use of electromagnetic

articulography (EMA). This method allows researchers to track the position of

sensors, attached to the tongue, lips, and jaw over time. We used EMA to examine

spatial and temporal variability of speech gestures during a fast syllable repetition task,

to study intergestural coordination in complex onsets, and to investigate the

prevalence of lingual tremor in PD speech. We summarize the key findings from these
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studies here.

6.1 Articulatory accuracy

Although previous acoustic studies suggest that articulatory targets are undershot in

PD (Ackermann & Ziegler, 1991; Darley et al., 1969; Logemann & Fisher, 1981), this

idea has been challenged by a number of kinematic studies (Goozée et al., 2005; Wong

et al., 2010; Yunusova et al., 2008), which did not find differences between typical

speakers and individuals with PD in displacement of lingual gestures. In Chapter 3,

we studied articulatory accuracy in PD speech in a novel way, by examining the

variability with which individuals with and without PD achieve gestural targets in

alternating motion rate (AMR) task. We also studied temporal variability by

investigating the variation in time intervals between repetitions. We found that

individuals with PD showed higher temporal but lower spatial variability compared to

typical speakers. This suggests that spatial accuracy may be preserved in PD speech,

which is consistent with previous kinematic studies on articulatory undershoot

(Goozée et al., 2005; Wong et al., 2010; Yunusova et al., 2008). Although the reason

why individuals with PD showed less (instead of more) variability in comparison to

typical speakers is unclear, it is possible that the typical speakers were more focused on

the temporal demands of the task, whereas the individuals with PD directed most of

their resources towards spatial precision. This would also explain why typical speakers

showed lower temporal variability in comparison to the individuals with PD.

Mücke et al. (2017) describe how speech is the product of an interaction between

suprasegmental constraints (such as contrastive focus or speech rate) and gestural

coherence that is required to preserve the phonological form. The balance between
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these two aspects has to be regulated during speech production. Whereas typical

speakers are able to regulate their speech with ease, individuals with a speech disorder

may have difficulty doing so (Hermes et al., 2019). It is interesting to consider how

this idea could apply to our findings on the basis of the AMR task. The individuals

with PD may have had trouble redirecting their cognitive resources towards the

imposed demand of the task: to repeat the syllables as fast as possible. This was

expressed by the high amount of temporal variability in this group. Instead, these

individuals may have used all their resources to achieve spatial precision, which was

expressed by the low amount of spatial variability in this group. Impaired speech

regulation would also account for the fact that recent kinematic studies have not

consistently found PD speech to be hypokinetic (McAuliffe et al., 2006; Yunusova

et al., 2008) or even found it to be hyperkinetic (Wong et al., 2011). If speech

regulation is indeed impaired in PD, then it is unsurprising to find examples of both

hypo- as well as hyperkinetic speech.

Our findings are also in line with the work by Turk and Shattuck-Hufnagel (2020),

who have argued that speakers can take temporal and spatial accuracy into account

during a planning stage of speech gestures. Interestingly, the current task-dynamics

framework, using coupled oscillators, does not account for this, because spatial

accuracy can not be altered independently of temporal accuracy in this framework,

that is, there is no parameter for accuracy in its equations (see Turk and

Shattuck-Hufnagel, 2020 for an extensive discussion on this topic).

In order to examine articulatory accuracy in more detail, we also studied

speed-accuracy trade-offs within a gesture, using Fitts’ law. This fundamental law of

motor control predicts that both higher movement amplitudes as well as increased
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precision (i.e, a decrease in target width) leads to movements that are longer in

duration. Our results indeed confirm this hypothesis. However, we did not find any

differences between individuals with PD and typical speakers, which suggest that the

relationship between speed and accuracy, as defined in Fitts’ law, also applies to PD

speech.

Taken together, our data suggests that spatial accuracy (as measured through spatial

variability) is not impaired in PD per se. Rather, the impairment may be in the

regulation of speech. In our data, this is reflected by the inability to balance between a

strategy that is focused on spatial demands and a strategy that is focused on temporal

demands. This idea would also explain the prosodic impairment in PD speech that

has often been reported (Duffy, 2013). Whereas typical speakers regulate their speech,

for instance, by altering fundamental frequency, this regulatory mechanism may

deteriorate as a result of neural damage in PD.

6.2 Gestural coordination and timing

Syllable onsets with more than one consonant can be organized using local or global

coordination (Sotiropoulou et al., 2020). In a local coordination regime, only the

second consonant bears an in-phase relationship with the vowel (i.e., the syllable’s

nucleus). In a global coordination regime, both consonants are coupled in-phase with

the vowel and are coupled anti-phase with each other (Tilsen et al., 2012). Thus, in

such a regime there is ongoing competition between in-phase and anti-phase

constraints. To date, onset coordination in clusters has been investigated in various

languages, but not in Dutch. In our Dutch data reported on in Chapter 4, we found

evidence for right edge stability, meaning that the right edge of both simple and
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complex onsets was aligned. In the original “C-center” framework (Browman &

Goldstein, 1988), this would have led us to conclude that Dutch onsets are locally

organized. This entails that the coordinative pattern between the prevocalic

consonants and the vowel should be comparable across singleton onsets and onset

clusters. This, however, is not in line with our data, as we did find evidence of vowel

compression in onset clusters. Furthermore, our data also showed that the duration of

the prevocalic consonant was significantly reduced in onset clusters when compared

to singleton onsets. We suggest that in an onset cluster the prevocalic consonant

might shift towards the vowel, but that both the magnitude of this shift as well as the

duration of the consonant may be reduced due to strong in-phase coupling with the

vowel and the presence of the vowel itself. This would explain both the lack of

C-center stability as well as the presence of vowel compression. Further evidence for

global onset coordination in Dutch comes from our analysis of the relationship

between the inter plateau interval (IPI) and each consonant in the onset. We found a

negative relationship between the duration of the prevocalic consonant and the

duration of the IPI. As discussed by Sotiropoulou et al. (2020) for similar findings in

Spanish, this suggests that onset clusters in Dutch are globally organized.

Although we found vowel compression in the speech of both typical speakers and

individuals with PD, the extent of the compression was reduced in those with PD. As

we did find that the anti-phase coupling between the two consonants was comparable

with typical speakers, we believe that the in-phase coupling between the initial

consonant and the vowel may be weakened in PD speech. This finding can be

explained using the coupled oscillator model (Nam & Saltzman, 2003; Saltzman &

Byrd, 2000). Individuals with PD may have trouble dealing with competing in-phase
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and anti-phase constraints and therefore move towards a more local onset

organization in which such competition is absent, since there is no in-phase coupling

between the initial consonant and the vowel in such an organization. This idea is in

agreement with studies on non-speech coordinative movement patterns, which have

also found atypical coupling in individuals with PD compared to control subjects

(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). Alternatively, our results can also be explained through the

Phonology-Extrinsic-Timing-Based Three-Component (XT/3C) model by Turk and

Shattuck-Hufnagel (2020). Here, surface time is explicitly planned as opposed to

being the result of coupled oscillators. In this model, acoustic targets are achieved at

planned points in time. This phonetic planning component could be affected in PD,

which would explain the atypical timing that we found in the speech of the PD group.

Furthermore, it would also account for the atypical timing that the individuals with

PD showed during the AMR task of Chapter 3, and in previously reported AMR

tasks (Ackermann et al., 1997b; Skodda, 2015).

6.3 Lingual tremor in Parkinson’s disease

In Chapter 5, we demonstrated the presence of a lingual tremor in four of 24

individuals with PD. As studies on lingual tremor in PD are sparse, it is currently not

known whether and how such a tremor influences speech production. In the planned

oscillator model, the frequency of the tremor may interfere with the oscillations of the

dynamical system. Alternatively, a tremor could interfere with the timing of

articulatory gestures, especially if these are extrinsically planned as proposed in the
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model of Turk and Shattuck-Hufnagel (2020). At any rate, this study demonstrates

the usefulness of EMA in determining the presence of lingual tremor, which may, in

turn, be useful when diagnosing the disease.

6.4 Neural correlates of speech timing in Parkinson’s disease

A large body of evidence has shown that temporal processing can become disturbed

in PD (e.g., Jahanshahi et al., 2010; Parker et al., 2013). It has been suggested that the

brain uses an internal clock, which relies heavily on striatal timingmechanisms situated

in the basal ganglia (Allman &Meck, 2012). As the neural connections in these areas

are known tobe damaged inPD, it is assumed that also the ticks of this internal clock are

atypical (Obeso et al., 2000). Indeed, various studies have found evidence that suggests

that the internal clock slows down in PD (Pastor et al., 1992). Moreover, brain imaging

studies have shown that individuals with PD often show less activity in the striatum,

but greater activity in cerebellar areas during tasks that rely on adequate timingofmotor

tasks (Cerasa et al., 2006; Jahanshahi et al., 2010).

The results from the studies presented in this dissertation suggest that timing

deficits in PD also apply to speech. The atypical temporal patterns, as observed in

both Chapters 3 and 4, may therefore be due to damage to brain areas, such as the

striatum, that regulate the processing of time.

6.5 Limitations and future directions

The studies presented in this dissertation suggest the existence of regulatory and

timing deficits in PD speech. However, since all of these studies were exploratory,
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further hypothesis-driven studies are necessary to confirm these results. Below we

provide some suggestions for future research.

In Chapter 3, we found no evidence for spatial imprecision of gestures in PD

speech. However, as many other researchers before us, we only measured articulation

of stops (i.e., /p/, /t/, and /k/) in the context of an AMR task. As stops may be

produced with less spatial precision compared to (e.g.,) fricatives, the fact that the

spatial accuracy was not impaired in stop production, does not mean that spatial

accuracy is unimpaired as a whole. Future studies could therefore benefit from

including more phonemic categories, such as fricatives, approximants, and more

complex phonological structures, such as consonant clusters.

In Chapter 4, we found evidence suggesting that individuals with PD show

atypical coupling between speech gestures. Future studies may investigate this further

by, for example, examining phase transitions from anti-phase to in-phase in fast

syllable repetitions of VC syllables (Tuller & Kelso, 1990). Similarly, the top cop

paradigm (Goldstein et al., 2007; Pouplier & Goldstein, 2010), in which gestural

intrusions occur as a result of phase transitions, could be used to examine whether or

not individuals with PD transition earlier to in-phase coupling.

As the variability between individuals with PD is known to be large (Wolters, 2008),

we included a relatively large sample of 24 individuals with PD in most of our studies.

At the same time, however, it is important to note that we included all subtypes of

PD (Thenganatt & Jankovic, 2014), and also did not differentiate between early and

late stages of the disease, or the presence or absence of a (noticeable) speech disorder.

Althoughwe sought to control for this in our statistical analysis, we cannot rule out that

we may have missed aspects of speech disorders that may either be specific to a subtype
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or a certain stage of the disease. For instance, the tremor that we observed in a subset of

the PD group may potentially lead to speech impairments specific to this group only.

To reduce variability in future studies, researchers could limit the number of subtypes

of PD included. However, since individuals often fail to fully fit into one category, such

a choice is not without challenges.

Finally, the studies in this dissertation only considered speech production in

reading and alternating motion rate (AMR) tasks. This is potentially problematic, as

speech in PD has been found to be less intelligible during spontaneous speech, as

opposed to speech that is read aloud (Kempler & van Lancker, 2002; Sidtis et al.,

2012; Van Lancker Sidtis et al., 2012). Van Lancker Sidtis et al. (2012) suggest that

this difference may be due to the fact that reading guides the planning and timing of

speech, whereas in spontaneous speech such guidance is absent, and speakers have to

rely on intrinsic timing and planning mechanisms. Although we did not include

spontaneous speech in any of the studies in this dissertation, our results are in line

with this hypothesis. Therefore, the effects found in our studies may be even more

pronounced in spontaneous speech.

6.6 Conclusion

Taken together, the studies in this dissertation suggest that the coordination and timing

of gestures are impaired in Parkinson’s disease. Thismay be due to disordered coupling

dynamics, impaired internal timing, or a combination of both. In addition, we did

not find evidence in support of the hypothesis that speech in PD is characterized by

spatial imprecision. Instead, we suggest that speech regulation mechanisms might be

disordered, which also explains the prosodic difficulties that are common in PD speech
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(Duffy, 2013).

As the current work was the first to study the coordination between gestures in PD

speech, our analyses should be considered as exploratory. Consequently, we hope that

the present work will serve as a stepping stone for future researchers who may

investigate the issues raised in this work further. Doing so will likely improve our

understanding of articulatory difficulties in PD, which may ultimately improve the

lives of those who experience them.
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