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Thesis abstract 

Asking a person to speak slowly is a common technique in speech therapy for people with 

Parkinson’s disease (PD). Slowed speaking rates are thought to bring about changes in 

speech production that make it easier for people with speech impairments associated with PD 

to be understood, but this is not always the case.  Furthermore, research suggests that using 

faster speech does not necessarily lead to decreases in speech intelligibility for some people 

with PD. Most studies of rate modification in PD have only included one or two rate 

adjustments to investigate the relationship between speech rate, intelligibility, and acoustic 

aspects of speech production. The present study adds to this literature and expands it by 

eliciting a broader range of speech rates than has previously been studied in order to provide 

a comprehensive description of changes along such a continuum. 

Two groups of people with PD and documented speech changes participated: 22 receiving 

standard pharmaceutical intervention, and 12 who additionally had undergone deep brain 

stimulation surgery (DBS), a common surgical treatment for PD. DBS is often associated 

with further speech impairment, but it is unknown to what extent these individuals may 

benefit from speech rate adjustments. Younger and older healthy control groups were also 

included. All participants were asked to modify their speech rate along a seven-step 

continuum from very slow to very fast while reading words, sentences, and responding to 

prompts. Naïve listeners later heard these speech samples and were asked to either transcribe 

or rate what they heard. 

Results indicated different patterns of speech changes across groups, rates, and tasks. 

Sentence reading and conversational speech were rated as being more intelligible at slow 

rates, and less intelligible at fast rates. All modified rates were found to negatively impact 

speech sound identification during a novel carrier phrase task. Slower speech was overall 

associated with greater acoustic contrast and variability, lower intensity, and higher voice 

quality. Differences in acoustic speech adjustments across the groups and speech rates 

emerged, however, in particular for the DBS group. Findings pointed to a complex 

relationship between speech rate modifications, acoustic distinctiveness, and intelligibility. 
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Lay summary 

Parkinson’s disease (PD) is a neurodegenerative disorder that often is associated with 

changes to a person’s speech. This makes it difficult for some people with PD to be 

understood when using speech to communicate. Speech-language pathologists who treat 

people with PD will often work with them to try and slow down their rate of speech. Slow 

speech is a common form of intervention that has been shown to improve spoken 

communication in people with PD, making it easier for them to be understood. However, not 

all people with PD benefit from using slow speech. Furthermore, speaking more quickly is 

not necessarily associated with speech that is more difficult to understand. The goal of this 

thesis was to explore speech changes that occurred in people with and without PD across 

many different speech rates from very slow to very fast in order to better understand these 

patterns. 

Two groups of people with PD participated: 22 receiving standard antiparkinsonian 

medication, and 12 who additionally had undergone deep brain stimulation surgery (DBS), a 

common surgical treatment for PD. DBS is often associated with greater and more variable 

speech impairment. Younger and older healthy control groups were also included. All 

participants completed various speech tasks (i.e., sentence reading, nonsense word reading, 

and conversation) at seven different rates from very slow to very fast. Naïve listeners later 

heard these speech samples and were asked to either transcribe or rate what they heard. 

Results indicated different patterns of speech changes across groups, rates, and tasks. 

Sentence reading and conversational speech were rated as being more understandable at slow 

rates, and less understandable at fast rates. Nonsense words were more difficult to understand 

at both slower and faster rates of speech compared to normal rates. Slower speech overall 

was produced more quietly, with greater hoarseness, and with more speech sound contrast 

compared to fast speech, though these patterns differed across groups. The findings suggest 

complex relationships between speech rate, speech characteristics, and understandability 

across the groups. 
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1 Thesis overview 

1.1 Objective 

Speech rate modification is frequently used in behavioural speech therapy to improve the 

communication of people with Parkinson’s disease (PD), but our understanding of the ways 

in which a person’s speech changes along a continuum from very slow to very fast is not well 

understood.  The overarching goal of this series of investigations is to describe acoustic and 

perceptual changes that occur along a range of possible speech rates, and how these changes 

differ for individuals with PD. Understanding speech modifications that occur along such a 

continuum will inform clinicians’ approaches to treatment selection and determining 

candidacy for rate modification.  This objective is accomplished in the present study by 

eliciting a continuum of speech rates, from very slow to very fast, in people with PD and 

hypokinetic dysarthria (HkD) as well as in control speakers. Two sub-groups of people with 

PD are of interest: people with PD and HkD who are undergoing standard pharmaceutical 

treatment, as well as people with PD and HkD who have undergone a common surgery 

known as deep brain stimulation (DBS) to treat the primary motor symptoms of PD. 

Individuals with PD who have received DBS often report worsening of speech symptoms 

over time. The primary group of control speakers is a cohort of age-matched healthy older 

adults. Younger adults are also included for a subset of the analyses in order to explore the 

effects of aging on speech modifications that occur as a function of speech rate. 

1.2 Organization of dissertation 

Chapter 2 discusses the nature of PD and the speech symptoms that are associated with the 

disease itself, as well as following DBS. Section 2.3 presents a review of the literature that 

has addressed speech rate modification as a therapeutic strategy, and discusses these findings 

in the context of rate-induced changes in speech acoustics (Section 2.3.3) and intelligibility 

(Section 2.3.2) both for individuals with dysarthria as well as neurologically healthy talkers. 

Chapter 3 describes the methodology. The overall study is reported as three distinct 

experiments: 
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1. Experiment 1: Speech production: A systematic exploration of acoustic changes of 

speech production induced by speech rate modifications along a continuum from very 

slow to very fast. 

2. Experiment 2: Speech transcription: A perceptual study in which listeners were asked to 

transcribe nonsense words produced in a subset of the tasks in Experiment 1. Speech 

intelligibility in terms of consonant and vowel accuracy are the outcomes of interest. 

3. Experiment 3: Intelligibility estimation: A perceptual study in which listeners were 

asked to rate the intelligibility of sentences and conversational samples produced in 

Experiment 1. 

Chapter 4 reports the results of these experiments, and Chapter 5 concludes by interpreting 

these results in the context of existing literature while addressing study limitations and future 

directions. 
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2 Background 

2.1 Parkinson’s disease 

PD is a neurodegenerative movement disorder that affects approximately 1% to 3% of people 

over the age of 60, making it the second most common neurodegenerative disease following 

Alzheimer’s (De Lau & Breteler, 2006; Nussbaum & Ellis, 2003; Wirdefeldt, Adami, Cole, 

Trichopoulos, & Mandel, 2011). The cardinal motor symptoms of the disease include 

bradykinesia (slowness), rigidity, postural instability, and resting tremor. Secondary 

symptoms may include speech disturbances, reduced facial expressions, dysphagia 

(swallowing disorder), micrographia (small handwriting), shuffling gait, and motor freezing 

(Jankovic, 2008; Wirdefeldt et al., 2011). Non-motor cognitive symptoms, such as anxiety, 

depression, and cognitive impairment, as well as dysautonomic symptoms may also occur 

(Wirdefeldt et al., 2011). 

Though the etiology of PD is not fully understood, genetic and environmental risk factors 

have been identified (Nussbaum & Ellis, 2003; Wirdefeldt et al., 2011). Approximately 60% 

to 70% of PD diagnoses are considered idiopathic (Hughes, Daniel, Blankson, & Lees, 

1992), and males are diagnosed approximately 1.5 times more frequently than females (Fahn, 

2003; Wirdefeldt et al., 2011). Diagnosis of PD is made clinically, as there are no current 

definitive diagnostic tests (Postuma et al., 2015). Recently, there has been progress in the use 

of brain scan procedures such as DATScan (Thobois, Prange, Scheiber, & Broussolle, 2019). 

These show promise for identifying parkinsonism, but a major challenge at this time is 

distinguishing idiopathic PD from other differential parkinsonian disorders (i.e., multisystem 

atrophy, progressive supranuclear palsy; Thobois et al., 2019). Clinical diagnoses are 

typically based on the observed presence of the cardinal symptoms (specifically bradykinesia 

as well as rigidity and/or resting tremor) in the absence of other sources of neurological 

damage and accompanied by a positive response to dopaminergic replacement therapy 

(levodopa; Postuma et al., 2015). Post-mortem pathological criteria for a definitive PD 

diagnosis includes the presence of Lewy bodies in the brain (Gibb & Lees, 1988). 
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2.1.1 Neuropathology in PD 

The primary parkinsonian symptoms develop as a result of dopaminergic cell loss 

accompanied by an accumulation of Lewy pathology and alphasynuclein protein in the brain 

(Nussbaum & Ellis, 2003; Poewe et al., 2017; Wirdefeldt et al., 2011). Dopaminergic 

depletion in the substantia nigra pars compacta leads to eventual loss in the striatum via the 

pathway of neuronal projections in the basal ganglia. This in turn leads to disruptions in the 

basal ganglia thalamocortical motor circuit, responsible for motor regulation, scaling, and 

initiation (Duffy, 2013; Poewe et al., 2017). 

The first appearance of the cardinal motor symptoms (e.g., bradykinesia) typically only 

occurs after 50% of dopaminergic cells are depleted in the substantia nigra, and 80% in the 

striatum (Gonera, Hof, Berger, Weel, & Horstink, 1997; Wirdefeldt et al., 2011). More 

recently, earlier manifestations of the disease have been classified as prodromal and are 

thought to be related to nondopaminergic neuromodulators (Postuma, 2014; Postuma et al., 

2015; Sapir, 2014). 

A six-stage progression of PD proposed by Braak, Ghebremedhin, Rüb, Bratzke, & Del 

Tredici (2004) distinguished early “presymptomatic” and “symptomatic” phases. Each stage 

is marked by increased spread of Lewy bodies along a predictable neural topography from 

lower brainstem areas to higher cortical areas at more advanced stages. According to this 

model, the basal ganglia typically are not affected until Stages 3 and 4. 

While Braak and colleagues termed the earlier stages (1 - 3) “presymptomatic,” it is now 

generally acknowledged that these stages are consistent with the appearance of prodromal 

signs, including non-motor manifestations such as olfactory disturbances, sleep disturbances, 

and autonomic dysfunction (Berg et al., 2015; Gonera et al., 1997; Postuma, 2014). 

Of particular relevance to this thesis is the finding that motor speech changes are also often 

present in these early stages, even though they may not be perceptually salient (Rusz, 

Cmejla, et al., 2013; Rusz, Čmejla, et al., 2013; Skodda et al., 2011; Tetrud, 1991). The 

pathophysiology of parkinsonian motor speech deficits is not fully understood at this time, 

but, given the increasing amount of evidence of voice and speech abnormalities that are 
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detectable in prodromal PD, it has been proposed that these changes may occur in these 

“presymptomatic” stages (Sapir, 2014). 

Further evidence for this hypothesis includes the observation that speech symptoms do not 

respond in the same way to dopaminergic replacement therapy as do the cardinal symptoms 

(Cushnie-Sparrow et al., 2018; Fabbri et al., 2017). One likely scenario is that speech 

production interacts in complex ways with both dopaminergic and nondopaminergic 

mechanisms, giving rise to the different responses observed in the speech and limb motor 

systems following treatment in PD (Cushnie-Sparrow et al., 2018; Im et al., 2018; Kompoliti, 

Wang, Goetz, Leurgans, & Raman, 2000; Skodda et al., 2013).  

2.1.2 Treatment and management of PD 

2.1.2.1 Pharmaceutical intervention 

The most common intervention for the symptoms of PD is levodopa, a pharmaceutical 

treatment that may be administered orally or via a surgically implanted tube (i.e., Duodopa). 

Other medications used to treat PD in some instances include monoamine oxidase inhibitors, 

beta-blockers, or dopamine agonists (Connolly & Lang, 2014). Most individuals with PD 

demonstrate a robust response to levodopa, though prolonged exposure may eventually lead 

to a decline of the benefits of the medication (Obeso et al., 2010). This is often accompanied 

by the onset of motor fluctuations and involuntary movements, known as dyskinesias 

(Aquino & Fox, 2015). Some symptoms, such as speech and swallowing, show variable 

response to levodopa (Spencer, Morgan, & Blond, 2009). Early studies suggested such 

symptoms may also become progressively resistant to treatment over time (Bonnet, Loria, 

Saint-Hilaire, Lhermitte, & Agid, 1987; Klawans, 1986; Rascol et al., 2003). This resistance 

hypothesis has been recently challenged by findings suggesting that speech severity may 

mediate responsiveness of speech symptoms to levodopa (Cushnie-Sparrow et al., 2018; Im 

et al., 2018). According to these findings, more severe symptoms (e.g., poor voice quality, 

disfluencies) may demonstrate improvements under levodopa administration while more 

mild symptoms may deteriorate under the same conditions (Cushnie-Sparrow et al., 2018; Im 

et al., 2018). 
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2.1.2.2 Deep brain stimulation surgery 

Individuals who experience a decline in the effectiveness or increase in adverse effects of 

levodopa may be candidates for an adjunctive surgical intervention known as deep brain 

stimulation (DBS; Limousin, Krack, & Pollak, 1998; Okun, 2012). Contraindications for 

DBS surgery include the presence of dementia or severe autonomic dysfunction, as well as 

atypical parkinsonism or symptoms that do not demonstrate a positive levodopa response 

(Okun, 2012). The surgery involves the implantation of permanent electrodes into a specific 

brain target. The most common neural targets are the subthalamic nucleus, globus pallidus, 

and, more recently, the pedunculopontine nucleus interna (Montgomery, 2007; Okun, 2012). 

The electrodes are connected to an impulse generator implanted in the chest under the skin, 

and they deliver constant electrical stimulation to the brain. The electrical current may be 

varied by alterations in the voltage, frequency, and pulse width of stimulation (Montgomery, 

2007). Following DBS surgery, pharmaceutical treatment may still be prescribed, but the 

amount needed to manage symptoms typically is reduced or, in some cases, eliminated 

(Okun & Foote, 2004; Vingerhoets et al., 2002).  

DBS is highly effective for treating many of the primary motor symptoms of PD (Deuschl et 

al., 2006; Krack et al., 2003; Limousin et al., 1998), though the specific mechanisms of 

action are not fully understood (Montgomery, 2007). The purpose of constant electrical 

stimulation is to modulate electrical activity in the brain thought to be responsible for the 

adverse motor symptoms of the disease (Okun, 2012). Control over the electrical field size 

and spread of stimulation is typically achieved through careful monitoring of the electrical 

parameter settings. 

The effects of DBS on speech, unlike for the primary motor symptoms, are highly variable 

and often detrimental (Aldridge, Theodoros, Angwin, & Vogel, 2016; Iulianella, Adams, & 

Gow, 2008; Krack et al., 2003; Skodda, Grönheit, & Schlegel, 2012). The underlying causes 

of these detriments are not fully understood at this point, though the literature suggests 

relationships between speech and electrode localization (Montgomery, 2007; Tripoliti et al., 

2014), pre-operative speech severity, longer disease duration (Tripoliti et al., 2014), and sub-

optimal electrical parameter settings for speech (Abeyesekera et al., 2019; Aldridge et al., 

2016; Chenausky, MacAuslan, & Goldhor, 2011; Farris & Giroux, 2013; Knowles et al., 
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2018; Skodda et al., 2012; Törnqvist, Schalén, & Rehncrona, 2005; Tripoliti, Zrinzo, & 

Martinez-Torresetal, 2011). 

2.2 Hypokinetic dysarthria 

This section will give a brief overview of the speech symptoms associated with PD and DBS. 

Sections 2.2.2 and 2.2.3 summarize PD-specific speech findings related to speech acoustics 

and intelligibility, while Sections 2.3 through 2.3.3 will more deeply address speech changes 

related to intelligibility and acoustics as observed as a function of changes to speech rate in 

PD as well as in healthy talkers.  

Between 70% and 90% of people with PD will develop speech symptoms at some point 

during the disease (Logemann, Fisher, Boshes, & Blonsky, 1978; Mutch, Strudwick, Roy, & 

Downie, 1986; Müller et al., 2001). For most individuals with PD, these symptoms are 

consistent with a motor speech disorder known as hypokinetic dysarthria (HkD). Dysarthria 

refers to a collection of neurogenic motor speech disorders characterized by abnormalities in 

the strength, speed, range, steadiness, tone, force, or accuracy of speech movements (Darley 

et al., 1969b; Duffy, 2013). Hypokinetic reflects a down-scaling of oral speech movements. 

HkD has become essentially synonymous with the dysarthria of PD (Adams & Dykstra, 

2009).  In particular, seminal work conducted by Darley, Aronson, and Brown identified the 

most deviant perceptual features of the speech of people with PD to include abnormalities of 

articulation, namely imprecise consonants, abnormalities of rate, including short phrases, 

short rushes of speech, and variable rate, as well as other prosodic abnormalities including 

monopitch, monoloudness, and reduced stress (Darley et al., 1969b, 1969a). The authors 

labelled this cluster of symptoms prosodic insufficiency, which is thought to result from a 

limited range of movement, muscle rigidity, slowness, and reduced articulatory force (Darley 

et al., 1969a). 

Logemann, Boshes, Fisher, & Siegfried (1973) sought to describe a typical profile of HkD 

based on physical rather than perceptual characterizations leading to the deficits described by 

Darley, Aronson, and Brown. Using the Fisher-Logemann Test of Articulation Competence 

(Fisher & Logemann, 1971) the authors assessed the co-occurrence of laryngeal and 

articulatory impairments involved in the speech of 200 people with PD. Voice abnormalities, 

which correspond in large part to laryngeal dysfunction, were found to be the most common 
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symptom, present in 89% of patients. Approximately half of the patient group presented with 

phonatory deficits as the only speech symptom. Articulatory abnormalities constituted the 

second most common manifestation of vocal impairment, present in 45% of patients. All 

patients presenting with articulatory impairments also presented with co-occurring vocal 

impairments. The majority of articulatory abnormalities were related to posterior tongue 

involvement, with a subset of patients also demonstrating tongue blade impairments. 

Observance of this subset relationship led the authors to propose that vocal tract dysfunction 

in PD may progress in a posterior to anterior direction, affecting first the laryngeal function, 

followed by posterior and then anterior lingual control. This hypothesis, however, has been 

recently challenged in the face of findings that suggest posterior and anterior involvement 

even in mild disease stages (Read, Miller, & Kitsou, 2018). HkD, then, may be more 

accurately characterized by an overall down-scaling of articulatory movements that may 

affect all speech movements even early on in the disease (Read et al., 2018). 

2.2.1 Speech changes associated with DBS 

Further speech changes are often, but not always, seen following DBS surgery. As mentioned 

above, while DBS is highly effective at treating many of the primary motor symptoms of PD, 

speech outcomes do not demonstrate a similar benefit and, in many cases, speech symptoms 

worsen. Speech changes may be reported in reference to either an individual’s pre-surgical 

speech, their speech when DBS is on versus off, or compared to a control group of people 

with PD who have not received the surgery. Reports of speech impairment following DBS 

surgery suggest tremendous variability in individual outcomes (Aldridge et al., 2016; 

Chenausky et al., 2011; Dromey & Bjarnason, 2011; Iulianella et al., 2008; Krack et al., 

2003; Limousin et al., 1998; Skodda et al., 2012; Tripoliti et al., 2011). Primary findings will 

be summarized in this section.   

Krack et al. (2003) showed that motor function impairments on the standard clinical PD 

rating scale improved for most outcome measures except for speech. A recent retrospective 

study also demonstrated that people who reported dissatisfaction with their DBS surgery 

outcomes tended to cite worsening of axial symptoms, including speech, as one of the 

principal reasons (Farris & Giroux, 2013). 
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Tripoliti et al. (2011) demonstrated that while people with PD with and without DBS showed 

an overall decline in intelligibility over the course of a year, the DBS group showed greater 

variability (including some individuals whose intelligibility improved), and a steeper overall 

slope of decline compared to the non-DBS cohort. Similar declines in speech intelligibility 

have been reported by other researchers as well (Plaha, Ben-Shlomo, Patel, & Gill, 2006; 

Rousseaux et al., 2004; Sidtis, Cameron, Bonura, & Sidtis, 2012; Törnqvist et al., 2005; 

Tripoliti et al., 2014; Tsuboi et al., 2014). 

Greater impairments in articulation, as measured by acoustic metrics of vowel or consonant 

precision, have also been found following DBS (Dromey & Bjarnason, 2011; Eklund et al., 

2014; Martel-Sauvageau et al., 2014, 2015; Putzer, Barry, & Moringlane, 2008; Sidtis, 

Alken, Tagliati, Alterman, & Van Lancker Sidtis, 2016). Other studies, however, have found 

relative improvements or no change in articulatory precision when DBS is on versus off 

(Dromey & Bjarnason, 2011; Karlsson et al., 2014, 2012; Tanaka et al., 2016) or after 

surgery (Åkesson, Lindh, & Hartelius, 2010). Other studies have reported improvements in 

voice quality symptoms following DBS as measured by voice acoustics (D’Alatri et al., 

2008; Gentil, Pinto, Pollak, & Benabid, 2003) and perceptual voice ratings (Gentil, Chauvin, 

Pinto, Pollak, & Benabid, 2001; Zhou, Lee, Wang, & Jiang, 2009), though others have 

demonstrated declines (Klostermann et al., 2008; Tanaka et al., 2015; Tsuboi et al., 2014). 

The chosen speech task may play a role, with potentially greater impairment detected in 

spontaneous compared to repeated or read speech (Sidtis et al., 2012). This is consistent with 

reports of speech in PD in general demonstrating greater impairment often noted in more 

spontaneous speech production (Bunton & Keintz, 2008; Ho, Bradshaw, Iansek, & 

Alfredson, 1999; Sidtis, Rogers, Godier, Tagliati, & Sidtis, 2010). 

Specific factors related to the DBS implant location and associated neural involvement are 

likely implicated in patients’ responses as well. While there is a greater prevalence of studies 

that have explored the effects of speech following DBS of the subthalamic nucleus compared 

to other neural targets, those that have compared multiple targets have found differences in 

speech outcomes. DBS of the subthalamic nucleus may be associated with greater or more 

variable impairment compared to other neural targets such as the globus pallidus interna or 

pedunculopontine nucleus (Robertson et al., 2011; Tjaden, Greenlee, Brenk, Silverman, & 

Corcos, 2018), but not compared to the caudal zona incerta (Eklund et al., 2014; Karlsson et 
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al., 2014). Left-unilateral subthalamic nucleus stimulation may be associated with worse 

speech outcomes as measured by mean fundamental frequency, articulatory accuracy, slower 

speech rate, and intelligibility compared to bilateral or right-unilateral (Santens, De Letter, 

Van Borsel, De Reuck, & Caemaert, 2003; Schulz et al., 2012; Wang et al., 2006). 

Fenoy, McHenry, and Schiess (2016) explored the relationship between PD subtypes and the 

involvement of the dentatorubrothalamic tract, a fiber tract that has been suggested as being 

associated with speech deterioration. The authors demonstrated that greater 

dentatorubrothalamic tract involvement was associated with greater declines in spontaneous 

speech fluency, and tremor-dominant subtypes typically were less affected following DBS 

compared to akinetic-rigid types in terms of speech fluency and intelligibility. 

Individuals with poorer preoperative speech intelligibility, longer disease duration, and more 

medially-located electrode contact may see greater detriments associated with DBS of the 

subthalamic nucleus (Fenoy et al., 2016; Tripoliti et al., 2014). 

In summary, DBS is associated with high degrees of variability in speech outcomes, with 

many individuals demonstrating greater speech impairment following the surgery. 

2.2.2 Acoustic characteristics of hypokinetic dysarthria 

In addition to the general perceptual speech characteristics used to identify HkD, speech 

features can be described through objective acoustic measures. 

In general, acoustic studies of speech in PD have demonstrated that HkD is associated with 

reductions in segment durations (Flint, Black, Campbell-Taylor, Gailey, & Levinton, 1992; 

McRae, Tjaden, & Schoonings, 2002), speech intensity (Fox & Ramig, 1997; Ho, Iansek, & 

Bradshaw, 2001; Holmes, Oates, Phyland, & Hughes, 2000), reduced variation of 

fundamental frequency, abnormal voice quality (Gamboa et al., 1997; Holmes et al., 2000; 

Kent, Vorperian, Kent, & Duffy, 2003; Rosen, Kent, Delaney, & Duffy, 2006), and reduced 

acoustic distinctiveness in both consonant (Lam & Tjaden, 2016; McRae et al., 2002; Tjaden 

& Wilding, 2004) and vowel production (Lam & Tjaden, 2016; McRae et al., 2002; Rusz, 

Cmejla, et al., 2013; Skodda et al., 2011; Tjaden et al., 2013a; Watson & Munson, 2008; 

Weismer, Jeng, Laures, Kent, & Kent, 2001). The following sections will explore in greater 
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detail the literature regarding speech rate, timing, and segmental distinctiveness, which are of 

chief concern to the questions addressed in this thesis. 

2.2.2.1 Rate and timing of speech 

To reiterate, HkD is characterized by abnormal and often faster rates of speech (Darley et al., 

1969b). Compared to other dysarthria subtypes, HkD is the only one in which faster speech is 

sometimes seen. Acoustically, speech rate can be described in terms of the overall rate of an 

utterance (e.g., in words or syllables per minute, with or without pauses), as well as of 

durations of individual speech segments and pauses. 

Despite anecdotal reports of faster speech in individuals with PD, relatively few studies have 

found this to be the case (Flint et al., 1992; McRae et al., 2002). Many studies have failed to 

find any objective rate differences between people with PD and age-matched controls 

(Connor, Abbs, Cole, & Gracco, 1989; Kleinow, Smith, & Ramig, 2001; Ludlow, Connor, & 

Bassich, 1987; Skodda & Schlegel, 2008; Tjaden & Wilding, 2004; Walsh & Smith, 2012; 

Weismer et al., 2001), while others have demonstrated that people with PD present with 

slower connected speech rates (Hsu et al., 2017; Martıńez-Sánchez et al., 2016) and alternate 

motion speech rates (Dworkin & Aronson, 1986; Ludlow et al., 1987; Wong, Murdoch, & 

Whelan, 2011).   Acceleration of speech rate has also been reported in PD (for example, over 

the course of reading a passage), even in the absence of overall group differences in speech 

rate (Adams, 1994; Skodda & Schlegel, 2008) or syllable repetition (Ackermann, Hertrich, & 

Hehr, 1995; Hirose, Kiritani, & Sawashima, 1982; Netsell, Daniel, & Celesia, 1975; Skodda, 

2011). In a review of speech symptoms reported in PD, Adams and Dykstra (2009) suggested 

a prevalence of abnormally fast rates of approximately 10%. As such, fast rates may not 

often be evident at the group level but may manifest in a subset of people with PD and HkD. 

There is also evidence to suggest that the perception of fast rate in HkD may be due in part to 

increased coarticulation or “blurred” acoustic contrasts thought to arise from increased 

coarticulation (Kent & Rosenbek, 1982; Tjaden, 2000b; Weismer, 1984b). That is, speech 

segment durations themselves may not be reduced relative to healthy talkers, but acoustic 

events that typically occur in faster speech of healthy talkers, such as acoustic vowel 

reduction and formant transitions, occur during typical speech production in PD. In the 

speech of neurologically healthy individuals, reduced acoustic contrasts are common 
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consequences of faster or more casual speech (Byrd, 1994; Lindblom, 1963, 1990; Picheny, 

Durlach, & Braida, 1986).  

Voice onset time (VOT) is a temporal measure of stop consonant production that reflects the 

timing between the onset of a stop consonant release to the onset of voicing of the following 

vowel. VOT is considered to be reflective of laryngeal and supralaryngeal coordination 

(Weismer, 2006). It is the primary perceptual cue for stop consonant voicing, with voiceless 

stops typically characterized by longer VOT compared to voiced stops. VOT also 

systematically differs across distinct places of articulation, with more posterior placements 

associated with longer VOT (Abramson & Whalen, 2017; Cho, Whalen, & Docherty, 2019; 

Lisker & Abramson, 1964).  

Reports of abnormalities in English VOT in PD are inconsistent (Bunton & Weismer, 2002; 

Cushnie-Sparrow, Adams, Knowles, Leszcz, & Jog, 2016; Fischer & Goberman, 2010; Flint 

et al., 1992; Forrest, Weismer, & Turner, 1989; Lieberman et al., 1992; Miller, Green, & 

Reeves, 1986; Weismer, 1984b). Forrest et al. (1989) found that voiced bilabial stops had 

longer average VOT for speakers with PD, making them more like voiceless stops, but did 

not find differences in voiceless bilabial VOT. On the other hand, other authors have found 

shorter voiceless VOT in talkers with PD (Flint et al., 1992; Weismer, 1984a). This has been 

attributed to stiffness in laryngeal musculature causing the vocal folds to have reduced 

abduction and preventing them to stay open as long as would be expected for typical 

voiceless VOT production (Weismer, 1984a). Others have demonstrated more overlap 

between voiced and voiceless VOT, calculated based on the distributions of both voiced and 

voiceless stops (Lieberman et al., 1992; Miller et al., 1986). Reports of no detectable 

differences in VOT between people with PD and healthy age-matched controls are also 

common in the literature (Bunton & Weismer, 2002; Cushnie-Sparrow et al., 2016), even 

when speech rate was controlled for (Fischer & Goberman, 2010; Ravizza, 2003). 

2.2.2.2 Spectral acoustics 

In addition to the temporal properties of speech, abnormalities reflecting the spectral quality 

of speech sounds are also present in PD. Much of this literature has focused on the spectral 

properties of vowel production. The most prominent acoustic-perceptual cue for vowel 

production is the frequency of two high-energy frequency bands known as the first and 
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second formants (F1 and F2).   Formant values can be measured for a given vowel, or as part 

of a composite measure to determine the spread of acoustic vowel space. Vowel space may 

be measured by the area formed by the polygon formed by a set of F1 and F2 values for 

multiple vowels, by the amount of dispersion that occurs from a vowel’s F1 and F2 centroid, 

or by the acoustic distance between pairs of vowels. 

Reductions in vowel space have been heavily documented in HkD relative to neurologically 

healthy speakers (Lam & Tjaden, 2016; Lansford & Liss, 2014; McRae et al., 2002; Rusz, 

Cmejla, et al., 2013; Skodda et al., 2012, 2011; Tjaden et al., 2013a; Watson & Munson, 

2008; Whitfield & Goberman, 2014). A common finding across several of these studies, 

however, was non-statistically significant trends for reduced vowel space in HkD (Buccheri, 

2013; Tjaden, 2003; Tjaden, Rivera, Wilding, & Turner, 2005; Weismer et al., 2001). This 

may be attributable, at least in part, to increased variability across speakers. More sensitive 

vowel space metrics designed to reduce interspeaker variability have since been applied to 

demonstrate differences in speakers with HkD (Fletcher et al., 2017a; Lansford & Liss, 2014; 

Sapir, Ramig, Spielman, & Fox, 2010, 2011; Skodda et al., 2012, 2011). 

In addition to reduced overall vowel space, individuals with HkD have also demonstrated 

reduced vowel contrasts in front and back vowels, as indexed by the ratio of F2 in /i/ and /u/ 

(Rusz, Cmejla, et al., 2013; Sapir, Spielman, Ramig, Story, & Fox, 2007). Reduced second 

formant transitions, which reflect the speed and extent of tongue movement, have also been 

found (Feenaughty, Tjaden, & Sussman, 2014; Y. Kim et al., 2011; Kim, Weismer, Kent, & 

Duffy, 2009; Walsh & Smith, 2011; Yunusova, Westbury, & Weismer, 2005), though this 

finding is not uniform across all individuals or test words (Kim et al., 2009; Lam & Tjaden, 

2016). 

While considerably less attention has been given to spectral properties of consonant 

production in PD, consonant place distinction, as measured by the difference in spectral 

means, has been shown to be reduced in stops /t/ and /k/ (Lam & Tjaden, 2016; Tjaden & 

Wilding, 2004) and sibilants /s/ and /ʃ/ (McRae et al., 2002; Tjaden & Wilding, 2004). 

Tjaden and colleagues found that the reduction of the difference between spectral means for 

consonant pairs differing along a posterior-anterior place distinction was due to an overall 

lower spectral mean for the more anterior sounds (e.g., /s/ and /t/). The authors suggested that 
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this might indicate a more posterior tongue position during speech production. Other studies, 

however, found no differences in spectral distinctiveness for sibilant (Lam & Tjaden, 2016; 

Yunusova et al., 2005) and stop consonant pairs (Cushnie-Sparrow et al., 2016). 

Reports of spirantization are another feature of deviant acoustic stop consonant production in 

HkD. Spirantization refers to an abnormal amount of frication produced during stop 

occlusion, indicative of a “leaky” stop closure. Acoustically, this traditionally was measured 

as an increased visual presence of aperiodic spectral energy during the stop closure, but more 

objective acoustic metrics have since been applied. Spirantization has been reported in HkD 

(Canter, 1965; Kent & Rosenbek, 1982; Weismer, 1984b; c.f. Cushnie-Sparrow et al., 2016), 

as well as in greater amounts following DBS surgery (Chenausky et al., 2011; Karlsson et al., 

2014). 

Voicing through stop closure, particularly in voiceless stops when vocal fold vibration is 

expected to cease, is another speech feature reported to be more frequent in PD (Cushnie-

Sparrow et al., 2016; Weismer, 1984b), and may reflect insufficient coordination between 

laryngeal and supralaryngeal gestures during stop production. It may also be the case, 

though, that this is a consequence of aging speech musculature rather than parkinsonism, as 

voicing through closure is also much higher in older compared to younger healthy adults 

(Weismer, 1984b). 

Taken together, the literature that has explored timing and spectral features of HkD has 

demonstrated substantial variability, though evidence generally supports a hypothesis of 

articulatory undershoot. 

2.2.3 Speech intelligibility in PD 

Speech intelligibility refers to the degree to which a spoken utterance, that is, the acoustic 

signal, is understood by a typical listener (Miller, 2013; Weismer, 2008; Yorkston et al., 

1996b). The speech changes in HkD are often associated with declines in intelligibility 

(Miller et al., 2007; Tjaden et al., 2014b; Weismer et al., 2001). This section briefly describes 

considerations when measuring speech intelligibility in dysarthria. 

Speech intelligibility must be considered in the context of the speech task, listening 

environment, and listeners (Yorkston et al., 1996b). Intelligibility is a relative measure of 
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spoken message transference, and thus is differentially impacted depending on variables in 

these other domains (Monsen, 1983). Other perceptual measures not chiefly concerned with 

understanding a spoken message, such as speech severity, naturalness, bizarreness, and 

acceptability, and comprehensibility, are distinct concepts, but may be related to 

intelligibility (Kent, Weismer, Kent, & Rosenbek, 1989; Yorkston et al., 1996b). 

Speaker considerations: Intelligibility for people with PD has been shown to demonstrate a 

weak correlation with disease severity, and it is not necessarily related to age or disease 

duration (Miller et al., 2007). In healthy talkers, speech intelligibility has also been found to 

be higher in females compared to males (Bradlow, Nygaard, & Pisony, 1995; Bradlow, 

Torretta, & Pisoni, 1996). 

Speech task: Higher intelligibility is often reported for individuals with PD in more 

structured speech tasks, such as reading and repetition, compared to spontaneous speech 

(Kempler & Van Lancker, 2002; Kent, 1996; Weismer, 1984b; Yorkston & Beukelman, 

1981a), though this has not always been found to be the case (Bunton, 2008; Tjaden & 

Wilding, 2011a). 

Listener considerations: While speech intelligibility refers to a listening task performed by 

a typical listener, what this means exactly may of course vary. For example, listeners who are 

considered truly naive and have had limited exposure to dysarthric speech may in theory 

behave differently compared to more experienced listeners, such as clinicians. The literature 

that has compared listener experiences, however, has generally found there to be no 

substantial differences related to expertise (Bunton, Kent, Duffy, Rosenbek, & Kent, 2007; 

Sussman & Tjaden, 2012). Similarly, other listener factors such as age, sex, and education 

have not demonstrated a differential effect on intelligibility scores (McHenry, 2011). 

Familiarization with the talker or speech samples, on the other hand, is associated with 

increased intelligibility in healthy speech (e.g., Bradlow et al., 1995) and dysarthria (DePaul 

& Kent, 2000; D’Innocenzo, Tjaden, & Greenman, 2006; Hustad & Cahill, 2003; Liss, 

Spitzer, Caviness, & Adler, 2002; Spitzer, Liss, Caviness, & Adler, 2000; Tjaden et al., 2005; 

c.f. Yorkston & Beukelman, 1983). 

Listening task: The listening task and presentation are also important factors to consider 

when reporting intelligibility. For example, audio-only stimuli presentations have been 
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shown to elicit lower intelligibility ratings compared to audio-visual presentations, where the 

listener has access to visual cues from the speaker (Hustad, 2006). Speech stimuli are 

sometimes mixed with multitalker noise to increase the difficulty of the task and avoid a 

ceiling effect (Bunton, 2006; Kuo, Tjaden, & Sussman, 2014; McAuliffe, Schaefer, 

O’Beirne, & LaPointe, 2009). 

Intelligibility measurement considerations: Speech intelligibility may be measured through 

scalar estimation or identification (Hustad, 2006; Kent et al., 1989), sometimes referred to as 

subjective and objective measures, respectively (Yorkston & Beukelman, 1978). Estimation 

techniques may include percentage estimation (e.g., “What percentage did you 

understand?”), visual analog scale estimation, equally appearing interval scales, or direct 

magnitude estimation (Miller, 2013). Intelligibility identification measures usually refer to 

transcription or multiple choice, and this may be at the level of individual phonemes, whole 

words, or sentences (Miller, 2013). 

Intelligibility estimation techniques are often considered more subjective compared to 

identification (e.g., transcription) because listeners’ ratings depend on their own internal 

benchmark (Miller, 2013). Some scalar methods, such as fixed-modulus direct magnitude 

estimation, attempt to reduce this subjectivity by having listeners provide ratings with respect 

to a pre-determined standard, or modulus (Weismer & Laures, 2002). Despite this 

observation, scalar and transcription measures have demonstrated comparable inter-rater 

reliability (Enos, Abur, & Stepp, 2018; Stipancic, Tjaden, & Wilding, 2016; Tjaden & 

Wilding, 2011a) and rank ordering capabilities (Yorkston & Beukelman, 1978). 

Another difference between estimation and identification metrics may be that scalar 

measures offer an estimation of the magnitude of the intelligibility deficit (Weismer, 2008), 

but may not be explanatory in nature (Bunton, 1999; Kent et al., 1989; Miller, 2013; 

Weismer & Martin, 1992). This is often treated as a criticism of estimation metrics. On the 

other hand, transcription metrics are thought to be more explanatory because they can 

provide information about the units of the speech signal that the listener did not understand. 

That is, transcription errors can provide insight into what components of the speech signal 

led to a breakdown in intelligibility (Weismer, 2008). 
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2.3 Speech rate modification 

The goal of this section is to review the chief concerns behind the motivation for using 

speech rate modifications as a treatment strategy for individuals with HkD, and to outline the 

literature on the documented speech changes that occur in this group as well as in 

neurologically healthy talkers. 

Improving speech intelligibility is one of the primary goals of behavioural speech 

intervention for individuals with dysarthria (Duffy, 2013). A common intervention technique 

for improving intelligibility in dysarthria is to help an individual learn to slow down their rate 

of speech (Duffy, 2013; Yorkston, Hakel, Beukelman, & Fager, 2007; Yorkston, Hammen, 

Beukelman, & Traynor, 1990). Though a less commonly reported therapeutic goal, a faster 

rate of speech may also be suggested for some individuals with dysarthria (Dagenais, Brown, 

& Moore, 2006). Speech rate is an appealing treatment variable because it is highly 

modifiable (Blanchet & Snyder, 2009; Yorkston, Dowden, & Beukelman, 1992), and rate 

reduction has successfully been demonstrated to improve speech intelligibility across 

multiple motor speech disorders (Yorkston et al., 2007), including HkD (Adams, 1994; 

Downie, Low, & Lindsay, 1981; Hammen, Yorkston, & Minifie, 1994; Hanson & Metter, 

1983; LeDorze, Dionne, Ryalls, Julien, & Ouellet, 1992; Martens et al., 2015; Yorkston et 

al., 1990).  

It should be noted that goal of rate reduction interventions is not necessarily a normal rate 

but rather improved intelligibility. Individuals with faster rates of speech may approach a 

more “normal” rate as a consequence, but the majority of speakers with dysarthria who 

demonstrate already slower than average speaking rates will use a rate of speech even less 

like that of healthy speakers. Nevertheless, there is likely a trade-off that will be exhibited, 

such that speech that is too slow may actually lead to worse intelligibility and/or reduced 

speech naturalness (Yorkston, Beukelman, Strand, & Bell, 1999).  Considerably less 

literature has explored faster speech in talkers with PD (Kuo et al., 2014; McRae et al., 2002) 

or other types of dysarthria (D’Innocenzo et al., 2006; Turner, Tjaden, & Weismer, 1995), 

given that faster speech is rarely an appropriate therapeutic goal for these individuals. 

In a review of the literature assessing rate, loudness, and prosody-based interventions for 

motor speech disorders, Yorkston et al. (2007) identified a need for better understanding of 
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speaker candidacy for rate-reduction interventions, as well as better descriptions of how 

optimal rates are selected. A more complete understanding of the precise speech outcomes 

resulting from a wide range of rate adjustments across speech tasks and speaker profiles is 

needed in order to implement such findings in treatment. 

HkD is one subtype of dysarthria that may stand to demonstrate considerable improvements 

in intelligibility following rate reduction methods (Yorkston et al., 1990). This may be the 

case regardless of whether an individual demonstrates a faster rate of speech, as slower 

speech is thought to be associated with larger oral movements, leading to greater acoustic 

contrasts and thus more understandable speech (Yorkston et al., 1999). 

2.3.1 A note on the scope of this paper 

Throughout this thesis, the concept of speech rate modification is considered in relation to a 

given speaker’s typical rate of speech. That is, slower speech for a given speaker with a faster 

habitual rate of speech may actually approximate the typical speech of another person with a 

slower habitual rate, but it would still be considered slower for the first talker. It is assumed 

that habitual rates of speech will vary across individuals and speaking contexts, but the 

concept of speech rate modification here is considered with that in mind. 

It should be noted that in this paper, speech intelligibility is considered as a reflection of the 

ability of a typical listener to understand a spoken utterance. Speech intelligibility is a 

relative measure of the transference of a spoken message depending on both the speaker and 

the listener, as well as the linguistic and environmental context in which the message is being 

conveyed (Monsen, 1983). Historically, a large body of literature has investigated aspects of 

speech production that enhance or decrease speech intelligibility for hearing-impaired 

listeners (e.g., Metz, Samar, Schiavetti, Sitler, & Whitehead, 1985; Monsen, 1983; Nickerson 

& Stevens, 1980; Stevens, Nickerson, & Rollins, 1983). While the contributions of this body 

of work are fundamental to our understanding of the relationship between acoustic aspects of 

speech production and understandability in this population and at large, for the purpose of 

this paper, speech intelligibility will be considered from the perspective of a typical listener 

with unimpaired hearing. 
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Another research direction that has gained much attention in recent years is the relationship 

between speech intelligibility and “clear speech” (e.g., Picheny, Durlach, & Braida, 1985; 

Krause & Braida, 2002; Tjaden et al., 2014). Clear speech is a style of speaking that talkers 

may use to communicate in difficult listening situations. It has also been investigated as a 

form of intervention for dysarthric speakers (Tjaden et al., 2013a, 2013b, 2014b; Whitfield & 

Goberman, 2014). While clear speech often is produced more slowly than conversational 

speech, other articulatory and prosodic factors are likely implicated in the intelligibility 

advantage associated with it. Evidence from the clear speech literature is reported here to 

supplement findings of speech rate-related changes where appropriate, though it should be 

noted that this mode of speaking is not the primary focus of the present study. 

2.3.2 Speech rate and intelligibility 

2.3.2.1 Possible explanations 

Producing speech at a slower than habitual rate has been identified as an effective method for 

improving speech intelligibility in dysarthria (Adams, 1994; Downie et al., 1981; A. R. 

Fletcher et al., 2017b; Hammen et al., 1994; Hanson & Metter, 1983; LeDorze et al., 1992; 

Martens et al., 2015; Yorkston & Beukelman, 1981b; Yorkston et al., 1990). Several recent 

studies, however, have demonstrated that many talkers with dysarthria do not exhibit 

improved intelligibility when they reduce their speech rates, and some may even worsen 

(Fletcher et al., 2017b; Hall, 2013; Kuo et al., 2014; McAuliffe et al., 2017; Van Nuffelen, 

De Bodt, Vanderwegen, Van de Heyning, & Wuyts, 2010; Tjaden et al., 2004; Van Nuffelen, 

De Bodt, Wuyts, & Van de Heyning, 2009). In healthy talkers, it is not the case that people 

that have naturally slower habitual speech are necessarily more intelligible (Bradlow et al., 

1996; Cox, Alexander, & Gilmore, 1987). Relatedly, while faster speech has received less 

focus in the literature, one study demonstrated that faster-than-normal speech is not 

necessarily associated with reduced intelligibility in talkers with PD (Kuo et al., 2014), and it 

may even be associated with increased naturalness or acceptability in some cases (Dagenais 

et al., 2006; Logan, Roberts, Pretto, & Morey, 2002; Sussman & Tjaden, 2012). 

It is likely that the specific speech deficits of an individual impact their responsiveness to rate 

reduction (e.g., festinating speech versus hypophonia). A recent study demonstrated that 

baseline speech features could be used to predict whether loud or slow speech was a more 
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appropriate treatment strategy for individuals with dysarthria (Fletcher et al., 2017b). The 

authors found that dysarthric individuals who had greater baseline speech imprecision and 

greater temporal variability in their vowel production were more likely to see greater gains in 

intelligibility in a slow speech condition. These findings supported previous research 

suggesting that more severe speakers may be more likely to benefit from slow speech 

(Hammen et al., 1994; Pilon, McIntosh, & Thaut, 1998). 

The mechanism involved in how speech rate changes may bring about improvements or 

decrements in intelligibility is not yet fully understood. In general, the literature suggests that 

improvements in intelligibility related to slow speech cannot be easily explained by any one 

factor. Empirical evidence for the reasons underlying intelligibility improvements associated 

with rate reduction, however, is still quite limited. Studies that began testing hypotheses for 

these mechanisms, and their criticisms, are outlined below. 

2.3.2.1.1 Processing time for listener 

One hypothesis is that slowed speech allows listeners more time to decode a distorted signal 

(Hall, 2013; Hammen et al., 1994; Nishio, Tanaka, Sakabibara, & Abe, 2011). Naturally 

slowed speech in dysarthria is associated with longer speech durations, more pauses, and 

longer pauses (Hammen & Yorkston, 1996; Tjaden & Wilding, 2011b). One way to test 

whether slower speech rates, either by virtue of a slower signal alone or the presence of more 

pauses, are associated with an intelligibility benefit, is to synthetically manipulate dysarthric 

signals and measure the intelligibility changes. Studies that have synthetically manipulated 

speech by slowing it down or adding pauses, however, have generally demonstrated that 

these actions alone do not improve intelligibility to the same degree as naturally slowed 

speech for speakers with dysarthria (Hall, 2013; Hammen et al., 1994), nor for neurologically 

healthy talkers (Amano-Kusumoto & Hosom, 2011; Gordon-Salant, 1986; Krause & Braida, 

2002). One study did demonstrate that inserting brief pauses between words produced by 

dysarthric talkers was associated with 5% increase in intelligibility, however (Gutek, Rochet, 

Robin, Yorkston, & Beukelman, 1996). 

Informed by earlier investigations of deaf speech (Maassen, 1986; Massen & Povel, 1984; 

Osberger & Levitt, 1979; Uchanski, Choi, Braida, Reed, & Durlach, 1996), Hammen et al. 

(1994) synthetically altered the speech of talkers with HkD in three ways: adding pauses, 
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increasing speech durations, and both adding pauses and increasing durations. Hammen et al. 

(1994) also had participants naturally slow their speech to 60% of habitual rates using pacing 

software (Beukelman, Yorkston, & Tice, 1997). Results demonstrated that, when the audio 

was played for listeners, only the naturally slowed dysarthric speech was associated with 

better intelligibility compared to the habitual condition.  The findings of this study suggested 

that pauses or temporal increases alone could not explain benefits of slow speech in 

dysarthria. Later studies of synthetically altered dysarthric speech replicated these 

conclusions (Dagenais et al., 2006; Hall, 2013). 

2.3.2.1.2 Articulatory/acoustic undershoot 

Imprecise articulation in dysarthria is hypothesized to be related to articulatory undershoot 

(Ackermann & Ziegler, 1991; Logemann & Fisher, 1981; McAuliffe et al., 2006a, 2006b; 

Weismer, 1984b), that is, articulatory positions that do not achieve the target placement due 

to restricted movement. Slower speech may allow speakers with dysarthria more time to 

reach articulatory positions needed to produce more understandable speech. This has been 

found in some kinematic studies of dysarthric speech and rate (e.g., Adams, 1994; Caligiuri, 

1989).  The relationship between kinematic speech alterations and speech intelligibility is not 

straightforward, however. For example, Forrest et al. (1989) found relationships between 

speech intelligibility and labial amplitude and velocity in three speakers with HkD. Weismer, 

Yunusova, & Bunton (2012), however, found a relationship with tongue but not jaw or lip 

speed in people with HkD. More recently, Kearney et al. (2018) found that, despite 

improvements in articulatory working space following a novel treatment, only one of five 

individuals tested demonstrated improvements in intelligibility. 

A related hypothesis is that improvements in acoustic space, which are related but not always 

directly attributable to increases in articulatory space, provide the primary underlying reasons 

for improvements in intelligibility in slower speech. Adams (1994) observed that greater 

acoustic distinctiveness was qualitatively visible in the slowed speech of a patient with HkD 

whose intelligibility showed a marked improvement. Greater coarticulation in slower speech 

(Hertrich & Ackermann, 1995a; Tjaden, 2000a), may also allow listeners to identify segment 

or word boundaries more accurately (Fogerty & Kewley-Port, 2009). 
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In general, findings suggest that slower rates of speech are associated with greater acoustic 

distinctiveness for talkers with HkD (Adams, 1994; McRae et al., 2002; Tjaden et al., 2005; 

Tjaden & Wilding, 2004).   While studies of neurologically healthy talkers involve 

investigations of habitual rates of speech, rather than speech rate modifications, a similar 

relationship has been found such that naturally slower talkers tend to exhibit greater acoustic 

space (Bradlow et al., 1996; Tsao & Iqbal, 2006). Studies that have explored rate 

modification in healthy talkers have demonstrated evidence of increased distinctiveness in 

slow speech and decreased distinctiveness in fast speech (Adams, 1993; Miller et al., 1986; 

Tjaden, 2000a; Tjaden & Weismer, 1998; Tsao et al., 2006). 

2.3.2.2 Other considerations 

The relationship between speech intelligibility and rate in hypokinetic dysarthria is complex, 

and likely due to a number of factors including the number and location of pauses (Hammen 

& Yorkston, 1996; Hammen et al., 1994), speech naturalness (Yorkston et al., 1990), and a 

speaker’s habitual rate and speech characteristics (Feenaughty et al., 2014). Other factors that 

may play a mediating role in these could be related to speaker-specific characteristics, the 

way in which speech rate modifications are elicited, or the degree to which speech rate is 

modified. 

2.3.2.2.1 Speaker-specific/variability speech rate considerations 

Individual talkers may respond differently to how and how much they modify their speaking 

rate. Taking a within-speaker approach in order to address the issue of interspeaker 

variability, Feenaughty et al. (2014) found that habitual speech rate was associated with a 

moderate effect on intelligibility in five of 12 speakers with PD. The direction of the effect, 

however, varied across speakers. By applying a within-speaker approach, the authors found 

that the speakers who had a faster habitual rate to begin with tended to be more intelligible 

when they slowed down, whereas those who had a slower habitual rate benefited from faster 

speech. It is important to note, however, that individuals with dysarthria who demonstrate 

slower speech in general may benefit from even further slowing. 

Compared to other speaking conditions such as clear or loud speech, slow speech may not 

necessarily optimize intelligibility. For example, McAuliffe et al. (2017) found that loud, 

rather than slow speech led to overall greater improvement in intelligibility in six speakers 
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with either HkD or ataxic dysarthria, despite the finding that four of the six were most 

intelligible in the slow condition. Furthermore, neither speaking rate or nor loudness alone 

correlated with speech intelligibility (though acoustic vowel measures did). 

Fletcher et al. (2017b) explored how baseline speech characteristics could predict 

intelligibility gains in talkers with and without dysarthria across loud, slow, and habitual 

speaking conditions. The authors found that of their 43 dysarthric speakers (23 of whom had 

PD), approximately a third did not demonstrate improvements in intelligibility in either the 

loud or slow conditions. Those who did improve in the slow condition were characterized by 

having more severe speech imprecision and greater temporal vowel variability at baseline. 

Relatedly, some researchers have suggested that, due to the variability of individual 

presentations in dysarthria, grouping individuals by their perceptual speech features or 

baseline intelligibility rather than dysarthria type may be more informative (Kim et al., 2011; 

McAuliffe et al., 2017). A speaker’s baseline intelligibility may play a role in explaining 

gains or deterioration in intelligibility following rate modifications (Kuo et al., 2014; Pilon et 

al., 1998). Pilon et al. (1998) demonstrated that rate reduction led to improved intelligibility 

in two of three speakers with spastic-ataxic dysarthria; both speakers demonstrated lower 

baseline intelligibility compared to the third participant. As is seen to be the case with 

healthy speakers, whose baseline intelligibility leaves little room for improvement, the third 

and less severely impaired speaker’s intelligibility did not improve with the slower rate. 

Interspeaker variability may also be related to speaker-specific characteristics. In healthy 

talkers, men have been found to demonstrate somewhat faster speech than women (Byrd, 

1994; Jacewicz, Fox, O’Neill, & Salmons, 2009) as well as more phonological reductions 

(Byrd, 1994). Normal healthy aging leads to changes in speaking rates, such that older 

speakers demonstrate slower, more variable habitual rates of speech compared to younger 

speakers (e.g., Jacewicz et al., 2009; Amerman & Parnell, 1992; Goozee, Stephenson, 

Murdoch, Darnell, & Lapointe, 2005; Mefferd & Corder, 2014; Wohlert & Smith, 1998). 

Slower speech in older talkers is largely achieved by producing longer segment durations 

(Benjamin, 1982; Fletcher, McAuliffe, Lansford, & Liss, 2015; Jacewicz et al., 2009; Quené, 

2008; L. A. Ramig, 1983; Smith, Wasowicz, & Preston, 1988; van Brenk, Terband, van 

Lieshout, Lowit, & Maassen, 2009; Verhoeven, De Pauw, & Kloots, 2004; Yuan, Liberman, 
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& Cieri, 2006), though there is evidence that older speakers also produce shorter VOT 

(Benjamin, 1982). Despite consistent findings of overall slower habitual rates of speech in 

older speakers, it is unclear whether older speakers are able to increase their rate to the same 

extent as younger speakers when directed to do so (Goozee et al., 2005; van Brenk et al., 

2009). 

2.3.2.2.2 Rate control methods 

Altering one’s natural rate of speech is not an easy task, and there are multiple techniques 

that have been developed to elicit speech rate changes. Common methods include the 

following. Voluntary rate control involves an individual modifying their own rate speech to a 

self-selected target when told to do so. Magnitude production is one example of this, in 

which a speaker may be instructed to speak at a rate that feels two times faster or slower than 

their normal rate of speech. As previously mentioned, increased speech rate is a far less 

common treatment target compared to rate reduction, and as such comparisons of methods of 

eliciting faster speech for talkers with dysarthria have not been reported to the author’s 

knowledge. 

“Rigid” methods of rate control sometimes refer to techniques that require a person speak 

one word at a time and may be facilitated by different pacing mechanisms. Some pacing 

techniques in the literature include the use of metronomes or pacing boards. Specialized 

software (PACER; Beukelman et al., 1997) has also been developed for this purpose. 

Feedback methods such as visual oscilloscopic or delayed auditory feedback (DAF) facilitate 

rate alterations as speakers adjust their own rate to a stimulus target. Visual feedback 

involves seeing an acoustic representation of one’s speech and modifying the rate in order to 

achieve certain predetermined criteria, for example, “fill the screen” (Blanchet & Snyder, 

2009). DAF requires that the user wear a small device consisting of a microphone and 

earpiece. As they speak, the acoustic signal is played back to them and is delayed by a small 

amount (usually between 25 ms and 200 ms). The goal is that the talker must slow their 

natural speech in order to “catch up” with the distorted signal (Blanchet & Snyder, 2009). 

DAF is thought to require relatively little training for a patient to learn (Yorkston, 

Beukelman, & Bell, 1988), whereas visual feedback requires the speaker attend more directly 

to the stimulus. Greater durations of DAF (i.e., within the range of 25 ms up to 200 ms) are 
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typically associated with slower rates of speech, though gains in speech intelligibility are 

typically reported within 50ms to 150ms (Blanchet & Snyder, 2009).  

Early case studies suggested that slowed speech aided by DAF were especially beneficial to 

some individuals with severe speech deficits characterized by short rushes and festinating 

speech (Adams, 1994; Downie et al., 1981; Hanson & Metter, 1983), but less effective for 

speakers with more mild impairments or impairments not specifically characterized by 

festination. 

Comparisons of different rate control methods and target rates have yielded differences in the 

efficacy of eliciting slower speech (Odlozinski, 1998; Van Nuffelen et al., 2010) and 

improving intelligibility or naturalness (Van Nuffelen et al., 2010, 2009; Yorkston et al., 

1990). Odlozinski (1998) compared four rate control procedures including magnitude 

production, DAF, visual pacing, and auditory pacing (i.e., metronome) at multiple rates with 

speakers with PD and healthy controls. Magnitude production was found to be less effective 

in rate reduction compared to DAF and visual or auditory pacing techniques for individuals 

with PD. 

Van Nuffelen and colleagues compared seven rate control methods and their effect on visual 

analog scale intelligibility ratings in speakers with dysarthria, including PD (Van Nuffelen et 

al., 2010, 2009). The methods examined included speaking slower on demand, three pacing 

techniques (pacing board, alphabet board, hand tapping), and three DAF conditions (50ms, 

100ms, 150ms) during a reading passage. Compared to habitual speech rate, the authors did 

not find an overall increase in intelligibility for any of the rate control methods. They did, 

however, find clinically significant intelligibility improvements in five of 19 participants, 

two of which had HkD (Van Nuffelen et al., 2009). An extension of this study (Van Nuffelen 

et al., 2010) included more individuals with dysarthria with the goal of identifying 

differences across rate methods. The authors found improvements in intelligibility in 

approximately half (13 of 27) of individuals following rate reduction. Furthermore, maximal 

intelligibility in these individuals did not necessarily correspond to the rate reduction method 

that led to the greatest decrease in speech rate. That is, the slowest rate was not necessarily 

the one associated with the highest intelligibility, though with the exception of the DAF 

conditions, the authors did not systematically explore a rate continuum across the other 
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metrics. These findings indicate a complex relationship between rate reduction and 

intelligibility, and further emphasize a need to understand patterns within individuals that 

would make them viable candidates for rate reduction interventions. 

Yorkston et al. (1990) distinguished four kinds of pacing techniques along presentation and 

timing dimensions. In terms of presentation, additive methods presented one word at a time 

whereas cued methods presented a whole sentence at a time, and instead underlined each 

word. In terms of timing, metered pacing involved prompting the production of each word at 

equal time intervals, whereas rhythmic pacing involved presenting each word at a rate 

intended to be more naturalistic. The authors hypothesized that metered rate techniques 

would disrupt speech naturalness and, consequently, intelligibility. Contrary to expectations, 

however, the authors found that the largest gains in intelligibility occurred in metered rate 

control conditions. Furthermore, the authors found intelligibility gains at the sentence, but 

not phonemic level, indicating that more connected speech was subject to greater 

improvements in intelligibility following rate reduction. 

In summary, the effectiveness of rate modification may depend on a talker’s habitual rate of 

speech and the manner of elicitation. These factors should be carefully considered in all 

studies involving rate manipulation. 

2.3.2.2.3 Degree of adjustment 

The majority of studies that have explored rate modification have done so by eliciting only 

one or two different rates (e.g., a “slow” and/or “fast” rate). The extent to which a speaker 

slows down (or speeds up) likely has a bearing on the extent to which intelligibility changes 

are noted. 

Two studies have demonstrated that slowing rates to 60% of speaker’s habitual rate 

(compared to 80% and the habitual rate) led to substantial improvements in sentence 

intelligibility in speakers with HkD (Hammen et al., 1994; Yorkston et al., 1990). 

In their review of different rate control methods, Van Nuffelen et al. (2009) explored three 

different DAF rates conditions: 50, 100, and 150 ms. As previously mentioned, greater 

durations of DAF (within the range if 50 ms up to 150ms) are typically associated with 

slower rates of speech. While there was a trend for the slower rates to be associated with 
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lower intelligibility, differences between these DAF rate conditions were not statistically 

significant. Their follow-up study further found that maximal rate reduction was not 

necessarily associated with maximal intelligibility gains (Van Nuffelen et al., 2010). 

Yorkston et al. (1999) described the likelihood of a trade-off between speech accuracy and 

speech naturalness such that, for a given speaker with dysarthria, there may exist an 

intelligibility peak. Speaking too slowly in relation to this hypothetical peak would result in 

poorer understanding because of compromised speech naturalness, whereas speaking too 

quickly would lead to imprecise articulation. Yorkston et al. (1999) asserted that the goal of 

speech rate modification intervention is to identify a target rate that “will allow an optimal 

level of intelligibility without degrading naturalness unnecessarily” (pp. 416). 

Few studies have examined more than two rate manipulation conditions in dysarthria 

(Tjaden, 2000a, 2003), and none of these multi-rate studies explored changes in 

intelligibility. Evidence from multi-rate studies in healthy talkers suggests that individuals do 

not modify their speaking rate in a linear fashion (Adams, 1993; Tsao et al., 2006). Rather, 

healthy speakers tend to make smaller adjustments on the faster end of the rate continuum, 

and larger adjustments on the slower end, resulting in a quadratic or more complex non-

linear relationship between intended and actual speech rate (Adams, 1993). The associated 

changes in intelligibility along such a continuum is presently unknown. 

2.3.2.3 Summary 

The relationship between speech rate and intelligibility is likely nonlinear, though the precise 

relationship is difficult to speculate without the inclusion of a wider range of rate conditions. 

Van Nuffelen et al. (2010) found that while improvements in intelligibility were observed in 

approximately half of their subjects following rate reduction, the maximal rate reduction was 

not necessarily associated with maximal intelligibility. Yorkston et al. (1999) suggested a 

trade-off between speech intelligibility and rate, such that at both very slow and very fast 

rates intelligibility suffers, while intelligibility gains can be identified somewhere in between. 

This curvilinear relationship may differ across individuals. 

Taken together, these findings suggest that the relationship between speech rate and 

intelligibility is complex and varies across individuals. A deeper exploration into the acoustic 
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changes associated with speech rate modifications and their potential impact on intelligibility 

will be discussed in the following section. 

2.3.3 Speech rate and acoustic distinctiveness 

Literature on the relationship between speech rate and acoustic distinctiveness largely 

supports the finding that slower speech is associated with increases the acoustic 

distinctiveness of vowels, as evidenced by acoustic vowel expansion, in both healthy talkers 

(Fletcher et al., 2015; Fourakis, 1991; Tjaden & Wilding, 2004; Tsao & Iqbal, 2006; Turner 

et al., 1995; Weismer, Laures, Jeng, Kent, & Kent, 2000) and talkers with HkD (Buccheri, 

2013; McRae et al., 2002; Tjaden et al., 2005; Tjaden & Wilding, 2004). Though less 

researched, some studies have also demonstrated increases in consonant spectral 

distinctiveness (McRae et al., 2002; Tjaden & Wilding, 2004). Most studies reporting 

acoustic consonantal changes resulting from speech rate adjustments, however, have focused 

instead on segment durations rather than spectral changes. This section will summarize this 

literature for both individuals with PD and neurologically healthy talkers. 

2.3.3.1 Consonant distinctiveness 

Spectral stop distinctiveness (specifically /t, k/) and sibilant distinctiveness (/s, ʃ/) have been 

shown to increase with slow speech in some but not all cases (McRae et al., 2002; Tjaden & 

Wilding, 2004). The paucity of literature on consonantal changes across distinct speaking 

modes and speaker groups makes identifying a pattern of change following rate reduction 

challenging. McRae et al. (2002) found that a slow speaking rate did not bring about 

significant changes in spectral distinctiveness, despite a trend of increased spectral 

distinctiveness in slow speech and reduced distinctiveness in fast speech. Tjaden & Wilding 

(2004) found that spectral stop distinctiveness did improve in slow speech condition in some 

speakers with HkD, but loud speech led to improvements in a greater number of speakers. 

2.3.3.2 Vowel production 

A central focus of several studies investigating the acoustic implications of speech rate is the 

consequences on vowel formant production. As stated above in Section 2.2.2.2, vowels are 

typically characterized acoustically by two high-energy frequency bands, F1 and F2. Formant 

values, measured in Hz, may be measured in isolation or together as an index. Formant 
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trajectories, for example, involve identifying the degree of change from two time points over 

the course of vowel production. This is often done for diphthongs, which are produced as 

“moving vowels” (Kent, Weismer, Kent, Vorperian, & Duffy, 1999). Composite measures 

are often used as a proxy of acoustic working space during vowel production, for example, in 

measures of vowel space, distance, or dispersion. 

2.3.3.2.1 Vowel space 

In general, larger vowel space areas have been found to be associated with slowed speech in 

dysarthria, and smaller vowel spaces with faster speech (Buccheri, 2013; McRae et al., 2002; 

Tjaden et al., 2005; Tjaden & Wilding, 2004), though often these changes fail to reach 

statistical significance despite consistent trends. For example, Tjaden & Wilding (2004) 

found that in a group of speakers with dysarthria secondary to PD or to multiple sclerosis, 

while there was an overall expansion in vowel space in a slow speech condition, only the 

multiple sclerosis group showed significant differences.  Similarly, changes in vowel space 

have been found to be significantly related to rate reductions in other dysarthric groups such 

as speakers with amyotrophic lateral sclerosis (Turner et al., 1995; Weismer et al., 2000) and 

cerebral palsy (Hustad & Lee, 2008). 

Tjaden and colleagues have demonstrated that enhancements in acoustic vowel measures 

occur with slow speech, but that other speaking methods such as clear and loud speech may 

bring about greater changes in some cases. Tjaden & Wilding (2004) found that slow speech 

was associated with greater gains in vowel space compared to loud and clear speech, but the 

greatest gains in F2 slope, the degree of increase in vowel frequency over time, were found 

with loud speech. Loud speech was also associated with greater gains in acoustic stop 

consonant distinctiveness and intelligibility.  Tjaden et al. (2013a) found that clear speech 

led to overall greater differences in tense and lax vowel space and vowel distinctiveness 

(measured by dispersion and vowel lambdas) when compared to habitual, loud, and slow 

speech conditions. Buccheri (2013) found that acoustic distances between front and back 

vowels /i/ and /a/, as well as measures of vowel dispersion, increased in both clear and slow 

speech. 

As with speakers with HkD, in neurologically healthy individuals, slower rates of speech are 

associated with greater acoustic vowel space (Fletcher et al., 2015; Fourakis, 1991; Tjaden & 
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Wilding, 2004; Tsao & Iqbal, 2006; Turner et al., 1995; Weismer et al., 2000), whereas faster 

rates of speech are characterized by vowel formant undershoot (Lindblom, 1963; Tsao et al., 

2006). Vowel undershoot occurs when speakers fail to reach the articulatory target to 

produce a particular vowel. The result is what is referred to as vowel reduction or 

centralization, in which the acoustic output corresponds to a more neutral tongue position, 

causing the resulting vowel productions to be less acoustically and possibly perceptually 

distinct from one another. Seminal work investigating these processes was carried out by 

Lindblom (1963). Vowel reduction is also known to occur in unstressed or phonologically 

short vowels, regardless of speaking rate (Moon & Lindblom, 1994), as well as in more 

casual, conversational speaking styles (Byrd, 1994; Lindblom, 1990; Picheny et al., 1986). 

While this phenomenon of vowel formant undershoot in healthy talkers is a well-accepted 

occurrence in spoken language, both at habitual rates and when speaking rate is voluntarily 

adjusted (Bradlow et al., 1996; Fourakis, 1991; Miller, 1981; Turner et al., 1995), it is not 

ubiquitous (Engstrand, 1988; Gay, 1978; Hirata & Tsukada, 2004; Van Son & Pols, 1990). 

For example, Tsao et al. (2006) found that while slower habitual speakers tended to have 

larger vowel spaces than faster speakers, there was also substantially greater variability. As a 

consequence, significant differences in vowel space did not emerge between the “faster” and 

“slower” speakers. Neither Van Son & Pols (1990) nor Engstrand (1988) found evidence of 

vowel reduction in fast speech in Dutch or Swedish, respectively.  Hirata & Tsukada (2004) 

found that, in Japanese, speaking rate did not have an effect on vowel formant space, though 

phonological vowel length did. Short mid vowels (/e/ and /o/) were most susceptible to 

reduction than longer more peripheral vowels. 

2.3.3.2.2 Formant slopes, coarticulation, and rate 

During speech, the tongue must move to achieve the distinct articulatory positions required to 

produce the intended sounds. The surrounding phonetic environment is known to influence 

the production of sounds as part of a process known as coarticulation (e.g., Fowler, 1980; 

Fowler & Saltzman, 1993; Rogers, 2014).  In some cases, such as in fast or casual speech, 

these articulatory gestures overlap with one another, which has an effect on the acoustic 

output (Agwuele, Sussman, & Lindblom, 2008; Tjaden & Weismer, 1998). 
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Formant slopes capture the change in formant frequency over time and are thus inherently 

both 1) an ideal acoustic measure of coarticulation and 2) impacted by speech rate. Formant 

slopes are also thought to be an acoustic index that is directly associated with articulatory 

movement (Kent et al., 1999; Weismer & Martin, 1992; Weismer et al., 1992). In particular, 

the slope of the second formant (F2) relates to lingual advancement. Despite this, F2 slope 

measures have not received as much attention in speech rate modification studies compared 

to vowel space measures. 

Coarticulation may manifest as perseverative (whereby the preceding sound influences the 

upcoming one) or anticipatory (anticipation of the upcoming sound influences the preceding 

one; Hertrich & Ackermann, 1995b). This is most often measured by the degree to which a 

given vowel formant transition is altered according the spectral characteristics of the 

surrounding phonetic environment.    

In a series of graded speech rate experiments, in which participants were asked to produce a 

given phrase in a progressively faster or slower manner, Tjaden investigated coarticulation as 

measured by F2 trajectories in neurologically healthy talkers (Tjaden & Weismer, 1998) and 

talkers with PD and HkD (Tjaden, 2000a). She found similar coarticulatory patterns in faster 

and slower speech in talkers with HkD compared to healthy controls, but that these patterns 

were more systematic and less variable for the healthy talkers (Tjaden, 2000a, 2003). 

Tjaden & Wilding (2004) measured F2 slope in diphthongs produced in loud and slow 

speech for talkers with dysarthria secondary to PD or multiple sclerosis. The authors found 

that F2 slopes were shallower (less precise) in slow speech compared to loud speech, and that 

a difference was noted for only half of the speakers. In healthy talkers, speech rate was found 

to partially account for the variability found in F2 trajectories in healthy talkers (taking into 

account not only F2 slope but also onset and target F2 frequencies), though there was high 

interspeaker variability (Tjaden & Weismer, 1998). In healthy talkers, faster speech is often 

associated with a greater degree of coarticulation compared to slow speech (Hertrich & 

Ackermann, 1995b; Tjaden & Weismer, 1998; cf. Van Son & Pols, 1990; Zsiga, 1994). 

Hertrich & Ackermann (1995b) found that, in German CVC contexts, slow speech was 

associated with reduced perseverative coarticulation, but unchanged or in some cases 

increased anticipatory coarticulation. 
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Taken together, the evidence for acoustic vowel articulation patterns occurring in fast and 

slow speech asserts the value of using appropriate vowel metrics to document speech 

changes that arise during rate modification. The evidence for consonant acoustics is less clear 

but suggests an important gap in the literature regarding how speech rate adjustments impact 

consonant precision and distinctiveness. 

2.4 Relationships between speech acoustics and 
intelligibility 

Research undertaken to identify the causal acoustic underpinnings of speech intelligibility in 

dysarthria has a rich history of methodological advancements and insights but faces many 

challenges in describing the overall relationship. It is currently unclear what the most reliable 

acoustic variables are of speech intelligibility deficits in PD, and how the relationship 

between speech acoustics and intelligibility changes across tasks, speech styles, and 

individuals. This section briefly reviews the literature that has investigated these patterns. 

One difficulty is determining whether a relationship found between an acoustic variable and 

the perceptual measure of intelligibility is related to the “third variable effect” (Monsen, 

1978; Weismer et al., 2001; Weismer & Martin, 1992), that is, whether the change in 

intelligibility relates to the variable in question or another related feature, such as severity. 

The use of multivariate regression may allow more meaningful interpretations of these 

relationships (Weismer & Martin, 1992). Measures of accuracy, rather than scalar metrics of 

intelligibility may also provide more insight into the causal relationships between 

articulatory-acoustic features and intelligibility deficits, which is of chief concern from a 

clinical standpoint.  

Studies that have explored combinations of different speech subsystem variables in order to 

determine those that have the greatest influence on intelligibility point towards articulatory 

measures as potentially the greatest contributors, compared to, for example, voice measures 

(De Bodt, Huici, & Van De Heyning, 2002; Kim et al., 2011). Suprasegmental measures 

related to voice, resonance, and prosody have also been found to be related to intelligibility 

and acceptability in PD (Feenaughty et al., 2014; Kim et al., 2011; Martens et al., 2015; 

Whitehill, Ciocca, & Yiu, 2004). 
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In general, the literature supports findings that measures of vowel space and vowel overlap 

are often highly predictive of intelligibility in PD (Feenaughty et al., 2014; Kim & Choi, 

2017; Kim et al., 2011; Lansford & Liss, 2014; McRae et al., 2002; Tjaden & Wilding, 

2004). Measures of second formant (F2) movement, including F2 slopes in diphthongs (Kim 

et al., 2011, 2009; Tjaden et al., 2013b; Weismer et al., 2001, 2012) and F2 interquartile 

ranges across an utterance (Kuo et al., 2014; Yunusova et al., 2005) have also indicated 

strong relationships with intelligibility. Consonant metrics such as spectral differences 

between /s, ʃ/ and /t, k/ have been found to be related as well, but to a lesser extent than 

vowel articulatory measures (Kim et al., 2011; Tjaden & Wilding, 2004; Yunusova et al., 

2005).  

Kim et al. (2011) studied the contribution of eight acoustic measures on intelligibility in a 

group of people with dysarthria of varying etiologies including PD. That study found six 

measures to be significantly correlated across the pooled participant groups following a 

regression analysis. These were vowel space, F2 slope, sibilant spectral differences, voiceless 

interval duration, articulation rate, and F0 range. Speech intensity and a metric of variability 

were the two measures that did not demonstrate significant correlations with intelligibility. 

Within groups, only F2 slope was significantly associated with intelligibility for all 

dysarthric speaker groups. Articulation rate was significantly associated with all dysarthric 

groups except the PD group, which may reflect the speech rate abnormalities present in this 

population. This work suggests that acoustic correlates of speech intelligibility likely differ 

across distinct speech subgroups. 

To this end, Yunusova et al. (2005) investigated acoustic correlates of intelligibility in PD at 

the group level, as well as within individual speakers. The authors found that across the 

group, F2 interquartile range and the number of words in a breath group were associated with 

listeners’ abilities to identify spoken words and sentences. Within individual talkers, 

however, varied patterns of significant predictors of intelligibility emerged. 

There is some evidence to suggest that the relationship between perceptual and acoustic 

variables varies at different speaking rates (Kuo et al., 2014; McRae et al., 2002; Tjaden & 

Wilding, 2004), but the relationship between intelligibility and acoustics across rates is 

largely inferred. It is not currently known what acoustic measures are most important when a 
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wide range of speech rates are taken into account. What is clear is that the connection 

between acoustic speech features and intelligibility in PD is obviously multifactorial and 

depends on aspects of the speakers, listeners, and linguistic and situational factors. 

2.5 Summary and rationale for proposed study 

In summary, speech changes associated with modifications to speaking rate are diverse in 

people with PD. While many studies have demonstrated improvements in intelligibility 

following rate reduction, others have found declines or no change. In a small number of 

studies, improvements in intelligibility and voice quality have been found in faster speech. 

Yorkston et al. (1999) suggested that there is likely a trade-off between speech intelligibility 

and rate, such that for a given individual with PD, the optimal speech rate for intelligibility 

may fall somewhere between very slow and very fast. The tremendous amount of variability 

in the speech presentations of people with PD and especially in those who have received 

DBS make it difficult to discern what this “optimal” rate might be, given that nearly all 

studies that have investigated the effects of rate modification on speech acoustics and 

intelligibility to this point have explored only one or two rate adjustments (e.g., “speak two 

times slower”). 

Studies of rate manipulation that encapsulate a wider continuum of rates have the power to 

inform researchers on 1) the extent to which modifying rate impacts the intelligibility of an 

utterance, 2) the kinds of changes that occur when speech rate is increased or decreased, and 

3) how variations in these changes affect speaker groups and across individual speakers. HkD 

is a subtype of dysarthria associated primarily with PD that offers particularly valuable 

insight into these changes given the characteristic speech symptoms (abnormal rates, smaller 

movements, decreased segmental distinctiveness and prosodic insufficiency). Furthermore, 

individuals with PD who have received DBS often experience further speech detriment, but 

they have largely been understudied in rate modification literature. 

To reiterate, slowing down one’s speech rate may allow time for talkers with HkD to reach 

the intended articulatory targets, rather than undershooting as is often evidenced in their 

habitual speech. Greater articulatory space thus leads to an expanded acoustic space, as 

demonstrated by increases in vowel space, formant transitions, and spectral moment 

differences. Given the variability and occasional improvements in speech outcomes 
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associated with faster speech, this too merits further investigation for this population. 

Determining the precise changes that occur for these speakers across a range speech tasks 

and speech rates will permit researchers to better understand the specific differences that lead 

to optimal speech intelligibility and how these targets are achieved. 

Examining the nature of changes 1) within each rate condition, 2) in relation to an individual 

speaker’s habitual rate, and 3) over the course of the full continuum is important to 

understand group and individual differences. To date, no study has systematically examined a 

rate continuum in speakers with dysarthria in this way.   

2.6 Primary research questions and hypotheses 

The purpose of the current study is to identify changes in acoustic distinctiveness and speech 

intelligibility in PD across a broad continuum of speech rate alterations and speech tasks in 

order to advance understanding of the effects of rate manipulation, which is a common form 

of speech intervention. 

Overall hypothesis: A broad continuum of speech rate changes will be associated with non-

uniform changes in speech acoustics and speech intelligibility, and the nature of these speech 

changes will differ by speaker group and speech task. Specific research questions are stated 

below, followed by hypotheses generated from the current literature. 

1. What differences in terms of the range of self-selected speech rates exist across 

speaker groups (younger and older controls, people with PD with and without DBS) when 

instructed to modify their rate from very slow to very fast? 

• Hypothesis: The healthy control groups will demonstrate a wider range of 

volitional speech rates compared to the clinical groups. 

2. What are the acoustic-phonetic changes that occur in PD and control groups along a 

speech rate continuum? 

• Hypothesis: Slower speech will be increasingly associated with increases in 

speech segment durations and acoustic distinctiveness, whereas faster speech will 
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be associated with the reverse trend. The magnitude of change will be greater for 

healthy talkers. 

3. How does such speech intelligibility vary in PD and control groups along a speech 

rate continuum? 

• Hypothesis: Overall, slower speech will be judged as more intelligible than fast 

speech, and control groups will be rated as more intelligible than PD groups. 

4.  What differences in speech intelligibility exist across speech tasks along a speech rate 

continuum?  

• Hypothesis: More natural speech will be associated with stronger rate effects 

compared to less natural speech. 

5. What is the relationship between speech acoustics and intelligibility across this rate 

continuum? 

• Hypothesis: Acoustic predictors of intelligibility will include variables that 

demonstrate sensitivity to changes in speech rate.  
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3 Methods 

3.1 Overview 

Three experiments were completed in order to address the research questions. Experiment 1 

was a speech production study. Speech stimuli collected from Experiment 1 were used for 

acoustic analyses, as well as stimuli presented in the subsequent perceptual experiments, 

Experiments 2 and 3. Experiment 2 was a perceptual transcription task featuring one speech 

task elicited in Experiment 1. Experiment 3 was a perceptual intelligibility estimation task 

featuring two speech tasks elicited in Experiment 1. The procedures involved in these 

experiments are detailed in Sections 3.2 - 3.3. Outcome variables of interest for each 

experiment are reported in Section 3.4, and the statistical analysis procedure details appear in 

Section 3.5. 

The study was approved by the Health Sciences Research Ethics Board at Western 

University (Appendix A) and the Lawson Health Research Institute (Appendix B). All 

participants provided informed written consent. All three experiments were conducted under 

the same ethics approval. 

3.2 Experiment 1: Speech production experiment 

3.2.1 Participants 

Four participant groups were included in the final study: two healthy cohorts and two PD 

cohorts. At the study onset, a fifth clinical group was included (individuals with ataxic 

dysarthria). Due to difficulties in recruitment, however, this group was dropped and is not 

reported here. The final groups consisted of 1) younger healthy control participants (YC), 2) 

older healthy control participants (OC), 3) people with Parkinson’s disease and dysarthria 

who were receiving standard pharmaceutical interventions (PD), and 4) people with 

Parkinson’s disease and dysarthria who had undergone deep brain stimulation surgery (DBS). 

Participant demographics for the PD, DBS, and OC groups are reported in Table 1, Table 2 

and Table 3. YC group demographics are described in the text. 
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Exclusion criteria for all groups included 1) history of speech or language impairments (aside 

from HkD in the clinical groups)1, 2) history of any neurological disorder (with the exception 

of PD for the clinical groups), 3) self-reported inadequate vision or uncorrected vision for 

reading print, and 4) currently undergoing speech therapy. 

Seventeen participants in the YC group (9 male) were recruited as students or alumni from 

Western University. Inclusion criteria for the YC group included: 1) speak North American 

English as a first language 2) self-report normal speech and hearing, 3) be between the ages 

of 18 and 35. 

Nineteen participants in the OC group were recruited from the community. Inclusion criteria 

for the OC group did not differ from the YC group with the exception of age and hearing 

status. The age restriction for the OC group was 50 to 90 years. Furthermore, self-reported 

age-related hearing concerns were permitted, as were the use of hearing aids. Two 

participants were excluded on the basis of being native British or Irish English speakers and 

having moved to Canada as adults (thus, maintaining a non-North American English accent), 

leaving 17 participants (11 male) in the final group. 

Parkinson’s participants (both the PD and the DBS groups) were recruited through the 

Movement Disorders Centre at University Hospital in London, Ontario. In addition to 

meeting the same inclusion criteria as the OC group, participants in the two clinical cohorts 

were deemed eligible if they had 1) received a diagnosis of Parkinson’s disease at least one 

year prior, 2) were stabilized on anti-parkinsonian medication (or via surgical settings), and 

3) had demonstrated evidence of at least mild HkD, as identified by a neurologist on the 

Unified Parkinson’s Disease Rating Scale (UPDRS). Charts for the DBS participants were 

not available to the researcher in all cases, however, and so some DBS participants were 

recruited without prior knowledge of their speech symptoms. 

 

1
 Exceptions to this included reports of childhood stuttering, which two PD participants reported had reemerged 

with PD (PD01, PD03). One DBS participant reported having had seen a speech-language pathologist as a child 

but could not recall the reason. Two participants reported having had a transient ischemic attacks that did not 

result in speech disturbances several years prior (PD01 and PD14). Two control participants reported no history 

of speech, language, or neurological disorders, but presented with mild articulatory abnormalities (OC06 and 

OC10). Given they were both aware of these and did not attribute them to any disease or incident, data from 

these participants was retained. 
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Twenty-two participants were recruited in the PD group (18 male). Of these, two reported 

they spoke Dutch as a native language and had English as young children after moving to 

Canada (PD310, PD320), but reported growing up speaking North American English and 

were thus included in the final study. One participant reported speaking Spanish at home as a 

child (PD01) but received all schooling in English in Ontario and reported English as his 

dominant language. One participant grew up speaking English in Trinidad and reported 

moving to Ontario in his twenties (PD16). One participant reported having received spinal 

cord stimulation approximately six months prior. 

Thirteen participants were recruited for the DBS group (11 male). One DBS participant was 

excluded on the basis of a self-reported history of stroke that resulted in speech changes, and 

was thus excluded, leaving 12 in the final group.    

In total, 69 participants were recruited for the study: 17 younger healthy controls (YC; 9 

male), 17 older healthy controls (OC; 11 male), 22 people with PD receiving standard 

pharmaceutical treatment (PD; 18 male), and 12 people with PD who had received DBS 

surgical intervention (DBS; 10 male). 

3.2.1.1 Additional intake and demographic information 

All participants with the exception of those in the YC group underwent additional testing that 

was not exclusionary. This included a 40 dB SPL hearing screening at 0.5, 1, 2, and 4 kHz 

(unless the participant was wearing hearing aids), and completion of the Montreal Cognitive 

Assessment (MoCA). Two OC, four PD, and two DBS participants reported wearing 

dentures2.   

All participants supplied basic demographic information. For all participants, this included 

(a) age, (b) sex, and (c) any self-reported speech, language, hearing, or neurological 

concerns.  The clinical groups also reported (e) the duration since their PD diagnosis, (f) 

whether they had previously received speech-language therapy, and when, and (g) a list of 

PD-specific medications. All measures were collected via self-report. Deviant perceptual 

 

2
 Two DBS participants reported they did not wear dentures but were planning to be fit for them. 
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characteristics listed in the tables below were determined by the author by listening to the 

conversational speech samples elicited during the habitual speech task. Characteristics were 

noted according to the recommended dimensions used by the Mayo Clinic dysarthria studies 

(Duffy, 2013), which were adapted from the original features described by Darley, Aronson, 

and Brown (1969a; 1969b; 1975). Note that these features were not determined during a 

standardized passage reading, as is often recommended (Duffy, 2013); this was due to time 

restrictions during the study.   

Table 1: Demographic data for Parkinson’s disease group (no DBS). 

Participant Sex Age MoCA 

Years 

post-

diagnosis 

PD 

medications 

Deviant perceptual 

characteristics 

Mean 

intelligibility 

01 m 60 29 12 Levodopa 
monopitch, monoloud, 

quiet voice, breathy voice 
96.2 

02 m 65 18 14 ApoLevocarb 

monopitch, monoloud, 

quiet voice, imprecise 

consonants, distorted 

vowels, wet voice 

80.2 

03 m 65 23 12 Levodopa 

repeated phonemes, 

imprecise consonants, 

monoloudness, short 

rushes of speech, short 

phrases, fast speech 

  50 

04 m 66 28 35 Levodopa 

hoarse voice, breathy 

voice, monoloudness, 

monopitch, short rushes 

of speech, imprecise 

consonants, fast rate 

66.3 

05 m 73 27 7 Levodopa 

quiet voice, short 

phrases, short rushes of 

speech, fast rate 

95.1 

06 f 67 30 10 NA 
fast rate, short rushes of 

speech, breathy voice 
97.1 

07 m 72 29 9 
Levodopa, 

Amantadine 

imprecise consonants, 

breathy voice, increased 

pitch 

96.9 
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Participant Sex Age MoCA 

Years 

post-

diagnosis 

PD 

medications 

Deviant perceptual 

characteristics 

Mean 

intelligibility 

08 m 85 24 4 Levodopa 

harsh voice, hoarse 

voice, breathy voice, 

imprecise consonants 

87.2 

09 m 56 28 25 
Levodopa, 

Amantadine 

strained-strangled voice, 

high pitch, imprecise 

consonants, short rushes 

of speech, forced 

expiration, fast speech 

81.5 

10 m 71 25 5 Levodopa 

imprecise consonants, 

distorted vowels, high 

pitch, hyponasality 

  86 

11 m 68 25 8.5 
Pramipexole, 

Levodopa 

breathy voice, hoarse 

voice, whispered voice, 

high pitch 

92.5 

12 m 72 24 15 
Levodopa, 

Pramipexole 
hypernasality, monopitch 96.3 

13 m 62 26 3 ApoLevocarb 

hoarse voice, breathy 

voice, imprecise 

consonants, distorted 

vowels, wet voice, short 

rushes of speech 

87.2 

14 m 90 24 10 NA 

hypernasality, high pitch, 

imprecise consonants, 

distorted vowels, 

monopitch 

91.9 

15 m 70 28 2 Levodopa 

short rushes of speech, 

imprecise consonants, 

high pitch, breathy voice 

90.7 

16 m 73 23 10 Levodopa 

hoarse voice, imprecise 

consonants, breathy 

voice, monopitch 

92.8 

17 f 71 26 5 Levodopa hoarse voice 97.4 
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Participant Sex Age MoCA 

Years 

post-

diagnosis 

PD 

medications 

Deviant perceptual 

characteristics 

Mean 

intelligibility 

18 m 64 28 6 Levodopa 

imprecise consonants, 

distorted vowels, short 

rushes of speech, 

monopitch, 

monoloudness 

  68 

19 f 68 28 18 Duodopa 

breathy voice, hoarse 

voice, imprecise 

consonants 

78.3 

20 f 73 25 30 

Levodopa, 

Mirapex, 

Amantadine, 

Apo-

Gabapentine 

imprecise consonants, 

short rushes of speech, 

fast rate 

90.3 

21 m 64 28 8 Mirapex 

monopitch, 

monoloudness, imprecise 

consonants, high pitch, 

breathy voice, hoarse 

voice 

89.4 

22 m 71 25 10 
Levodopa, 

Pramipexole 
imprecise consonants 90.6 

Note: PD = Parkinson's disease; MoCA = Montreal Cognitive Assessment (out of 30). Two PD 

participants (PD06, PD14) were unsure of their current medication list, which are listed here as NA. 

Deviant perceptual characteristics for the PD and DBS groups correspond to features noted during 

the habitual conversational speech samples. Mean intelligibility corresponds to the mean 

intelligibility ratings for each participant during sentence production in the habitual rate condition, as 

judged by the listener participants (NB: this was not a standardized intelligibility assessment). 

Table 2: Demographic data for the Parkinson’s disease with DBS group. 
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Participant Sex Age MoCA 

Years 

post-

diagnosis 

Years 

since 

DBS 

surgery 

PD 

medications 

Deviant perceptual 

characteristics 

Mean 

intelligibility 

01 m 60 24 12 2 
Levodopa, 

Amantadine 

hoarse voice, breathy 

voice, monoloudness, 

monopitch, imprecise 

consonants, prolonged 

intervals 

91.8 

02 f 71 16 25 9 Levodopa 

imprecise consonants, 

short rushes of speech, 

fast rate, breathy voice, 

hoarse voice 

75.3 

03 m 63 24 18 9 
Amantadine, 

Levodopa 

imprecise consonants, 

short rushes of speech, 

increased rate overall, 

high pitch, breathy 

voice, hoarse voice 

60.9 

04 m 73 20 12 4 Levodopa 

strained-strangled 

voice, imprecise 

consonants, distorted 

vowels, prolonged 

phonemes 

33.8 

05 m 56 27 16 6 Levodopa 
harsh voice, imprecise 

consonants, monoloud 
88.8 

06 m 59 16 13 5 

Levodopa, 

Amantadine, 

Sinemet 

imprecise consonants, 

high pitch, breathy 

voice 

80.4 

07 f 69 25 16 3 Levodopa 

strained-strangled 

voice, breathy voice, 

audible inspiration, 

loudness decay 

89.9 

08 m 66 28 14 6 Levodopa 

pitch breaks, flutter, 

breathy voice, hoarse 

voice, imprecise 

consonants, 

inappropriate silences 

90.6 



 

 

 

44 

Participant Sex Age MoCA 

Years 

post-

diagnosis 

Years 

since 

DBS 

surgery 

PD 

medications 

Deviant perceptual 

characteristics 

Mean 

intelligibility 

09 m 55 28 8 1 Levodopa 

imprecise consonants, 

hoarse voice, short 

rushes of speech, 

loudness decay, fast 

rate 

82.5 

10 m 66 23 4 3 Levodopa 

high pitch, 

hypernasality, 

imprecise consonants, 

short rushes of speech, 

fast rate 

66.4 

11 m 60 25 12 4 
Levodopa, 

Ropinirole 

harsh voice, breathy 

voice, imprecise 

consonants 

74.4 

12 m 66 28 14 7 Levodopa 

imprecise consonants, 

hoarse voice, breathy 

voice, short rushes of 

speech, fast rate 

  NA 

Note: PD = Parkinson's disease; DBS = Deep brain stimulation; MoCA = Montreal Cognitive Assessment 

(out of 30). Deviant perceptual characteristics for the PD and DBS groups correspond to features noted 

during the habitual conversational speech samples. Mean intelligibility corresponds to the mean 

intelligibility ratings for each participant during sentence production in the habitual rate condition , as 

judged by the listener participants (NB: this was not a standardized intelligibility assessment). 

 

  



 

 

 

45 

 

Table 3: Demographic data for the older control group. 

 Participant Sex Age MoCA 
Mean 

intelligibility 

 

01 f 71 30 97.2 

02 f 76 29 97.5 

03 m 77 25 89.6 

05 f 71 30 97.1 

06 m 80 21 92.7 

07 m 80 28 97.8 

08 f 69 28   NA 

09 f 79 29 96.7 

10 m 76 28 84.7 

12 m 66 29 98.5 

13 m 67 29 93.2 

14 f 66 28 97.5 

15 m 72 29 97.9 

16 f 74 25 97.2 

17 m 64 28 96.8 

18 m 56 29   96 

19 m 64 30 96.5 

Note: OC = Healthy older controls (group). MoCA = 

Montreal Cognitive Assessment (out of 30). Mean 

intelligibility corresponds to the mean intelligibility 

ratings for each participant during sentence production 

in the habitual rate condition , as judged by the listener 

participants (NB: this was not a standardized 

intelligibility assessment). 

3.2.2 Speech production data collection 

All data collection took place in the Speech Movement Disorders Laboratory at Elborn 

College at Western University (London, ON). The clinical cohorts elected the time of day 

that they wished to come in to complete the study. In most cases, this coincided with their 

optimal ‘on’ state relative to their PD medications and self-reported fatigue. In some cases, 
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participants were required to take their medication during the protocol and were permitted a 

break to do so3. The total time for data collection (including consent and additional data 

collection factors) was approximately two to three hours over a single visit. 

3.2.2.1 Audio recording procedure 

Recordings were made in an audiometric booth (Industrial Acoustic Company) using a 2017 

15-inch Dell laptop computer (Inspiron 15). Participants wore a headset microphone (AkG 

c420), positioned 6 cm from the mouth, and connected to the laptop via a preamplifier and 

digitizing unit (M-Audio MobilePre) attached via USB. The headset was positioned so as to 

allow hearing aids and glasses to remain in place. Audio recordings were made via Praat 

(Boersma & Weenink, 2011) (for the signal calibration and for the final speech task, 

described below), or via a customized MatLab script (MATLAB version 9.4.0 (R2018a), 

2018), both of which digitized the audio signals at 44.1 kHz and 16 bits. Each experimental 

trial was saved automatically via the MatLab script as a separate .wav file. Participants’ 

speech was also recorded using Praat for the purposes of practice (i.e., these recordings were 

not included in the analysis), via a lapel microphone connected to a 2014 MacBook Air via a 

preamplifier (Focusrite). 

The following speech tasks were included: 1) audio signal calibration, 2) nonsense words in a 

carrier phrase, 3) sentence reading, 4) picture description, 5) conversation, and 6) maximum 

rate sentence reading. These are described in greater detail below. Calibration and the 

maximum rate task were recorded first and last, respectively. The remaining four 

experimental speech tasks were designed to elicit a continuum from more- to less-controlled 

tasks and were randomized according to the procedure described below. 

 

3
 In one case, a participant in the PD group experienced a wearing-off effect of the medication that posed a 

problem with data collection. Specifically, he began to experience dyskinesias that were later realized to 

interfere with the recording quality, as the microphone repeatedly contacted his cheek. Two DBS participants 

chose not to complete the tasks due to fatigue, and therefore have incomplete data sets relative to the other 

participants. Specifically, DBS02 did not complete the fastest condition, and DBS04 did not complete the 

slowest condition and the two fastest conditions. 
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3.2.3 Calibration 

The calibration procedure was carried out as detailed in Dykstra, Adams, and Jog (2015). 

Audio recordings for the calibration signals were made using Praat software (Boersma & 

Weenink, 2011) and were digitized at 44.1 kHz and 16 bits. Participants were instructed to 

produce a sustained “ah” vowel while the investigator positioned a sound level meter (SLM) 

15 cm from the participant’s mouth.  The participant was encouraged to attempt to produce 

an “ah” of 70 dB (SPL-A; slow setting), which was indicated by the needle of the SLM 

reaching 0. In many cases, participants were unable to attain a steady 70 dB signal; in these 

cases, the investigator would transcribe the dB level when the signal was steady and call out 

the level that the participant did achieve by saying “stop.” This procedure was carried out at 

least three times and was repeated any time the participant removed the headset microphone 

(e.g., during a break). 

These calibration signals were then used to identify each participant’s calibration factor, 

which would be linearly applied to the intensity of their speech signal in all subsequent 

analyses. The calibration factor was determined in the following way. The point in the 

sustained vowel where the investigator said “stop” and called out the intensity of the signal 

was located in the recording. A point 500 ms preceding this location was marked, and the 

average intensity of this 500 ms segment was measured in Praat. The difference between this 

measured intensity value and the actual intensity value was calculated for each of the three 

trials. The average of these three values was used as the calibration factor for all 

experimental trials that corresponded to that calibration session. 

3.2.4 Experimental speech tasks 

The speech tasks are described below in Sections 3.2.4.1 - 3.2.4.4. Each task was elicited 

once per rate condition. Speech rate conditions and the task randomization procedure are 

described below the task descriptions in Sections3.2.5 and 3.2.6. 

3.2.4.1 Nonsense word in carrier phrase 

A list of 52 disyllabic nonsense words designed to elicit minimal phonological and acoustic 

consonant and vowel contrasts was constructed. These words were elicited in the phrase 

“____. I’ll say ___ again.” The development of the word list was influenced by the 
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University Western Ontario Distinctive Features Differences Test (DFD; Cheesman & 

Jamieson, 1996) as well as by the word list used in the landmark study of English vowels by 

Peterson and Barney (1952). The 52 items in the present study were designed to contrast 

consonants and vowels in words of the form /əCVd/, where C represented one of 21 

phonemic consonant sounds in the English language (Cheesman & Jamieson, 1996) and V 

represented one of the 4 corner vowels of English. Because plosives and sibilants4 were of 

particular interest in the present study, a greater representation was included in the word list. 

Stops (/p, t, k, b, d, g/), sibilants (/s, ʃ, z/), and the voiceless glottal fricative /h/ appeared with 

each of the four vowels (/i, u, æ, ɑ/). The remaining 12 consonants (/f, v, θ, ð, tʃ, dʒ, m, n, l, ɹ, 

j, w/) appeared only with /ɑ/. The nonsense words were administered in four separate lists per 

condition, with each list containing a random selection of 13 items. 

Prior to the experiment, participants were instructed to read aloud the list of nonsense words 

they would encounter. The purpose of this was to (a) familiarize the speakers with the words 

so that the habitual speech condition would not be the very first time they encountered the 

novel words (as in Vogel et al., 2017) and (b) to ensure target-like pronunciation of the 

words. During the experiment, if a word was clearly mispronounced due to the novelty of the 

words (and, i.e., not due to speech disturbances induced by the task or disease), the 

researcher (TK) would remind the participant of the target-like pronunciation that had been 

indicated in the word list reading. 

Mispronunciations on certain words were not uncommon due to ambiguity of English 

orthography. In order to minimize this, strict spelling conventions were used in the nonsense 

word creation, and participants’ attention were directed to this pattern if difficulty in 

remembering how to pronounce certain items persisted. Frequent mispronunciations 

included: 1) producing a voiced interdental fricative as voiceless (in fact, this occurred so 

frequently in spite of corrections, that this item was eventually discarded from the analyses), 

2) producing a low front /æ/ as a low back or low mid /ɑ/ (e.g., “abad”, “ahad” were both 

instructed to be pronounced as /əbæd/ and /əhæd/, but often were pronounced as /əbɑd/ and 

/əhɑd/). For the most part, participants were able to quickly acclimate to the target 

 

4
 Sibilants were of interest at the study onset but are not reported here and will be the focus of future analyses. 



 

 

 

49 

pronunciations and did not need prompting. In some cases, however, the researcher needed to 

consistently remind participants of certain items. In these cases, when possible, the 

researcher attempted to prompt the participant that a word rhymed with something else, 

rather than say the word itself. If the participant was observed to intentionally hyperarticulate 

the following pronunciation after a correction, the researcher had them repeat it once more, 

and this last utterance was the token that was taken. 

3.2.4.2 Sentence reading 

A unique randomized list of six sentences was created for each participant and trial. Each list 

included words ranging from five to ten words in length (one sentence at each length). 

Sentences were extracted from the Sentence Intelligibility Test (SIT) item bank (Yorkston et 

al., 1996a).  The SIT contains 1,100 sentences that range from five to 15 words in length 

(100 sentences at each length). Sentences are grammatically correct but semantically 

anomalous. Sentences were split into two short lists (5, 7, 9 words and 6, 8, 10 words) during 

task administration. A probe sentence, “She saw Pattie buy two poppies,” was also included. 

3.2.4.3 Picture description 

To elicit more spontaneous but still controlled speech, participants described three simple 

picture scenes for each rate condition. Each scene was selected from the Diapix picture 

corpus (Baker & Hazan, 2011) in order to elicit keywords containing stops and sibilants. For 

this task, the examiner presented the participant with a high-quality colour 8.5"" x 11" print 

of each picture (one at a time) and prompted them to describe what they saw in the picture. 

Note that the analysis of this task was excluded from the final analyses but is described here 

to provide an accurate account of the speech task protocol. 

3.2.4.4 Conversation 

Participants engaged in approximately two minutes of spontaneous speech in which they 

were encouraged to talk about specific topics. The examiner presented the participant with 

one of seven topics typed out on an 8.5" x 11" sheet of paper. Participants were encouraged 

to first read aloud the prompt, then respond using at least a few sentences. Topics included: 

hobbies, favourite vacations, favourite foods, family, where you grew up, favourite books/TV 

shows, and what you do or used to do for work. 
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3.2.5 Speech rate conditions 

Participants performed each speech task once for each of the seven speech rate conditions: 

habitual rate, three slower rates, and three faster rates. These were presented in blocks, with 

habitual always elicited first. Half of the participants in each group then performed the slow 

conditions next, (in order from least slow to slowest), followed by the fast conditions (least 

fast to fastest). The other half of the participants performed the fast block first. This counter-

balanced, blocked design was used in order to control for the presence of task order effects, 

while allowing participants to adjust their speech rate magnitude in a sequential order. 

The modified speaking rates were elicited using a combination of magnitude production 

(Tjaden & Wilding, 2004) and graded rate adjustments (Tjaden, 2000a). Magnitude 

production techniques are considered to elicit more natural speaking rate continua (Adams, 

Weismer, & Kent, 1993; Turner et al., 1995) and have been used in several studies of 

dysarthric speakers (e.g., Turner et al., 1995; Clark, Adams, Dykstra, Moodie, & Jog, 2014; 

Hall, 2013; Kuo et al., 2014; McRae et al., 2002; Tjaden et al., 2013b; Tjaden & Wilding, 

2004). The graded nature of the task (each condition progressively slower or faster than the 

last), elicited by way of the rate blocks (slow versus fast), was chosen to facilitate adaptation 

to the modified rates. The blocked nature of the rate conditions allowed for rate adjustments 

similar to those elicited during a graded speaking task (Tjaden, 2000a), such that speakers 

were asked to grade their rate up or down within a block. Instructions were given in the spirit 

of direct magnitude production, but only the order of the rate blocks (slow, fast), not the 

individual rate conditions (2x/3x/4x) were randomized. 

Participants were given the following instructions for each block: 

Habitual (1): “Please say the following at your normal 

speaking rate.” 

Slower conditions (3): “Please say the following at a rate that 

feels like 2x/3x/4x slower than your normal speaking rate. Try 

to slow your speech down by stretching out your voice, rather 

than pausing in between words.” 
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Faster conditions (3): “Please say the following at a rate that 

feels like 2x/3x/4x faster than your normal speaking rate, while 

trying to be as accurate as possible.” 

In addition to verbal instructions, participants had constant access to a visual stimulus 

comprised of a curved, numbered line (designed to look like a speedometer) and a movable 

arrow pointing to the target rate (Appendix C). 

Prior to beginning a new rate condition, participants were provided with an opportunity to 

practice the new rate. The investigator, who was always seated beside them in the booth, 

presented them with the verbal and visual instructions, and provided them with a practice 

sentence (“Buy Bobby a poppy”). They were encouraged to read the sentence aloud at least 

two or three times, but also as many times as they needed to feel comfortable and accurate at 

the new rate. While the exact rate was not important, they were encouraged to at least be sure 

they felt faster or slower than the previous rate (depending on the block). They were recorded 

saying aloud these practice trials. Once satisfied that they had achieved the target rate during 

the practice, the investigator selected the most representative trial and played it back to them. 

This trial was also measured online to ensure that it was indeed faster or slower (as 

appropriate) compared to the previous condition. This sentence was then treated as a 

reference for the given condition and played back to the participants every five to ten trials in 

order to help them maintain their target rate. They could also request that it be played if they 

reported themselves having difficulty maintaining the target rate during the tasks5. 

3.2.6 Speech task randomization 

Within each of the seven speech rate conditions, the speech tasks were presented in a quasi-

randomized order. While the nonsense words, sentence reading, and picture description were 

never presented in the same order, the monologue task was always presented last. This was 

done in order to ensure that participants were maximally adjusted to the given target speaking 

 

5
 Two exceptions existed to this pattern in the early stages of the study for young healthy controls. The first 

participant (YC101) was not given a reference, and the second participant (YC102) only heard the reference 

sentence it when she or the examiner decided she was veering away from the target rate. A stricter protocol was 

established afterwards. Later investigation of the data revealed that both participants mentioned here were 

successful in modulating their rate, and so they were kept in the final analyses. 
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rate by the time they were asked to engage in spontaneous conversational speech, in order to 

minimize the cognitive load of this task. 

All speech stimuli were presented on a 15-inch Dell laptop computer via a customized 

MatLab script adapted from the McGill ProsodyLab template (Wagner, 2018) by the author 

(TK). For each trial, text appeared on the screen. In the reading tasks (nonsense words, 

sentence reading), participants were encouraged to read the text silently before they began 

speaking aloud. In the spontaneous speech tasks (picture description, monologue), 

instructions appeared on the screen, at which point the investigator would present the 

appropriate prompt. In all cases, the text on the computer screen would turn red to indicate 

that they could begin speaking. The investigator controlled the timing of when to advance to 

the next stimulus. Breaks were offered as needed. 

At the end of all three rate blocks, participants performed one last task, in which they were 

prompted to read aloud a sentence as fast as they possibly could. The sentence for this task 

was the prompt sampled in each rate condition (“She saw Pattie buy two poppies”). 

Participants were permitted to read the sentence as many times as they wanted in order to 

reach their maximum rate. Upon reaching their maximum rate, the investigator prompted 

them to go even faster three more times in order to ensure that their maximum rate was truly 

obtained. 

A subset of the speakers also repeated portions of the 2x-faster and 2x-slower conditions at 

the end for reliability purposes, though this task was eventually discarded for time reasons. 

An example of the task schedule within a rate condition could be as follows: 

Picture 1, Nonce List 1, Pattie prompt, Nonce List 2, Sentences 

List 1, Picture 2, Picture 3, Nonce List 3, Sentences List 2, 

Nonce List 4, Conversation. 

3.2.7 Speech rate 

While the speech rate conditions (i.e., “Speak two times faster than normal”) were designed 

to elicit a continuum of speech rates, it was anticipated that not all individuals would do this 

to the same degree. Of most interest to this study was how true rates of speech, regardless of 
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condition, impacted speech intelligibility and speech acoustics. For this reason, the speech 

rate condition was treated as a means to achieve a continuum of speech rates.  Speech rate 

was thus considered in the following ways. 

• Rate condition: The rate condition in which the utterance was elicited (habitual, 2x, 3x, 

4x slower/faster). 

• Actual speech rate: Words per minute (WPM), calculated for reading tasks only. This 

was calculated for the sentence reading and nonsense word carrier phrases by dividing 

the number of words by the total utterance duration. Actual speech rate in words per 

minute was calculated for each individual utterance. This metric included within-

sentence pauses if they occurred.     

• Mean habitual speech rate: Average actual speech rate (in WPM) for each speaker and 

task, calculated from utterances elicited in the habitual condition reading tasks. 

• Proportional speech rate: The proportion of the actual speech rate to the mean habitual 

speech rate. For each speaker, each utterance’s actual rate was divided by that speaker’s 

mean habitual rate. For example, an individual with a mean habitual rate of 200 WPM 

may have produced a slower utterance at 150 WPM, and a faster utterance at 250 WPM. 

The proportional rate of the slower utterance would be equal to 150/200, or 0.75. The 

proportional rate of the faster utterance would be equal to 250/200, or 1.25. Utterances 

spoken in a typical habitual manner for a given speaker should thus approximate 1, 

slower utterances are less than 1, and faster utterances are greater than 1. 

In the present study, actual speech rates and its derivatives were used to analyze the nonsense 

word and the sentence reading tasks, while speech rate condition was used to analyze the 

conversation task. 

3.2.7.1 Categorical treatment of proportional speech rate 

Of primary interest in this study were changes that occur along a continuum of speech rates. 

Given the variation in actual speech rates, the proportional speech rates were the focus of the 

analyses. This would allow an interpretation of a significant difference between a “slow” and 

“habitual” or “fast” comparison to truly reflect differences in individual talkers’ rates. 
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Treating speech rate as a categorical variable was thus also desirable, as it would allow a 

comparison of changes between distinct rates. To achieve this, the proportional rate values 

were binned into distinct categories, similarly to how the rate conditions were designed. It is 

thus expected, but not necessary, for the proportional rates to approximately map on to the 

rate conditions. 

Based on visual inspection of the actual ranges produced across speakers, it was determined 

that a seven-step continuum, as per the rate-conditions, was too fine-grained to capture 

meaningful distinctions. A three-step continuum would have allowed a comparison of 

habitual, slow, and fast, but this was determined to be too coarse a distinction, as changes 

within slower and faster rates were evident. A binning procedure of five separate rate levels 

was chosen as the most appropriate technique. 

It was important to not simply divide an individual’s total range into five equal parts, but to 

instead divide the slower speech and faster speech into equal parts separately. The reason for 

this was that visual inspection demonstrated a nonlinear trend, such that talkers made larger 

adjustments in their slow speech than they did in their fast speech. This is also a pattern 

reported in the speech rate literature (Adams, 1993; Tsao et al., 2006). 

To this end, proportional rate was binned into five separate levels (H1 = habitual; S2 = 

slower; S3 = slowest; F2 = faster; F3 = fastest) in the following way. For each speaker, the 

habitual mean served as the starting point. The range of values of their proportional speech 

rate was then split into two categories: slower and faster than their habitual mean. Each half 

was first divided into five equal bins. These were then collapsed into two and a half sections 

in the following way: the outer-most bins were collapsed into one (“slowest” or “fastest”), 

the next two bins were collapsed into another (“slower” or “faster”), and the final bin (which 

was equal to half of each of the other two) remained (“habitual”). The slow and fast sections 

were then combined, resulting in five sections.  This ensured that the middle bin, 

corresponding to habitual rate, was centered relative to the slower and faster speech. Bin 

sizes on either side of habitual rate were not and were not expected to be equal in size. 

Depending on the nature of a given speaker’s rate distribution, the sizes and number of 

observations in each category were not equal for all speakers. Examples to illustrate this are 

presented below. 



 

 

 

55 

Consider Example 1 in Figure 1. This speaker had a mean habitual rate of 187 WPM and 

produced a fairly wide range of rates from 26 - 403 WPM (proportional range of 0.14 - 2.16). 

Example 2, in Figure 2, presents a speaker with a slower average rate of 171 WPM and a 

more restricted range of 77 - 210 WPM (proportional range of 0.45 - 1.23). 

The binning procedure described here was chosen to ensure that each individual’s range was 

taken into account, given the variability across speakers. Thus, when proportional speech rate 

is used as a metric, “slower” and “faster” do indeed refer to an individual’s speech being 

slower or faster compared to their own standard. “Slower” for one individual could 

correspond to 80% of their habitual rate, but for another could correspond to 70%, depending 

on the range they produced and their habitual rate of speech. While bin sizes are not 

necessarily equal across participants, they reflect the true nature of that individual’s speech 

rate modifications. 

 

Figure 1: Example 1: Density plot smoothed with a Gaussian kernel showing the 

distribution of proportional speech rate production for participant PD301, overlaid 

with density histogram. The histogram bin width is 1/10 the range (0.216). Y-axis 

reflects the density of occurrence. This speaker with PD had a mean habitual speech 

rate of 187 WPM and produced a range from 26 WPM to 403 WPM. The black dotted 

line at x = 1 represents this speaker’s habitual rate. Blue dotted lines represent their 

slower speech categorized into equally spaced slow rates (i.e., less than 1). Red dotted 



 

 

 

56 

lines represent their faster speech categorized into equally spaced fast rates (i.e., greater 

than 1). 

 

Figure 2: Example 2: Density plot smoothed with a Gaussian kernel showing the 

distribution of proportional speech rate production for participant PD312, overlaid 

with density histogram. The histogram bin width is 1/10 the range (0.123). Y-axis 

reflects the density of occurrence. This speaker with PD had a mean habitual speech 

rate of 171 WPM and produced a range from 77 WPM to 210 WPM. The black dotted 

line at x = 1 represents this speaker’s habitual rate. Blue dotted lines represent their 

slower speech categorized into equally spaced slow rates (i.e., less than 1). Red dotted 

lines represent their faster speech categorized into equally spaced fast rates (i.e., greater 

than 1). 

3.2.8 Acoustic analysis 

The nonsense word utterances containing stop consonants were the focus of the primary 

acoustic analyses (items 1 - 24). This section describes the segmentation criteria and 

procedure. Specific acoustic outcome variables of interest are described in Section 3.2.8.1.5. 

Utterance extraction of the sentences and conversational speech, which were not subject to 

acoustic analyses, is described in Sections 3.3.2.2. 
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3.2.8.1 Manual segmentation 

3.2.8.1.1 Automatic boundary labelling 

Each utterance was first segmented at the utterance boundaries. Given that the carrier phrase 

was “Please say ___ again,” the utterance onset always corresponded with the /p/ release in 

“please,” and the utterance offset always corresponded with the offset of /n/ in “again.” 

Once the utterances were extracted, they were automatically force-aligned using the Montreal 

Forced Aligner (MFA; M. McAuliffe et al., 2017). Utterances were aligned using the 

standard English acoustic models provided with MFA. Forced alignment was used as a tool 

merely to facilitate manual segmentation. That is, all segment boundaries were hand checked 

and adjusted as necessary. The original boundaries of this alignment procedure were saved 

for later comparison with manual alignment, though this will not be discussed here. 

Descriptions of the criteria for manual segmentation and adjustment are described in Section 

3.2.8.1.3.  

The standard output of automatic forced-alignment is a Praat TextGrid for each .wav audio 

file. The TextGrid contains word and phone boundaries that are time-aligned to the signal. 

Phones of interest in this study included the stop consonants and following vowels in the 

“aCVd” nonsense words. 

3.2.8.1.2 Annotation protocol 

A custom Praat script was written by the author to facilitate manual annotation of the speech 

segments of interest. The custom Praat script called “AutoVOT” (Keshet, Sonderegger, & 

Knowles, 2014), a software program for automatic detection of VOT.   The standard English 

classifier provided with the software was used to predict VOT. The output of AutoVOT is a 

TextGrid tier with the predicted VOT boundaries. 

Each speaker was annotated one at a time, typically in a single session. Utterances for that 

speaker were presented in a fully randomized order as per the custom Praat script described 

above. A set of annotation codes were used to document the ambiguous cases described 

below, as well as any other observations. A typical speaker without any ambiguous cases 

comprised 168 audio files and took approximately 90 minutes to complete. Speakers with 
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greater variability took longer, from between two to four hours to complete.  The custom 

Praat script did the following: 

• Took as input the force-aligned TextGrid and corresponding .wav file 

• Called AutoVOT to predict VOT boundaries for the stop of interest, based on force-

aligned stop boundaries +/- a 50 ms search range (to account for minor misalignment) 

• Placed closure onset and vowel offset boundaries surrounding the AutoVOT predicted 

boundaries, based on the forced alignments 

• Presented the modified TextGrid and .wav file for manual checking, correction, and 

note-taking in Praat 

• Presented the vowel of interest (after the vowel boundaries had been corrected) with 

Praat’s formant tracker turned on 

• Allowed for adjustment of the formant values if necessary 

• Saved all final results to an output file for later analysis 

The output of the annotation procedure resulted in manual correction of the following 

acoustic events for the segments of interest: 

• stop closure onset (which corresponded to the offset of the preceding schwa vowel) 

• VOT onset, determined as the onset of the burst 

• VOT offset, determined as the onset of periodicity in the following vowel 

• vowel offset 

• first and second formants of the vowel (measured at the 30 ms midpoint). 

The preceding schwa vowel was not considered because of the frequency of schwa-deletion 

that made consistent boundary marking unreliable. 
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3.2.8.1.3 Manual boundary correction 

A set of criteria were developed to maintain consistency in manual checking and correction 

of phone boundaries. All annotations were carried out by the author (TK). 

Stop closure onset: Stop closure onset was determined by 1) a sharp decrease in amplitude 

in the preceding waveform, 2) a decrease in periodic complexity of the waveform, and 3) the 

absence of formant structure. 

VOT onset: In most cases, the onset of VOT was identifiable by a clear burst. In many cases, 

however, the onset was more ambiguous, as is often reported in studies of VOT in clinical 

speech (Auzou et al., 2000; Fischer & Goberman, 2010; Karlsson et al., 2011). Informed by 

previous studies and patterns observed in these data, the following criteria were established. 

• Multiple bursts were marked at the onset of the initial burst (Fischer & Goberman, 

2010; Parveen & Goberman, 2014; Wang, Kent, Duffy, Thomas, & Weismer, 2004). 

• Stops with clear frication preceding the burst were marked at the onset of frication 

present in the signal. This corresponded to “the transient with the strongest amplitude in 

the portion of the signal approximate to where an audible release was perceived” 

(Karlsson et al., 2014). These cases were also documented for later analysis which will 

not be discussed here. 

• Stops with no obvious frication and no obvious burst could not reliably be marked as 

containing VOT. 

A small subset of the stops could not be reliably marked as having a clear VOT onset. These 

were divided into three cases: 

1. No VOT: 311 observations (3.7% of the data) had no obvious frication or burst; i.e., were 

unreleased (Özsancak, Auzou, Jan, & Hannequin, 2001). VOT was assigned a value of 

0.001 seconds and closure duration was equivalent to the consonant duration. These 

special cases were omitted in the VOT analyses. 

2. Complete frication: 172 cases (2.1%) had no clear distinction between the offset of the 

preceding vowel and the onset of frication; i.e., these stops were fully spirantized. In 
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these cases, VOT onset was considered as the onset of the consonant and offset of the 

preceding vowel. Closure duration was set to 0.001 seconds. These cases were omitted in 

the VDC analyses. 

3. Completely omitted or glided: In a very small amount of cases (n = 37) there was no 

evident closure or release at all; i.e., the stop was unidentifiable. These cases were 

documented and removed from the analysis. 

It should be noted that only positive VOTs were annotated. There were very few observed 

cases of prevoicing that would contribute to negative VOT. More frequently seen was either 

no voicing, partial voicing into closure, or complete voicing through closure. 

VOT offset/vowel onset: VOT offset was determined as the onset of periodicity in the 

following vowel, marked on the part of the waveform crossing the x-axis going up. Two 

main causes of ambiguity were noted: quasi-periodicity in VOT, devoiced or breathy vowels, 

and voicing throughout closure. As such, the following criteria were followed: 

• In the presence of quasi-periodicity, the onset of voicing was marked where there was 

an accompanying rise in amplitude in the signal. Praat’s pulse detection was also used to 

supplement particularly ambiguous decisions. 

• In the presence of breathy or devoiced vowels, the offset of VOT was marked as an 

obvious visual change in the waveform and spectrogram indicating quasi-periodicity 

and formant-like spectral energy. Perceptual judgment was also used to supplement 

ambiguous cases. 

Vowel offset: When possible, vowel offset was determined as the offset of periodicity and 

the onset of closure of the word-final /d/. In many cases, /d/ was unreleased or omitted, in 

which case vowel offset was marked using a combination of 1) visual inspection for changes 

in waveform and amplitude complexity, 2) changes in formant structure corresponding to a 

vocalic transition from the vowel of interest to the following schwa in “again”, and 3) audio 

perceptual judgments. 
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3.2.8.1.4 Vowel formant checking 

The first two vowel formants (F1 and F2) were measured from a 30 ms section occurring at 

the midpoint of the vowel, using the boundaries established in the boundary correction phase 

described above. Formant values were manually checked using the same custom Praat script 

described above. Formant settings in Praat were uniformally set to begin, then set for each 

individual speaker on a case-by-case basis. Whenever possible, the same formant settings 

were kept consistent for a given speaker. Ambiguous cases were documented. 

3.2.8.1.5 Final acoustic measures 

The following acoustic measures were extracted or derived via other custom scripts, using 

the manually annotated segment boundaries as landmarks: 

• Voice onset time (VOT): described above. 

• Voicing during closure (VDC): defined as the proportion of voicing during the stop 

consonant closure. A custom Praat script was written to calculate VDC using the 

manually annotated closure boundaries as time points, and the Voice Report feature in 

Praat (as described in Davidson, 2018). This feature extracts the “fraction of locally 

unvoiced frames”, which was then subtracted in order to be converted to a proportion of 

voicing. 

• Quadrilateral vowel articulation index (QVAI): Vowel centralization was measured 

using a four-vowel articulation index (QVAI; Roy, Nissen, Dromey, & Sapir, 2009; 

Knowles et al., 2018; Sapir et al., 2011). This was calculated by averaging F1 and F2 for 

each of the four vowels for each speaker at each rate (using the rateProp bin categories). 

The following equation was used:  

𝑉𝐴𝐼 =
𝐹2𝑖 + 𝐹2æ + 𝐹1æ + 𝐹1ɑ

𝐹1𝑖 + 𝐹1𝑢 + 𝐹2𝑢 + 𝐹2ɑ
 

The QVAI measure has demonstrated greater sensitivity to acoustic vowel production in 

people with PD compared to traditional vowel space metrics (Sapir et al., 2011). Similar 

metrics involving a three-vowel index and its inverse, known as the formant centralization 

ratio, have also been used with dysarthric populations (Karlsson & van Doorn, 2012; Martel-
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Sauvageau et al., 2014, 2015, 2015; Roy et al., 2009; Rusz, Cmejla, et al., 2013; Sapir et al., 

2010; Skodda et al., 2011). VAI is designed to index vowel articulation in such a way that 

minimizes confounding effects of inter-speaker variability (Roy et al., 2009), thought to be 

one of the primary reasons for poor sensitivity of other metrics. In the formula described 

above, the numerator includes formant values that are expected to decrease with 

centralization, and the denominator includes formant values that are expected to increase 

with centralization. A larger QVAI thus reflects less centralization and greater expansion. 

• Vowel intensity: Intensity was extracted for the entire vowel duration and was 

converted using the calibration factor procedure described in Section 3.2.3. 

• Harmonics-to-noise ratio (HNR): HNR was extracted from the vowel of interest 

across the entire vowel duration. 

In summary, the five final acoustic measures of interest for Experiment 1 included: VOT, 

VDC, QVAI, Vowel intensity, Vowel HNR. 

3.3 Experiments 2 and 3: Perceptual experiments 

The audio recordings from Experiment 1 were prepared for two separate perceptual 

experiments (Experiments 2 and 3). Both will be described in more detail below in Sections 

3.3.1 and 3.3.2, respectively. Briefly, Experiment 2 was a transcription task in which listeners 

were tasked with transcribing the nonsense words produced in Experiment 1, while 

Experiment 3 was a perceptual estimation task in which listeners rated how intelligible the 

more naturalistic speech samples (sentences and conversation) were using a visual analog 

scale (VAS). This section explains the methods for each experiment below.   

3.3.1 Experiment 2: Transcription of nonsense words 

3.3.1.1 Participants 

Listeners were eight female second year speech-language pathology graduate students 

recruited from Western University graduate speech-language pathology second-year class. 

All were under the age of 35. All students received clinical motor speech hours for their time 

spent doing the tasks. Listeners passed a hearing screening at 20 dB SPL HL for octave 
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frequencies from 250 to 8000 Hz6. All listening tasks were performed in a sound attenuated 

booth with audio stimuli presented via a pair of external speakers calibrated to 70 dB SPL. 

3.3.1.2 Stimuli preparation 

Speech stimuli from the nonsense word speech task described in Experiment 1 were 

presented to listeners in Experiment 2. To prepare the utterances for listeners, speech for each 

item/condition was extracted at the utterance boundaries +/- 50ms. These utterances were 

rescaled to 70 dB based on the intensity of the whole carrier phrase. 

To increase the listening task difficulty and prevent ceiling effects in the read-speech 

conditions, the scaled utterances were then mixed with multi-talker babble. Mixing was 

performed using a standard multi-talker babble audio file (Audiotech – 4 talker noise) with a 

customized, modified Praat script (McCloy, 2013) at a signal-to-noise ratio of +3 dB. This is 

similar to noise levels reported in previous perceptual studies of dysarthria in order to reduce 

ceiling effects (Ferguson & Kewley-Port, 2002; Kuo et al., 2014; Maniwa, Jongman, & 

Wade, 2008; McAuliffe et al., 2009), though a SNR of +3 dB was specifically chosen based 

on pilot results preceding the experiment (others have reported, for example, -3 dB SNR, 

which was determined to be too low for these data). 

3.3.1.3 Listening schedule 

The transcription task was completed by each listener over the course of approximately four 

weeks. Listeners came in for approximately five two-hour sessions over this time-period 

(approximately 10 hours in total). The experiment at Session 1 was preceded by informed 

consent, demographic intake, a hearing screening, and a practice session and orientation to 

the task, all of which took approximately half an hour. All sessions therein were self-paced. 

Listeners were encouraged to take breaks as needed and only stay as long as they wanted for 

each session (as a result, some sessions were very short, i.e., completed over a lunch break, 

whereas most were approximately two hours long, and some were longer). 

 

6
 One listener passed 250 Hz at 25 dB. 
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Each listener heard a random subset of five speakers from each of the control speaker groups 

(YC, OC), and a quasi-random subset of 10 speakers from the PD and DBS speaker groups 

(quasi-random in order to ensure that at least three DBS speakers were included for each 

listener despite the unbalanced group sizes), amounting in 20 speakers in total played to each 

listener. 

Listeners heard all items7 spoken by each listener in their playlist. Utterances produced by 

these twenty speakers were presented in a randomized order, with a randomized 20% of 

utterances repeated for reliability. This resulted in a playlist of approximately 8500 

utterances for each listener8. The goal of this schedule was to ensure that the listeners 

underwent similar listening experiments with regards to variety of speakers and exposure to 

all elicited speech rates and items, while simultaneously minimizing the time requirements as 

much as possible. 

A minimum of two listeners heard each talker. In some cases, because of the way the 

schedule was organized and the fact that not all talker groups were equal, three listeners were 

assigned to a given speaker. In these cases, the data from the third listener were discarded for 

the final analysis. This was done rather than provide shorter playlists for some of the listeners 

in order to ensure that the listener tasks were uniform. 

3.3.1.4 Transcription instructions 

Listeners were told that they would hear multiple speakers uttering the phrase “Please say 

___ again,” and that they were required to transcribe the word in the blank. They were 

informed that this word would always be a fake word of the form /əCVd/. To ensure 

consistency of orthographic representations of the nonce words, listeners were given an 

instructional sheet containing spelling conventions for the task. Consonants, they were told, 

could be any permissible consonant of English (with the exception of the voiced interdental 

 

7
 51 of the 52 utterances were included in the final presentation to the listeners. The voiced interdental fricative 

/ð/ item was dropped because most participants consistently had difficulty remembering how to pronounce it, 

despite prompting. 

8
 In fact, a complete set would have included 8,568 utterances: 51 utterances x 7 rates x 20 speakers plus 20% 

repeated for reliability. 
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fricative /ð/9) and were provided with a list of these. Vowels were any permissible 

monophthong of English, also included on the list. The instructional list also contained 

several example words to help them with the task. 

Listeners underwent a brief practice session under the supervision of the researcher to ensure 

that they understood the spelling conventions and the task. The practice trials included 

utterances spoken by the researcher in the form of the real test items. These practice items 

were also scaled to 70 dB. The second set of practice trials included the same items mixed in 

noise at +3 dB SNR (as were the real trials). Each item played once, and listeners were told 

that they could replay it up to one more time if they chose to (but were not required to do so). 

3.3.1.5 Perceptual measures 

Analyses for Experiment 2 focused exclusively on the transcription accuracy of consonants 

and vowels in the target words of nonsense words containing stops (items 1 - 24). These were 

the same items analyzed in Experiment 1. For each utterance and each listener, accuracy was 

logged for 1) the whole word (i.e., consonant and vowel), 2) on the consonant of interest, and 

3) on the vowel of interest (Lansford & Liss, 2014). Consonant and vowel accuracy are of 

primary importance for this study. Each are treated as a binary response variable (correct or 

incorrect) and analyzed separately. 

Each transcribed response was compared with the intended spoken target that had been 

elicited during that trial. Any response entered by listeners that did not correspond to the set 

of possible target responses given the orthographic criteria set for the listeners were manually 

checked and re-entered if necessary. Obvious errors were corrected (additional characters, 

omission of initial vowel or final consonant, etc.). Ambiguous responses were coded as X and 

counted as errors at either the consonant, vowel, or whole word level depending on the 

response (e.g., an answer transcribed “apiod” where the target response was “apid” would be 

scored as a /p/ for the consonant, but as an ambiguous error for the vowel, and thus would be 

scored as incorrect at the whole word level). Listeners were not permitted to leave any entries 

 

9
 The voiced interdental fricative /ð/ was excluded due to concerns about consistent orthographic 

representation, and the fact that it had been intentionally excluded from the listening playlists. 
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blank, though they were instructed to type “NA” if they were completely unsure. In these 

cases, this was coded as an error at the word, consonant, and vowel levels. 

To reiterate, in the final analyses, exactly two listeners heard each speaker. Listener 

responses were not averaged, but instead, listener was included in the statistical analysis as a 

parameter to account for expected variation10. This approach was chosen to 1) be able to 

model accuracy as a binomial (yes/no) variable; an average value would not allow this, and 

2) retain as much of the data as possible, including variations across listeners. In other words, 

each speaker’s token in the final analyses for transcription accuracy occurs twice; once for 

each listener that heard them, but the inclusion of listener as a covariate acts as a control for 

this in the final analysis. 

Similar, though not identical, approaches to this statistical treatment of multiple listeners 

have been applied in other studies of dysarthria (Ferguson & Quené, 2014; McAuliffe et al., 

2017). For example, Ferguson & Quené (2014) analyzed vowel transcription accuracy as a 

function of listener group (normal-hearing vs. hearing-impaired) for utterances produced by 

multiple talkers. In their case, they included talker (n=41) as a random effect in order to 

model the random effects of individual speakers. In the present study, including listener as a 

random effect was attempted first, but led to non-convergence in the model, presumably 

because of the small number of listeners (n=6 in total and only 2 per talker). Listeners were 

thus included as covariate fixed effects (i.e., independent variables) instead in order to 

account for inherent differences across them. This is a similar procedure to that described by 

McAuliffe et al. (2017), who included listener group (in their case, younger and older) as an 

independent variable (group was not relevant here because of the small number of listeners 

and the fact that listener behaviour was not a variable of interest). In the present study, 

listeners were expected to differ from one another, because each listener heard a difference 

subset of the data. 

 

10
 Another viable approach would have been, rather than average, to err on the side of inaccuracy. That is, 

given two listeners per utterance, if either listener was incorrect in their transcription, the utterance would be 

coded as incorrect. This approach was not chosen in order to 1) avoid a floor effect) and 2) retain as much of the 

data as possible. 
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3.3.1.6 Inter- and intra-rater reliability 

To calculate reliability, each response was compared with the intended spoken target that had 

been elicited during that trial. Both inter- and intra-rater reliability was calculated for each of 

the three accuracy categories (whole word, consonant, vowel) using Cohen’s kappa (Cohen, 

1960). Cohen’s kappa was chosen because it is appropriate for binary categorical judgments 

and has been found to be robust to variations in listener experience and prevalence of stimuli 

(Grant, Button, & Snook, 2017). Because not all listeners heard the same subset of listeners, 

inter-rater reliability was calculated for every pair of listeners that did hear a subset of the 

same stimuli (n = 24 pairs), rather than across the whole set. A random sampling (n=100) of 

these data were used because not each pair heard the same number of overlapping utterances. 

3.3.2 Experiment 3: Visual analog scale intelligibility estimation of 
sentences and conversational samples 

3.3.2.1 Participants 

Listeners were 6 female speech-language pathology graduate students who met the same 

criteria as in Experiment 2 (Section 3.3.1.1). Two of the listeners in Experiment 3 completed 

part of Experiment 2 during a pilot session. Given that these two tasks were quite distinct and 

did not contain the same stimuli, these listeners were kept for subsequent analysis. 

3.3.2.2 Stimuli preparation 

Sentences from the Sentence Intelligibility Task (3.2.4.2) were extracted at the utterance 

boundaries +/- 50ms and rescaled to 70 dB. The final data set contained 6 sentences per 

condition per speaker11. 

Spontaneous speech samples were extracted from the conversation task (described in Section 

3.2.4.4) in the following way: when possible, between 10 - 20 seconds of continuous speech 

was extracted. Small pauses (e.g., less than one second) were considered acceptable. Some 

participants needed more prompting to remember to use the target rate during this task, and 

 

11
 Sentences from 2 participants (OC208 and DBS512) were not included in the final playlist in error. Their 

data were included in the other listening tasks. 
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so 10-20 seconds of continuous speech was not always possible to extract. In these cases, one 

to three subsets of speech were identified and concatenated together until 10 - 20 seconds of 

speech were obtained.  The final data set prepared for the listeners contained one sample per 

speaker.  All audio files were rescaled to 70 dB. 

3.3.2.3 Listening schedule 

Listeners came in for approximately five sessions over a one-month period, as was the case 

for the listeners in Experiment 2. Listeners for Experiment 3 provided visual analog scale 

(VAS) ratings of speech intelligibility for the sentence production and monologue speech 

tasks. Unlike the transcription task, each listener in Experiment 3 heard all stimuli from all 

speakers. Ten percent of items were repeated for reliability purposes, amounting in 

approximately 3,600 utterances12. 

Utterances were presented in five blocks: four blocks for the sentence reading, and a single 

separate block for the conversational samples. Each sentence block contained all the 

utterances for four to five speakers from each group. The conversational block included all 

utterances from all speakers. Listeners typically completed one block per session. The blocks 

were presented in a different random order for each listener, and half of the listeners heard 

the conversational block first (the other half heard it last). Within each block, all utterances 

were completely randomized across all speakers and rate conditions (as with the transcription 

task). 

The VAS tasks were administered via a customized Praat script written by the author that 

featured a horizontal line with anchors “Low intelligibility” and “High intelligibility” 

(demonstration in Appendix D). Listeners were instructed to rate the intelligibility of each 

utterance by clicking along the scale, which would place a thin vertical line. They were able 

to modify their rating until they were satisfied before moving on to the next trial. Listeners 

were instructed not to repeat trials (unless a there was a disruption in the room of some kind). 

 

12
 A complete set would have included 3,665 utterances: six sentences plus one conversational sample each 

produced by 68 speakers at seven rates, plus 10% repeats. 
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3.3.2.4 Perceptual measures 

Outcome measures for Experiment 3 included intelligibility estimates, represented as “% 

intelligible13”, for the sentence reading and conversation tasks separately. Intelligibility 

ratings across all participants, tasks, and items were averaged across listeners. 

3.3.2.5 Inter- and intra-rater reliability 

Reliability of the speech intelligibility estimation task was calculated using the intraclass 

correlation coefficient (ICC; Koo & Li, 2016). Inter-rater reliability across the 6 listeners was 

examined using average consistency in a two-way random model (ICC 2, k) for each of the 

two tasks (sentences, conversation)14. Intra-rater reliability for each listener and task was 

examined using average agreement in a two-way mixed model (ICC 3, k)15. 

3.3.3 Relationship between speech acoustics and intelligibility 

To address RQ5 (what is the relationship between speech acoustics and intelligibility), a final 

analysis of intelligibility was conducted in the following way. The outcome measure was 

transcription accuracy of the whole word from Experiment 2 (nonce words containing stop 

consonants). Because QVAI was one of the acoustic measures of interest, the data first had to 

be aggregated. The proportion of words correctly transcribed was calculated by aggregating 

the data over listeners, vowels, and place of articulation (PoA). QVAI was calculated on this 

aggregated data. The final data set for this analysis contained 1,949 observations. The final 

outcome measure was proportion correct measured at the word level.  

 

13
 Percent intelligible is a slight misnomer, as the instructions to listeners were to rate intelligibility from low to 

high (in order to avoid ceiling effects of what it means to be “100% intelligible”), but is treated as a percentage 

value here for ease of interpretation of “percent along the visual analogue scale.” 

14
 The first two listeners were presented with more utterances for reliability purposes (20% instead of 10%). 

Given the length of the task, it was later decided that only 10% would be presented to listeners. 

15
 Linear mixed effects regression was used in all cases except for non-convergence or singular fits. In such 

instances, an ANOVA was used instead. When calculating intra-rater reliability, non-convergence occurred for 

Listeners 4 (sentences and conversation) and 6 (sentences), and a singular fit was observed for Listener 1 

(conversation). 
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3.4 Outcome measures 

This section briefly summarizes the final outcome measures for each experiment. 

3.4.1 Experiment 1: Acoustic variables 

As outlined in Section 3.2.8, the following acoustic measures were of primary interest to the 

present study. Any transformations made for the statistical analyses are reported here. 

1. Voice onset time (VOT): VOT was treated as continuous and log-transformed to account 

for a right-tailed skew. 

2. Voicing during closure (VDC): VDC was treated as a binary categorical variable in the 

following way. Inspection of the data revealed that VDC ranged from 0 to 1, but 

approximately a third of the data in each group was equal to 1, indicating complete 

voicing through closure. As such, VDC was dichotomized into two categories: total 

voicing and some or no voicing through closure. 

3. Quadrilateral vowel articulation index (QVAI): QVAI was treated as continuous 

variable and was not transformed. 

4. Vowel intensity (dB): The calibrated intensity measure was treated as continuous 

variable and was not transformed. 

5. Harmonics-to-noise ratio (HNR): HNR was treated as continuous variable and was not 

transformed. 

3.4.2 Experiment 2: Transcription 

As described in Section 3.3.1.5, outcome measures for transcription included accuracy 

measures for: 

1. Consonant transcription accuracy: (Stop) consonant accuracy was treated as a binary 

categorical variable (0 or 1). 

2. Vowel transcription accuracy: Vowel accuracy was treated as a binary categorical 

variable (0 or 1). 
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Whole word accuracy was also measured and included as an outcome variable for the 

analysis of acoustic correlates of intelligibility. 

3.4.3 Experiment 3: Visual analog scale estimation 

As described in Section 3.3.2.4, outcome measures for the estimation task included percent 

intelligible for the sentence reading and conversational speech tasks. 

Intelligibility was treated as a continuous variable. Early diagnostic plots of the models for 

both sentence and conversational intelligibility demonstrated that this outcome variable was 

highly left-skewed and violated assumptions of normality and homoskedasticity of residuals. 

The left skew indicated clustering of responses near 100% intelligibility, presumably due to a 

ceiling effect for some of the control participants. The intelligibility percent value was thus 

subtracted from a constant (100) and log-transformed. 

3.4.4 Acoustic correlates of intelligibility 

The outcome variable for the final analysis was proportion of words correct from 

Experiment 2 (i.e., taking into account both stop and vowel accuracy). Proportion correct 

was treated as a continuous variable ranging from 0 to 1. It was logit-transformed using the 

car() R package (Fox & Weisberg, 2011) with an adjustment factor of 0.2 in the final model 

in order to avoid proportions of 0 or 1.16 

3.5 Statistical analysis 

Differences in habitual rates of speech and speech rate ranges between each group, reported 

in Section 4.1.1 were calculated using Welch two-sample t-tests. Average differences 

between sentence and conversational intelligibility were compared using a Wilcoxon-signed 

rank test. All primary outcome variables described in Section 3.4 were modelled using linear 

or logistic mixed effects regression. The procedure for this mixed model analysis is described 

below for Experiments 1 - 3. The analysis to explore acoustic correlates of intelligibility 

 

16
 This adjustment factor was chosen based on visual inspection of the distribution of the data as well as the 

residual plots in order to meet assumptions of residual normality and heterogeneity. 
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follows a similar procedure and is described at the end of this section. The final variables 

included in each analysis are detailed in the Results (Chapter 4). 

3.5.1 Model building 

All dependent variables were modelled as a function of the independent variables of interest 

(minimally speaker group and speech rate) using mixed effects regression with the lme4 

package (Bates, Mächler, Bolker, & Walker, 2015) in R (R Core Team, 2018). Independent 

variables are herein referred to as fixed effects. A mixed modelling approach was chosen in 

order to allow for the inclusion of random effects, for example of participant or item. 

Random effects are able to at least partially account for the variability beyond that captured 

by the fixed effects. Mixed modelling17 is a flexible, powerful tool for analysis that has 

recently been gaining popularity in the study of communication disorders (Harel & 

McAllister, 2019). 

The 𝑝-values for the fixed effects terms in the linear mixed models were calculated using the 

Satterthwaite approximation from the lmerTest package (Kuznetsova, Brockhoff, & 

Christensen, 2017). For the logistic mixed models, 𝑝-values were calculated using asymptotic 

Wald tests (Bates et al., 2015). Post-hoc pairwise comparisons were computed using 

estimated marginal means (i.e., least-squares means) from the emmeans package, with 𝑝-

values adjusted using the Tukey method (Lenth, 2018). One model for each dependent 

variable was constructed. Linear mixed effects modelling was used for continuous outcome 

variables, and logistic mixed effects were used for binary outcome variables. Logistic mixed 

effects modelling has been previously used to explore word and phoneme identification 

accuracy in dysarthria (Ferguson & Quené, 2014; McAuliffe et al., 2017). 

All models (with one exception for RQ5) were constructed iteratively in the following way. 

The base model for a given outcome variable always included fixed effects of speaker group, 

speech rate (the binned proportional rates, e.g., H1, S2, etc.), and their interaction. The 

random effects structure included by-participant random intercepts and random slopes for 

 

17
 Mixed models are sometimes also referred to as multilevel or hierarchical models (Harel & McAllister, 

2019). 
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rate, as well as nested by-item random intercepts and random slopes for group. Random slope 

terms were uncorrelated in order to facilitate convergence and avoid over-parameterization of 

the models. This method of using uncorrelated random slopes has been reported in linguistics 

studies using mixed model procedures (Stuart-Smith, Sonderegger, Rathcke, & Macdonald, 

2015; Tanner, Sonderegger, & Wagner, 2017). 

To this base model, fixed effects terms of interest (depending on the outcome variable) were 

added one by one, starting with additional linguistic variables (e.g., voicing, place of 

articulation, vowel backness), then with speaker-specific variables where appropriate (e.g., 

sex). All two-way interactions were then tested, as well as all three-way interactions 

including group and rate. In order to limit the complexity and interpretation of the models, no 

four-way interactions or other three-way interactions were included. 

At each stage, the new model was compared to the previous one using a likelihood ratio test 

implemented with the anova() function from the stats package (R Core Team, 2018). A term 

was kept if its inclusion led to an improvement in model fit, indicated by a smaller absolute 

Akaike Information Criterion (AIC) value and a p-value of less than 0.05. 

The exception to this method was for the model pertaining to RQ5 (what is the relationship 

between speech acoustics and intelligibility?) which modelled intelligibility as a function of 

group, rate, sex, and all acoustic variables of interest in Experiment 1. This model included 

all variables of interest (i.e., did not undergo model selection) in order to evaluate the relative 

involvement of all acoustic variables were accounted for together. 

3.5.2 Main effects and contrast coding 

All categorical fixed effects terms were contrast coded in a manner that made theoretical 

sense for the levels being compared, as described below. These contrasts were consistent 

across models. Contrast coding is a form of centering categorical variables, which allows the 

intercept of the final model to be interpreted as the predicted value of the response when all 

predictor variables are held at their average values. It also allows for systematic 

interpretations of the predictor variables based on the specified contrasts themselves. For 

example, sum coding is a form of contrast coding that compares the two levels of a binary 

categorical variable against each other. Treatment coding specifies a particular reference 



 

 

 

74 

level and compares all other levels to that reference. The number of contrasts for a given 

variable will always be the number of levels minus one. A binary variable such as voicing 

(voiced/voiceless) will thus have one contrast, whereas a five-level variable (such as the 

proportional rate variable) will have four contrasts. 

All contrasting details are provided below for each individual variable. 

3.5.2.1 Primary variables of interest: group and rate 

Speaker group and speech rate were included in all models. 

Speaker group was coded as a three- (in the acoustics models: OC, PD, DBS) or four- (in the 

intelligibility models, which additionally included the YC group) level variable and coded 

using reverse Helmert contrasts (as in Stuart-Smith et al., 2015). Helmert contrasts allow the 

mean of each level to be compared to the overall mean of the subsequent levels. The contrast 

scheme for group may be interpreted in the following way: 1) YC vs. Rest (i.e., OC, PD, and 

DBS groups combined); 2) OC vs. Clinical (PD and DBS combined); 3) PD vs. DBS. 

Speech rate, using the proportional speech rate binning metric defined in Section 3.2.7.1, 

was coded using treatment contrasts with the habitual rate (H1) set as the reference level. 

That is, each contrast level compares one of the four modified rate bins to the habitual rate 

bin. Comparisons between each modified rate were discerned with post-hoc pairwise 

comparison testing. 

3.5.2.2 Other variables of interest 

The primary linguistic variables of interest in a given model varied depending on the 

outcome variable. This section describes the treatment of each variable entered in the models. 

In Experiment 1, modelling different aspects of acoustic speech production, these variables 

were consonant voicing, consonant place of articulation, and vowel backness18. Experiment 2 

models, which were constructed on the same data set as in Experiment 1, included the same 

 

18
 Vowel backness, rather than vowel height was chosen as a potential predictor variable based on exploratory 

plots of the data demonstrating high degrees of back/front vowel distinctions that was not as present in high/low 

distinctions. 
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variables as above as well as listener. Experiment 3 modelled intelligibility estimation as a 

function of group, speech rate, and sentence length (in the case of the sentence reading task 

only). 

Consonant voicing was sum-coded as a two-level categorical variable (voiced vs. voiceless). 

The voiced status was set as the reference level. Voicing was included in Experiments 1 and 

2. 

Consonant place of articulation was a categorical variable with three levels: bilabial, 

alveolar, and velar. PoA was coded using reverse Helmert contrasts (as was done for Group), 

such that the first contrast compared bilabial vs. non-bilabial (i.e., alveolar and velar), and the 

second contrast compared alveolar and velar. PoA was included in Experiments 1 and 2. 

Vowel height was sum-coded as a two-level categorical variable (high vs. low) with high 

vowels (/i, u/) set as the reference level. Vowel height was included in Experiment 1. 

Vowel backness was sum-coded as a two-level categorical variable (front vs. back) with front 

vowels (/i, æ/) set as the reference level. Vowel backness was included in Experiment 2. 

Sentence length, i.e., number of words in a sentence (ranging from five to ten) was treated as 

an ordered six-level categorical variable ordered from shortest to longest19 and coded using 

Helmert contrasts. This coding scheme allowed shorter sentence lengths to be progressively 

compared to longer sentences. The contrast scheme may be in the following way: 1) five 

vs. six-word sentences, 2) five and six vs. seven-word sentences, 3) five through seven 

vs. eight-word sentences, 4) five through eight vs. nine-word sentence, and 5) five through 

nine vs. ten-word sentences. Sentence length was included in Experiment 3. 

One speaker-centric variable, speaker sex, was also included. Sex was sum coded as a two-

level categorical variable with female as the reference level. Speaker sex was included in 

Experiment 1. 

 

19
 An initial attempt to code sentence length as a continuous variable was aborted because coding sentence 

length as a categorical variable in the manner described above led to lower AIC values, i.e., a better model fit. 

This is described in greater detail in the Results section. 



 

 

 

76 

As mentioned, listener was included and treatment coded with listener 1 as the reference 

level. This contrast, however, is not meaningful, and was only included to account for the 

variability across listeners in the model. Listener was included in Experiment 2. 

One additional variable was included in the final analysis that modelled speech intelligibility 

as a function of the acoustic variables. This was audio clipping, measured on the vowel, in 

order to account for any effects of a technical difficulty that was occasionally observed. 

Some speakers increased their volume over the course of some of the tasks, and in some 

cases, clipping was noted even though the microphone had been calibrated20. Clipping was 

measured on the vowel as a binary categorical variable (0 = no clipping, 1 = clipping) and 

was observed in less than 10% of stimuli overall. These utterances were included in the 

analyses rather than excluding them to avoid the intrusion of systematic bias. Clipping was 

used in the acoustic model of intelligibility. 

Main effects terms and contrasts of interest for Experiments 1 - 3 are summarized in Table 4. 

Table 4: Summary of main effects terms used in Experiments 1 - 3. 

Variable Contrasts Experiments 

Speaker group 

1. YC vs. OC, PD, DBS 

1, 2, 3, ACI 2. OC vs. PD, DBS 

3. PD vs. DBS 

Speech rate 

1. S2 vs. H1 

1, 2, 3, ACI 
2. S3 vs. H1 

3. F2 vs. H1 

4. F3 vs. H1 

Consonant voicing 1. voiced vs. voiceless 1, 2, ACI 

Consonant PoA 
1. bilabial vs. alveolar, velar 

1, 2 
2. alveolar vs. velar 

Vowel height 1. high vs. low 1 

 

20
 Unexpected behaviour in Praat also led to microphone signals being calibrated at a higher level than 

intended. In short, the recording software used for the calibration (Praat; Boersma & Weenink (2011)) was set 

to conduct stereo recordings even though the recording was carried out with a mono-channel USB preamplifier. 

The default setting in Praat for this procedure led to Praat not properly indicating when clipping occurred. 
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Variable Contrasts Experiments 

Vowel backness 1. front vs. back 2 

Speaker sex 1. female vs. male 1, ACI 

Sentence length 

1. 5 vs. 6-words 

3 

2. 5, 6 vs. 7-words 

3. 5 - 7 vs. 8-words 

4. 5 - 8 vs. 9-words 

5. 5 - 9 vs. 10-words 

Listener (not meaningful) 2 

Clipping 1. clip vs. no clip ACI 

Note: YC = younger healthy control group; OC = older healthy 

control group; PD = Parkinson's disease control group; DBS = 

deep brain stimulation group; H1 = habitual speech; S2 = slower 

speech; S3 = slowest speech; F2 = faster speech; F3 = fastest 

speech; PoA = place of articulation; ACI = acoustic correlates of 

intelligibility analysis. Note that only group contrasts 2 and 3 were 

used in Experiment 1, whereas all group contrasts were used in 

Experiments 2 and 3. 

3.5.3 Random effects 

Random intercepts take into account variability beyond that captured by the independent 

variables and allow variation by cluster (e.g., participants; Harel & McAllister, 2019). All 

models included by-speaker random intercepts. All but the QVAI model and the final 

acoustic correlates model included by-item random intercepts as well. Random slope terms 

account for variation of individuals within a cluster, for example, by accounting for different 

responses or slopes for individual participants. Where possible, all models included by-

participant random slope terms for each contrast level of speech rate, and by-item random 

slope terms for each group contrast. There is some disagreement in the literature regarding 

how “maximal” a random effects structure should be (the reader is directed to Harel & 

McAllister, 2019 for a review). Over-specified random effects structures can lead to singular 

fits or non-convergence; the procedure detailed here was an attempt to mediate between 

accounting for important variation and not overfitting the models. Even so, in some cases the 

models did not converge, and the random slopes terms were reduced systematically. These 
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cases, and any other deviation to this modelling procedure, are reported where relevant in the 

Results. 

3.5.4 Acoustic correlates of intelligibility 

The final model was not built using model selection, but rather included all the variables of 

interest. These were: group, rate, and the interaction between group and rate; all five 

acoustic variables from Experiment 1, as well as consonant voicing, and the interactions 

between VOT and voicing and VDC and voicing; speaker sex, and audio clipping. Vowel 

height/backness and place of articulation were not included because the data were aggregated 

over these variables to derive the QVAI variable. Random by-participant intercepts and 

slopes for rate were included. 
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4 Results 

The organization of this chapter and the relationship of the analyses to the central research 

questions is as follows. RQ1 (to what extent did the groups modify their speech rate?) is 

answered first in Section 4.1.1. The acoustics results of Experiment 1 are presented in 

Section 4.1 in order to answer RQ2 (what are the acoustic changes across groups and speech 

rates?) along multiple dimensions, including consonant, vowel, and voice measures. The 

intelligibility results of Experiment 2 and 3 (Sections 4.2 and 4.3) follow in order to answer 

RQ3 (what are the changes in intelligibility that arise across groups and speech rates?) and 

a comparison of these experiments addresses RQ4 (what are the changes in intelligibility that 

arise across speech rates and speech tasks?). Finally, Section 4.4 revisits Experiments 1 and 

2 in order to answer RQ5 (what is the relationship between speech acoustics and 

intelligibility?). Of primary interest for all of the research questions are the results of the 

group 𝑥 rate interactions for each outcome measures. 

Taken together, these results report on a complex relationship between speech rate, 

disordered speech, and other linguistic and contextual factors. 

4.1 Experiment 1: Speech acoustics 

4.1.1 Speech rate differences 

4.1.1.1 Habitual speech rate 

Before addressing RQ1 (to what extent did the groups modify their speech rate?), differences 

in mean habitual rates across the groups were first determined. Habitual speech rate was 

calculated as the mean rate in words per minute for each speaker in their habitual rate 

condition for the subset of items containing stop consonants (24 utterances per person). Mean 

habitual rates are reported in Table 5. The distribution of speech rates for each group is 

reported in Figure 3.  

A series of Welch Two Sample t-tests were run to test for differences in habitual rates 

between groups. The YC group was found to have a significantly faster rate of speech 

compared to OC (𝑝 = 0.011) but did not differ from the PD (𝑝 = 0.831) or DBS (𝑝 = 0.863) 

groups. The OC group demonstrated significantly slower speech compared to the PD group 
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(𝑝 = 0.029) but did not differ from the DBS group (𝑝 = 0.11). The PD and DBS groups did 

not differ from each other (𝑝= 0.983). 

Taken together, this indicates that PD and DBS groups demonstrated a habitual rate of 

speech closer to that of younger adults than to their age-matched older healthy peers. The 

DBS group, despite having a near equal average rate to the PD group, did not significantly 

differ from the OC group, presumably because of greater variance. 

Table 5: Mean habitual rates for each speaker group. 

Group N WPM StDev StError CI 

YC 17 168.706 21.251 5.154 10.926 

OC 17 146.809 25.663 6.224 13.195 

PD 22 166.964 29.482 6.286 13.071 

DBS 12 166.710 35.065 10.122 22.279 
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Figure 3: Density plots of the distribution of actual speech rates across groups. Rate 

was calculated as words per minute for each speaker. Vertical lines indicate mean 

habitual speech rates for each group. 

The distributions of actual speech rate across experimental speech rate conditions appear in 

Figure 4 A, and proportional speech rate across the final rate bins used in all subsequent 

analyses in Figure 4 B. Evident in these two figures is the considerable overlap in actual 

speech rates across the experimental conditions. While, overall, all groups were able to 

successfully slow and quicken their speech rates as instructed, the extent of this change 

differed across groups. 

 

Figure 4: Density plots of the distribution of rates across the categorical rate bins for 

each group. Figure A displays the distribution of actual speech rate (WPM) across the 

experimental rate conditions (n = 7). Figure B displays the distribution of proportional 

rate (where 1 = mean habitual rate) across the final rate bins (n = 5). 
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4.1.1.2 Speech rate ranges 

To explore RQ1 (to what extent did the groups modify their speech rate?), slow and fast 

ranges were calculated for each participant based on actual WPM produced, and a series of 

Welch Two Sample t-tests were run to test for differences in both slow and fast speech rate 

ranges. Average slow and fast ranges for each group are reported in Table 6. Two DBS 

participants were excluded from this analysis (502, 504) because they did not complete the 

extreme rate conditions (S4, F4) due to fatigue. 

The YC group had the largest range for both the slow and fast rates. For slow speech, the 

only significant group comparison was between the YC and OC groups, indicating that the 

younger adults produced a slower range (overall slower speech) than the older healthy adults 

(YC vs. OC: 𝑝 = 0.004). The comparison between the YC and PD groups approached 

significance (YC vs. PD: 𝑝 = 0.077), but none of the other comparisons indicated a difference 

in slow rate ranges (YC vs. DBS: 𝑝 = 0.222; OC vs. PD: 𝑝 = 0.326; OC vs. DBS: 𝑝 = 0.31; 

PD vs. DBS: 𝑝 = 0.852). 

For fast speech, the YC group had a significantly wider range (e.g., produced faster speech) 

than all the other groups (YC vs. OC: 𝑝 = 0.01; YC vs. PD: 𝑝 <0.001; YC vs. DBS: 𝑝 

<0.001). The OC group produced a significantly wider range of fast speech compared to the 

DBS (𝑝 = 0.006) but not the PD group (𝑝 = 0.149), and the PD and DBS groups did not 

differ from each other (𝑝 = 0.12). 

These findings suggest that the PD and DBS groups were successful in slowing their speech 

rates down to a similar extent to younger and older healthy adults. With regards to faster 

speech, the younger adults produced a wider range than any of the other groups. The PD and 

OC groups were similar in their fast speech adjustments, as were the PD and DBS groups. 

The DBS group, however, were not as able to quicken their speech rate to the same extent as 

the older healthy adults. 

Table 6: Slow and fast speech rate ranges (WPM) for each speaker group 
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Group 
Slow Fast 

Range StDev Range StDev 

YC 17 -122.918 18.728 185.089 49.223 

OC 17 -98.052 26.655 138.337 49.890 

PD 22 -107.590 33.219 113.380 55.391 

DBS 10 -109.784 29.053 86.042 38.525 

The distribution of actual speech rate (WPM) by intended speech rate (2x, 3x, 4x 

faster/slower, as indexed by the speech rate conditions), are plotted in Figure 5. 

 

Figure 5: Actual speech rate (WPM; y-axis) as a function of intended speech rate by 

way of the rate conditions (x-axis). Intended rate based on the grand speech rate mean 

in habitual rate, indicated by horizontal and vertical dotted lines. Each point represents 

values for each rate condition, averaged over participants. 
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4.1.2 Segmental acoustics 

Speech rate in this section refers to proportional rate as described in Section 3.2.7. All effects 

and interactions are reported. Estimates and 𝑝-values for null effects are only reported for the 

main effects (not interactions) for simplicity; all significant estimates and 𝑝-values are 

reported in the text. Post-hoc pairwise comparisons are reported for significant interactions 

involving both group and rate. The 𝑝-values for the post-hoc tests are not directly reported in 

the text, but appear in the pairwise comparison figures in each section, as well as in 

Appendix E. 

4.1.2.1 Voice onset time 

4.1.2.1.1 Final model 

There were 311 instances (3.7% of the data) where VOT could not be marked due to the stop 

being unreleased. For the VOT model, these observations were excluded.   The model for 

(log-transformed) VOT included by-participant random intercepts and slopes for rate (all 

four contrasts), and by-item random intercepts and slopes for group. All main effects entered 

into the model improved the model fit and were thus included. Final main fixed effects 

included group, rate, voicing, PoA, and sex. Two-way interactions that were included were 

group 𝑥 rate, group 𝑥 voicing, voicing 𝑥 PoA, and voicing 𝑥 sex. The group 𝑥 PoA and 

group 𝑥 sex, and PoA 𝑥 sex interactions did not improve the model fit and were thus 

excluded. Rate interactions with voicing, PoA, and sex also did not improve the fit and were 

dropped. The only three-way interaction (of those involving group and rate) that improved 

the model fit was group 𝑥 rate 𝑥 voicing. The three-way interactions involving PoA and sex 

were excluded. 

The final fixed effects model structure can be summarized as follows: 

VOT (log-transformed) ~ group + rate + voicing + PoA + sex +  

group 𝑥 rate + group 𝑥 voicing +  voicing 𝑥 PoA + 

voicing 𝑥 sex + rate 𝑥 voicing +  group 𝑥 rate 𝑥 voicing 



 

 

 

85 

4.1.2.1.2 Main effects 

Figures 6 - 12 report the overall trends of VOT. Coefficients are reported in Table 10 in 

Appendix E. 

Speaker group: A main effect of group indicated that VOTs were shortest for the OC group 

(captured by a marginally significant effect of the OC vs. PD and DBS contrast: 𝛽̂ = -0.129, 

𝑝 = 0.059), longest for the DBS group, and intermediate for the PD group (captured by the 

PD vs. DBS contrast: 𝛽̂ = -0.192, 𝑝 = 0.017 ). 

 

Figure 6: VOT for each speaker group, averaged across participants. Shaded band 

represents the 95% confidence interval. Points represent average participant values. 

Speech rate: The four modified rates (slower = S2; slowest = S3; faster = F2; fastest = F3) 

were compared with habitual (H1). A significant main effect of any of the modified rates 

would indicate that that rate was associated with a difference in VOT compared to the 

habitual rate. Comparisons across each of the modified rates are reported in the pairwise 

comparisons in Table 11 in Appendix E. 
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All modified speech rates were associated with significant changes in VOT values compared 

to speakers’ habitual rates according to expected trends. Specifically, both slower rates were 

associated with significantly longer VOTs, as indicated by positive estimates (S3 vs. H1: 𝛽̂ = 

0.309, 𝑝 <0.001; S2 vs. H1: 𝛽̂ = 0.223, 𝑝 <0.001 ), and both faster rates were associated with 

significantly shorter VOTs (F2 vs H1: 𝛽̂ = -0.174, 𝑝 <0.001; F3 vs H1: 𝛽̂ = -0.337, 𝑝 

<0.001). This is reported in Figure 7. 

 

Figure 7: VOT across all speech rates, averaged across participants. Shaded band 

represents the 95% confidence interval. Points represent individual observations. 

Voicing: Voiced stops were associated with significantly shorter VOTs compared to 

voiceless stops, as would be expected (𝛽̂ = -0.684, 𝑝 <0.001). This pattern is visible in Figure 

8. 
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Figure 8: Mean VOT by voicing category, averaged over participants. Shaded band 

represents the 95% confidence interval. Points represent participant averages. 

Place of articulation: VOT was shortest for bilabial stops, followed by alveolar and then 

velar stops, as seen in Figure 9. This difference was in the expected direction and was 

significant for both contrast levels (bilabial vs. non-labial: 𝛽̂ = -0.4, 𝑝 <0.001; alveolar 

vs. velar: 𝛽̂ = -0.246, 𝑝 <0.001). 
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Figure 9: Mean VOT by place of articulation, averaged across participants. Shaded 

band represents the 95% confidence interval. Points represent participant averages. 

Sex: Figure 10 demonstrates that female speakers produced significantly longer VOTs 

overall compared to male speakers (𝛽̂ = 0.074, 𝑝 = 0.033). 
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Figure 10: Mean VOT by speaker sex, averaged across participants. Shaded band 

represents the 95% confidence interval. Points represent participant averages. 

4.1.2.1.3 Interactions 

Interactions reported here correspond to comparisons for each of the contrast levels specified 

in the main model. Two sets of post-hoc pairwise comparisons are presented here as well: 

specifically, within-group differences across speech rates are reported in Figure 13, and 

within-rate differences across groups appear in Figure 14. The corresponding tables of values 

used to make these figures appear in Table 11 and Table 12 in Appendix E. All 𝑝-values are 

adjusted using the Tukey HSD method for the number of estimates being compared. 

Group by rate interactions: None of the two-way interactions between rate and group were 

significant. That is, compared to the habitual rate, the groups did not differ significantly in 

how they modified VOT across slower and faster rates (all else being equal). Note however, 

that a three-way interaction between group, rate, and voicing did occur, as described below. 
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Group by voicing interactions: A significant interaction existed for the OC vs. PD and DBS 

interaction with voicing (𝛽̂ = -0.045, 𝑝 = 0.038). Follow-up pairwise comparisons of this 

two-way interaction demonstrated that the OC group produced shorter voiced and voiceless 

VOTs than the DBS group, but that this difference was greatest for voiced stops. The PD 

group, on the other hand, did not significantly differ from either the DBS or OC groups.  

Voicing by PoA interactions: Significant interactions were found for both PoA contrast 

interactions with voicing, indicating that differences between voiced and voiceless VOTs 

increased with more posterior articulatory positions ( bilabial vs. non-labial: 𝛽̂ = -0.079, 𝑝 

<0.001; alveolar vs. velar: 𝛽̂ = -0.07, 𝑝 = 0.002 ). 

 

Figure 11: VOT by voicing and place of articulation, averaged across participants. 

Shaded band represents the 95% confidence interval. Points represent participant 

averages. 

Voicing by speaker sex: A significant interaction between consonant voicing and sex 

indicated that females demonstrated a larger difference between voiced and voiceless VOTs 

compared to male speakers (𝛽̂ = -0.052, 𝑝 <0.001). 
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Group, rate, and voicing: 

 

Figure 12: VOT by speaker group (PD and DBS combined), rate, and voicing, averaged 

across participants. Shaded band represents the 95% confidence interval. Points 

represent individual observations. 

The three-way interaction between group, rate, and voicing is shown in Figure 12.  In the fast 

speech, the OC group produced shorter voiceless VOTs than the PD and DBS groups, and 

this was significant for both the faster and fastest rates (compared to habitual) (OC 

vs. Rest 𝑥 F2 vs. H1: 𝛽̂ = 0.079, 𝑝 = 0.009; OC vs. Rest 𝑥 F3 vs. H1: 𝛽̂ = 0.133, 𝑝 <0.001). 

Relatedly, the OC group also produced longer voiceless VOT in the slowest (S3) speech (𝛽̂ = 

-0.059, 𝑝 = 0.045). No other contrasts for the three-way interaction were significant, 

including any interactions involving the PD vs. DBS contrasts. In essence, the OC group 

produced more contrast in slowest speech and less contrast in fast speech compared to the 

PD and DBS groups, and this was achieved by larger relative changes to voiceless VOT. 
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4.1.2.1.4 Pairwise comparisons 

Pairwise comparisons are visualized in Figures 13 and 14. Figure 13 reports pairwise 

comparisons across each proportional rate within each group, and Figure 14 reports pairwise 

comparisons across each group within each rate. Table 11 and Table 12 in Appendix E report 

pairwise comparisons for the three-way interaction between group, rate, and voicing. 

A note on interpreting the pairwise comparison tables: 

Figures like 13 and 14 will appear frequently throughout this Results chapter and are 

intended to facilitate the reporting of the pairwise comparison results. Numerical values 

themselves are not reported in the text, but tables corresponding to the pairwise comparison 

figures are included in the appropriate appendices. 

In these figures, the x-axis corresponds to the estimated mean difference between contrasts, 

and the y-axis denotes the particular contrast levels of interest. Relative effect sizes, then, 

may be interpreted as the size of the bar for a given contrast (relative to the other effects). 

Significance levels (p-values) are denoted by color. The meaning of a positive versus 

negative effect depends on the model structure, and this is always clarified in the text. For the 

VOT models, for example, a positive comparison indicates that the contrast level specified 

first was associated with a larger (log) VOT than the contrast level specified on the right (so 

a contrast such as “F2 - F3” with a positive effect may be interpreted as “the faster F2 speech 

was associated with longer VOT compared to the fastest F3 speech, everything else being 

equal”). 

A negative value in Figures 13 and 14 indicates that the contrast specified on the left was 

associated with smaller VOT than the contrast on the right. The y-axis represents the primary 

contrast, and the x-axis represents the pairwise estimated marginal means (Lenth, 2018). In 

these figures and the ones like them to follow, a significant pairwise comparison is denoted 

as a red (𝑝 < 0.001), orange (𝑝 < 0.01), or yellow (𝑝 < 0.05) bar. 

Regarding the rate comparisons, slower speech was associated with longer VOT for all 

groups, and this pattern held for both voiced and voiceless stops. As can be seen in Figure 13, 

most pairwise comparisons between each rate were significant across groups (indicated by 

red, orange, or yellow bars). Some exceptions were as follows. VOT values in the two 
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slowest rates (S3 vs. S2) did not significantly differ for either group for either voiced or 

voiceless stops. VOT values in the two fastest rates (F2 vs. F3) did not differ for the PD’s 

voiced stops, nor for the DBS group’s voiceless stops. 

 

Figure 13: VOT pairwise comparisons for the three-way interaction between group, 

rate, and voicing, illustrating differences between proportional rates. X-axis represents 

estimated difference of the mean for the model. Response variable is on a log scale. P-

values were adjusted using the Tukey HSD method. 

Figure 14 reports the pairwise comparisons between groups across each rate for voiced and 

voiceless stops. Overall, more comparisons reached significance for voiced stops. In 

particular, within the habitual rates, both the OC and PD groups demonstrated smaller voiced 

VOTs than the DBS group, though the difference between the OC and PD groups was not 

significant. There were no group differences for voiceless VOTs, though the same directional 

pattern was observed. 

Voiceless VOTs did not differ for either group in slower speech. In the slowest rate (S3), 

voiced VOTs were shorter for the OC group compared to the DBS group. The other group 
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comparisons were not significant. In the slower rate (S2), both OC and PD groups 

demonstrated smaller voiced VOTs compared to the DBS group and did not differ from each 

other. 

In the faster rate (F2), once again, the OC and PD groups produced smaller voiced VOTs 

compared to the DBS group but did not differ from each other. The OC group also produced 

significantly smaller voiceless VOTs compared to the DBS group at this rate. 

No significant differences between groups was observed for voiced stops at the fastest rate 

(F3). The OC group produced significantly smaller voiceless VOTs than both the PD and 

DBS groups at this rate. 

 

Figure 14: VOT pairwise comparisons for the three-way interaction between group, 

rate, and voicing, illustrating differences between groups. X-axis represents estimated 

difference of the mean for the model. Response variable is on a log scale. P-values were 

adjusted using the Tukey method. 
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4.1.2.2 Voicing during closure 

4.1.2.2.1 Final model 

Voicing during closure could not be measured on 208 consonants (2.5%) either due to 

closure being unidentifiable (typically due to complete spirantization; n = 172) or closure 

being too short for the pitch tracker to detect voicing (i.e., < 20 ms; n = 36). These tokens 

were removed from the analysis. 

As reported in the methods, VDC was treated dichotomized into two categories: total voicing 

and some or no voicing through closure. VDC was then modelled using logistic mixed-

effects regression using the glmer() function of the lme4 R package (Bates et al., 2015). 

The random effects structure in the final model included random by-participant random 

intercepts and slopes for all rate contrasts, and by-item random intercepts. By-item random 

slopes for group led to a singular fit and were thus dropped. 

Fixed effects in the final model included group, rate, voicing, and PoA. Sex did not improve 

the model fit and was dropped. Two-way interactions included group 𝑥 rate, rate 𝑥 voicing, 

group 𝑥 voicing, rate 𝑥 PoA, and voicing 𝑥 sex. Most two-way interactions involving PoA 

and sex did not improve the model fit and were dropped. None of the three-way interactions 

significantly improved the model fit.  

The final fixed effects structure for the VDC model can be summarized as follows: 

VDC (binary) ~ group + rate + voicing + PoA + group 𝑥 rate + 

group 𝑥 voicing + rate 𝑥 voicing + rate 𝑥 PoA + voicing 𝑥 sex 

4.1.2.2.2 Main effects 

Figures 15 - 18 report the overall trends for VDC. Note that these figures include VDC as a 

continuous variable from 0 to 1, but the model included a dichotomized VDC (total versus 

some or none). The treatment of VDC as continuous in the figures is to better visualize the 

overall patterns in the data. Coefficients are reported in Table 13 in Appendix E. Positive 

model coefficients may be interpreted as a greater occurrence of stops with voicing occurring 

through the entire closure (e.g., VDC = 1). 
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Speaker group: There was no main effect of speaker group for either contrast (OC vs. PD, 

DBS: 𝛽̂ = -1.104, 𝑝 = 0.158; PD vs. DBS: 𝛽̂ = -0.114, 𝑝 = 0.9). 

Speech rate: Compared to habitual speech rates, the slowest rate (S3) was associated with 

significantly less voicing through stop closure (𝛽̂ = -1.046, 𝑝 = 0.005), the slightly slower 

rate (S2) did not significantly differ (𝛽̂ = -0.553, 𝑝 = 0.117), and both faster rates were 

associated with significantly more voicing through closure (F2: 𝛽̂ = 1.464, 𝑝 <0.001; F3: 𝛽̂ = 

2.73, 𝑝 <0.001). This pattern can be seen in Figure 15. 

 

Figure 15: Proportion of voicing during closure by speech rate, averaged across 

participants. Shaded band represents the 95% confidence interval. Points represent 

individual observations. 

Voicing: As expected, a greater proportion of VDC was significantly associated with voiced 

stop consonants (𝛽̂ = 3.112, 𝑝 <0.001). 
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Place of articulation: VDC showed a tendency to increase with more posterior places of 

articulation. Bilabial stops were associated with less VDC compared to alveolars and velars 

(𝛽̂ = -0.562, 𝑝 = 0.006), and alveolars had less VDC than velars (𝛽̂ = -0.874, 𝑝 <0.001). 

4.1.2.2.3 Interactions 

Neither the two-way interaction between group and rate, nor the three-way interactions 

involving group, rate, and voicing or PoA were significant. As such, no post-hoc 

comparisons are reported for this measure. All two-way interactions are reported here.   

Group by rate interactions: None of the two-way interactions involving rate (comparing the 

modified rates with habitual) and speaker group were significant (8 interactions in total: 4 

rate contrasts by 2 group contrasts). In other words, all three groups demonstrated similar 

amounts of VDC at each rate. 

Group by voicing interactions: Both group comparisons demonstrated a significant 

interaction with stop voicing, indicating that the OC group demonstrated more voicing 

through closure of voiceless stops compared to the PD and DBS groups (OC vs. PD, DBS: 𝛽̂ 

= 0.488, 𝑝 = 0.006), and the PD group demonstrated more than the DBS group (PD vs. DBS: 

𝛽̂ = 0.62, 𝑝 <0.001). 

Figure 16 A reports the distribution of VDC across voicing contrasts for each group. The 

bottom panel of this plot (voiceless stops) demonstrates a sharper peak for the OC group in 

the direction of little to no voicing, whereas the distribution of VDC progressively flattens 

for the PD and DBS groups. This may indicate that the stop voicing contrast was better 

maintained (at least for this cue) for healthy talkers, who produced less VDC in voiceless 

stops. 

Rate by voicing interactions: The interaction between the fastest rate (F3) and voicing was 

the only significant comparison, indicating that the difference in VDC between voiced and 

voiceless stops was most similar at this fastest rate when compared to habitual (𝛽̂ = -0.908, 𝑝 

<0.001). 

Figure 16 B reports the distribution of VDC for the voicing contrast across all speech rates. 

Figure 17 demonstrates this pattern for each of the three groups. While subtle, this figure 
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suggests a steeper rise towards more VDC in the fast speech for voiceless stops compared to 

voiced stops, accounting for a greater approximation between these categories at the fastest 

rate. While there was no three-way interaction including group, visually this trend is most 

apparent in the empirical data for the DBS group. 
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Figure 16: Distribution of the proportion of voicing during closure. Figure A is a 

density histogram displaying the proportion of VDC for voiced and voiceless stops by 

speaker group. Figure B is a histogram (bin width = 0.1) displaying the proportion of 

VDC across speech rates for voiced and voiceless stops. 

 

Figure 17: Proportion of voicing during closure by speech rate, speaker group, and stop 

voicing status, averaged across participants. Shaded band represents the 95% 

confidence interval. Points represent individual observations. 

Rate by PoA interactions: The interaction between rate and the bilabial vs. non-bilabial 

contrast was only significant for the slowest rate (S3: 𝛽̂ = 0.572, 𝑝 = 0.035). Conversely, the 

rate interaction with the alveolar vs. velar contrast was only significant for the fastest rate 

(F3: 𝛽̂ = 1.093, 𝑝 = 0.002). In general, velar stops were associated with more VDC compared 

to bilabial and alveolar stops. Figure 18 reports the empirical data across rate, PoA, group, 

and voicing. While all three-way interactions were excluded from the final model because 

they did not significantly improve the model fit, a four-way display of the relationship 
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between group, rate, voicing, and PoA appears in Figure 18 to facilitate visualization of the 

patterns described above. 

 

Figure 18: Voicing during closure by speaker group, speech rate, place of articulation, 

and voicing, averaged across participants. Shaded band represents the 95% confidence 

interval. Points represent individual observations. 

4.1.2.3 Quadrilateral vowel articulation index 

Quadrilateral vowel index (QVAI) was modelled as a function of group, rate, and speaker 

sex, as well as their interactions. A larger QVAI value may be interpreted as less vowel 

centralization, i.e., a larger vowel space. To reiterate, because the QVAI metric must, by 

definition, be calculated as an index of multiple vowels (specifically four), it was not possible 

to run the models on the raw data, in which each observation included the production of one 

nonce word (containing a unique consonant vowel pair). A summary data set was thus 

calculated in the following way. For each level of the proportional rate to be included in the 

model (five levels in total: H1, S2, S3, F2, F3), the formant values for each vowel (/i, æ, ɑ, 



 

 

 

101 

u/) were averaged for each speaker. This summary data set was constructed using the same 

raw data from the previous models, so, the utterances containing stop consonants. 

Two speakers in the control group (OC208 and OC212) did not have data in the S2 bin, due 

to the extent to which they slowed their speech (i.e., they did not produce intermediate values 

between their slowest and habitual rates as captured by the proportional binning procedure). 

Thus, two data points in this summary data were omitted, resulting in 253 observations in 

total (51 speakers x 5 rate bins, minus 2 data points).  

Only three variables of interest were thus considered: group, rate, and speaker sex. As with 

the VOT and VDC models, the model started with group, sex, and their interaction. The 

addition of sex as a fixed effect, as well as the interaction between rate and sex improved the 

model fit. The two- and three-way interactions involving group and sex did not improve the 

model fit and thus were not included. While the other models included by-speaker and by-

item random effects terms, the QVAI model only included by-speaker random effects, as 

individual item information was collapsed in the summary data. The random effects structure 

included by-participant random intercepts and slopes for rate (all four contrasts). 

The final fixed effects structure for the QVAI model can be summarized as: 

QVAI ~ group + rate + sex + group 𝑥 rate + rate 𝑥 sex 

4.1.2.3.1 Main effects 

Figures 19 - 22 report the overall trends of QVAI. A larger QVAI value indicates greater 

vowel space. The group 𝑥 rate interaction was not significant, and as such, no pairwise 

comparisons are reported. 

Speaker group: QVAI was largest for the OC group and smallest for the DBS group, 

indicated by significant differences for both group contrasts (OC vs. rest: 𝛽̂ = 0.076, 𝑝 = 

0.043; PD vs. DBS: 𝛽̂ = 0.088, 𝑝 = 0.045). Figure 19 demonstrates this trend, and Figure 21 

A displays the vowel quadrilaterals in F1 and F2 space for all groups. 
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Figure 19: QVAI by speaker group. Points represent individual observations for each 

participant and rate. Shaded band represents the 95% confidence interval. 

Speech rate: Figure 20 reports QVAI as a function of rate, and Figure 21 B reports the 

distribution of QVAI for each group at each speech rate. When other variables were held 

constant, vowel centralization was evident in both faster rates compared to habitual speech 

(F2 vs. H1: 𝛽̂ = -0.077, 𝑝 <0.001; F3 vs. H1: 𝛽̂ = -0.128, 𝑝 <0.001). This is visible as a 

downward slope in the fast conditions in Figure 20 and as a leftward shift in peaks towards a 

smaller QVAI value in the bottom panels in Figure 21. While there was a trend for QVAI to 

increase in the slower speech, this comparison was only marginally significant for the 

slowest rate (S3 vs. H1: 𝛽̂ = 0.038, 𝑝 = 0.051; S2 vs. H1: 𝛽̂ = 0.022, 𝑝 = 0.118). In other 

words, vowel space, as represented by the vowel articulation index, trended towards 

expansion in slower speech, and became significantly smaller (centralized) in faster speech. 

As can be seen in Figures 20 and 21 B, QVAI is overall larger in slower rates, but also more 

variable. 
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Figure 20: QVAI by speech rate. Points represent individual observations. Shaded band 

represents the 95% confidence interval. 
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Figure 21: Figure A displays the vowel polygons produced in the first and second 

formant space by each speaker group. Figure B is a set of density plots showing the 

distribution of QVAI for each group at each rate (ordered top to bottom from slow to 

fast). 

Sex: Female speakers produced significantly larger vowel spaces compared to male speakers 

(𝛽̂ = 0.053, 𝑝 = 0.007). 
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4.1.2.3.2 Interactions 

None of the possible two-way interactions between rate and group were significant for QVAI 

(Table 14 in Appendix E). Interactions between rate and sex were significant for the faster 

rates (F2 vs. H1: 𝛽̂ = -0.027, 𝑝 = 0.019; F3 vs. H1: 𝛽̂ = -0.128, 𝑝 <0.001), but not for the 

slower rates. Figure 22 demonstrates that at faster rates, males and females had greater 

overlap in their degree of vowel centralization. 

 

Figure 22: QVAI by speech rate and speaker sex. Points represent individual 

observations. Shaded band represents the 95% confidence interval. 

4.1.3 Voice acoustics 

Voice acoustics included speech intensity and harmonics-to-noise ratio (HNR), which were 

measured on the vowels of interest in the nonce words.  
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4.1.3.1 Intensity 

4.1.3.1.1 Final model 

The predictors of interest for intensity included group, rate, and sex. As with the previous 

models, the base model included group, rate, and their interaction. Including by-item random 

slopes for speaker group led to a singular model fit and were thus excluded. Random effects 

terms included by-item random intercepts and by-speaker random intercepts and slopes for 

rate (all contrasts). 

The final model included fixed effects of group, rate, and sex. No two-way interactions 

involving sex were included, but the three-way interaction was. The final fixed effects 

structure can be summarized as: 

Intensity ~ group + rate + sex + group 𝑥 rate + group 𝑥 sex + 

rate 𝑥 sex + group 𝑥 rate 𝑥 sex 

4.1.3.1.2 Main effects 

Figures 23 through 24 report the empirical data for intensity. Model coefficients are reported 

in Table 15 in Appendix E. Figure 25 reports the pairwise comparisons for the two-way 

group 𝑥 rate interaction, which also appear in Table 16 in Appendix E. 

Speaker group: There was no main effect of speaker group (OC vs. Rest: 𝛽̂ = 1.471, 𝑝 = 

0.169; PD vs. DBS: 𝛽̂ = 1.275, 𝑝 = 0.383), indicating that mean intensity (measured on the 

vowel) did not significantly differ across the OC, PD, and DBS groups. 

Speech rate: A main effect of rate was found for the two slow speech contrasts (S3 vs. H1: 𝛽̂ 

= -2.798, 𝑝 <0.001; S2 vs. H1: 𝛽̂ = -2.042, 𝑝 <0.001 ), indicating that both slower speech 

conditions were associated with lower speech intensity compared to habitual speech. The fast 

speech conditions did not significantly differ from habitual (F2 vs. H1: 𝛽̂ = 0.168, 𝑝 = 0.688; 

F3 vs. H1: 𝛽̂ = 0.511, 𝑝 = 0.282). 

Sex: Males had higher speech intensity compared to females (𝛽̂ = -1.365, 𝑝 = 0.016). 
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4.1.3.1.3 Interactions 

Group by rate interactions 

Significant group interactions with the slowest rate (S3) demonstrated that while all groups 

got quieter in slower speech, the OC group did this to a lesser extent than the clinical groups 

(OC vs. PD x S3 vs. H1: 𝛽̂ = 1.486, 𝑝 <0.001), and that this was largely driven by the DBS 

group, who were quieter than the PDs at the slowest rates (PD vs. DBS x S3 vs. H1: 𝛽̂ = 

1.709, 𝑝 <0.001). The same trend was apparent in the slower (S2) speech, but did not reach 

significance (OC vs. PD: 𝛽̂ = 0.687, 𝑝 = 0.07; PD vs. DBS: 𝛽̂ = 0.939, 𝑝 = 0.062). This can 

effectively be seen as a steeper downward slope for the DBS group compared to the others as 

speech rate decreases in Figure 23. Pairwise comparisons are reported in Figure 25. 

Group, rate, sex interactions 

The three-way interaction demonstrated significant differences between group, rate, and sex 

for comparisons between slow and habitual speech only. Specifically, OC male and female 

speakers demonstrated similar speech intensity in slow speech, which resulted from the male 

speakers reducing their speech intensity to a greater extent than the females. Conversely, 

female and male speakers with PD (including those with DBS) both decreased their speech 

intensity by similar amounts, such that the male-female difference in intensity was preserved 

at slower rates. This interaction was significant for both slow speech rates for the OC vs. PD, 

DBS contrasts (S2 vs. H1: 𝛽̂ = 1.032, 𝑝 = 0.007; S3 vs. H1: 𝛽̂ = 2.163, 𝑝 <0.001). While the 

PD and DBS male and female speakers also differed at the slowest rate (PD vs DBS 𝑥 S3 

vs. H1: 𝛽̂ = 0.835, 𝑝 = 0.003), however, this interaction should be considered with extreme 

caution, as the DBS group (n=12) only had two female participants. This interaction can be 

seen in Figure 24. 

4.1.3.1.4 Pairwise comparisons 

Pairwise comparisons are reported in Figure 25 and in Table 16 in Appendix E. The trend for 

lower intensity in slower speech was statistically significant for most pairwise comparisons 

(Figure 25) across speech rates with the following exceptions. Neither of the fast conditions 

(F2, F3) significantly differed from one another nor from the habitual conditions for any 

group. The two slow rates did not differ from one another for the PD group or the OC group, 
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but the DBS group demonstrated lower speech intensity in the S3 vs. S2 rates. Speech 

intensity between the “slower” and “fastest” speech (S2 vs. F3) did not reach significance for 

the DBS group (but did for the OC and PD groups). 

In summary, when speech rate was modified, slower speech was consistently produced more 

quietly than faster speech. Habitual speech was also produced at a louder volume than slower 

speech but did not differ from faster speech. 

 

Figure 23: Vowel intensity (dB) by speaker group and speech rate, averaged over 

participants. Shaded band represents the 95% confidence interval. Points represent 

individual observations. 
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Figure 24: Vowel intensity (dB) by speaker group (PD and DBS groups combined), 

speech rate, and speaker sex, averaged over participants. Shaded band represents the 

95% confidence interval. Points represent individual observations. 
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Figure 25: Vowel intensity pairwise comparisons for the two-way interaction between 

group and rate. X-axis represents estimated difference of the mean for the model. P-

values were adjusted using the Tukey HSD method. 

4.1.3.2 Harmonics-to-noise ratio 

4.1.3.2.1 Final model 

HNR was modelled as a function of group, rate, speaker sex, and vowel height. Including by-

item random slopes for speaker group led to a singular model fit, and thus these were 

excluded. Random effects terms in the final model included by-item random intercepts, and 

by-speaker random intercepts and slopes for rate (all contrasts). 

The final model included fixed effects of group, rate, and vowel height. Sex did not improve 

the model fit. All two-way interactions with the exception of group 𝑥 sex improved the 

model fit and were included. Both possible three-way interactions involving group and rate 

(vowel height, sex) were also included. The fixed effects structure can be summarized as 

follows: 
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HNR ~ group + rate + vowel height + sex + group 𝑥 rate + 

group 𝑥 vowel height + group 𝑥 sex + rate 𝑥 vowel height + 

rate 𝑥 sex + vowel height 𝑥 sex + group 𝑥 rate 𝑥 vowel height 

+ group 𝑥 rate 𝑥 sex 

4.1.3.2.2 Main effects 

Figures 26 and 28 report the empirical data for HNR. A larger HNR value indicates better 

voice quality. Model coefficients are reported in Table 17 in Appendix E. Pairwise 

comparisons for the three-way interaction between group, rate, and vowel height are reported 

in Figure 27 and the values appear in Table 18 in Appendix E. 

Speaker group: With all other variables held equal, HNR did not differ significantly by 

speaker group (OC vs. PD, DBS: 𝛽̂ = 0.231, 𝑝 = 0.821; PD vs. DBS: 𝛽̂ = -0.569, 𝑝 = 0.685). 

Speech rate: Most modified speech rates (with the exception of S2) were associated with 

significant decreases in HNR compared to habitual speech (S3vH1: 𝛽̂ = -1.106, 𝑝 = 0.012; 

F2vH1: 𝛽̂ = -0.657, 𝑝 = 0.026; F3vH1: 𝛽̂ = -1.324, 𝑝 <0.001). That is, with all other variables 

held at their constant values, modifying one’s speech rate in either direction was associated 

with lower HNR (worse voice quality). 

Vowel height: High vowels were associated with higher HNR (better voice quality) 

compared to low vowels ( 𝛽̂ = 3.152, 𝑝 <0.001). 

4.1.3.2.3 Interactions 

Group by rate interactions 

Significant interactions between group and speech rate are apparent in Figure 26. Overall, the 

OC and PD groups demonstrated better voice quality during slower speech and worse voice 

quality during faster speech, compared to their habitual rates. The DBS group, on the other 

hand, displayed the opposite pattern; their voice quality worsened in slower speech and 

improved in faster speech. This effect was significant in the slower but not faster speech 

comparisons, with the exception that the PD vs. DBS contrast was not significant for the S2 



 

 

 

112 

rate (OC vs. rest in S3: 𝛽̂ = 2.33, 𝑝 = 0.005; OC vs. rest in S2: 𝛽̂ = 1.412, 𝑝 = 0.034; PD 

vs. DBS in S3: 𝛽̂ = 4.042, 𝑝 <0.001). 

Group, rate, and vowel height interactions 

These patterns were also apparent across vowel height categories, though to different 

degrees. High vowels, which were produced with higher HNR overall, were subject to flatter 

improvements for the OC and PD groups and steeper decrements for the DBS group, whereas 

faster speech was associated with steeper decrement for the OC and PD groups and 

improvement for the DBS group. This interaction can be seen in Figure 26, and is captured 

by significant three-way interactions between group, rate, and vowel height, reported in 

Table 18 in Appendix E. 

Specifically, this pattern is captured by the three-way interaction was significant for the OC 

vs. PD and DBS contrast in slow speech (S2: 𝛽̂ = -0.718, 𝑝 = 0.013; S3: 𝛽̂ = -0.615, 𝑝 = 

0.01), as well as in faster speech (F2: 𝛽̂ = -0.564, 𝑝 = 0.023; the interaction was not 

significant for the fastest speech, F3: 𝛽̂ = -0.464, 𝑝 = 0.092). The three-way interaction was 

also significant for the PD vs. DBS contrast in faster speech (F2: 𝛽̂ = -0.833, 𝑝 = 0.005; the 

interaction was not significant for the fastest speech, F3: 𝛽̂ = -0.373, 𝑝 = 0.276). 

4.1.3.2.4 Pairwise comparisons 

The pairwise comparisons for the three-way interaction between group, rate, and vowel 

height in Figure 27 (and Table 18 in Appendix E) demonstrate that there were relatively few 

significant individual comparisons. For the OC group HNR is significantly better within high 

vowels in habitual speech versus both faster rates (F2, F3), and the slowest rate is 

significantly better than the fastest rate (S3 vs. F3). For the PD group, only one comparison 

was significant: habitual speech was associated with better HNR than the fastest speech (H1 

vs. F3). For both high and low vowels produced by the DBS group, HNR is significantly 

worse in the slowest speech compared to the faster speech (S3 vs. F2), and in the slowest 

speech compared to habitual speech (H1 vs. S3). 
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Figure 26: Harmonics-to-noise ratio by speaker group, speech rate, and vowel height, 

averaged across participants. Shaded band represents the 95% confidence interval. 

Points represent participant averages. 
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Figure 27: Harmonics-to-noise ratio pairwise comparisons for the three-way interaction 

between group, speech rate, and vowel height. X-axis represents estimated difference of 

the mean for the model. P-values were adjusted using the Tukey HSD method. 

Rate by sex interactions 

Overall, females demonstrated better voice quality at their habitual rates of speech compared 

to all modified rates, while males demonstrated better HNR in slow speech and worse HNR 

in fast speech. This is reported in Figure 28. This pattern was significant for all rate 

comparisons (S3 vs. H1: 𝛽̂ = -1.677, 𝑝 <0.001; S2 vs. H1: 𝛽̂ = -0.925, 𝑝 = 0.007; F2 vs. H1: 

𝛽̂ = -0.554, 𝑝 = 0.05; F3 vs. H1: 𝛽̂ = -0.891, 𝑝 = 0.016). 
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Figure 28: Harmonics-to-noise ratio by speech rate and speaker sex, averaged across 

participants. Shaded band represents the 95% confidence interval. Points represent 

participant averages. 

Group, rate, sex interactions 

While including the three-way interaction between group, rate, and sex improved the model 

fit, this interaction is not discussed here for simplicity. No pairwise comparisons between 

group, rate, and sex are reported because of the unbalanced sex distribution within and across 

groups. 

4.2 Experiment 2: Transcription of nonce words 

In this section, inter- and intra-reliability for the transcription task is reported first, followed 

by model results for the stop consonant accuracy and vowel accuracy analyses. 
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4.2.1 Inter-rater and intra-rater reliability 

To reiterate, eight listeners came in over the course of four to five individual listening 

sessions and transcribed recordings of the sentences “Please say ___ again” presented in 

noise at +3dB SNR. Listeners were asked to transcribe the word in the blank and were given 

strict spelling criteria. They were told that words would always be of the form “aCVd”, 

where C was any possible consonant and V was any possible monophthong vowel of English. 

20% of the files were repeated at random in order to calculate reliability. Each listener heard 

approximately 8500 sentences in total over the five sessions. 

As stated in the Methods (Section 3.3.1.6), inter- and intra-rater reliability were calculated 

using Cohen’s kappa (Cohen, 1960). For ease of interpretation, both point-by-point 

agreement and Cohen’s kappa values are reported in Table 7. Inter-rater reliability was 

computed on a random sampling of 100 utterances for each listener pair (this was done 

because not all listeners heard the same overlap of utterances). 

Average inter-rater word-level kappa was 0.358 (range: 0.02 to 0.56; agreement: 71.417); 

consonant-level kappa was 0.408 (range: 0.22 to 0.6; agreement: 74.292); and vowel-level 

kappa was 0.365 (range: 0.12 to 0.75; agreement: 74.375), indicating fair to moderate 

average agreement ranging from slight to substantial for individual listener pairs (Landis & 

Koch, 1977).  

Average intra-rater word-level kappa was 0.556 (range: 0.508 to 0.625; agreement: 77.971); 

consonant-level kappa was 0.61 (range: 0.555 to 0.661; agreement: 82.059), and vowel-level 

kappa was 0.515 (range: 0.441 to 0.58; agreement: 81.394), indicating a moderate to 

substantial average and range (Landis & Koch, 1977). 

Table 7: Intra-rater reliability for each listener: Nonsense word transcription task. 

Point-by-point agreement and Cohen’s kappa are listed for 1) whole word accuracy 

(i.e., consonant and vowel), 2) consonant accuracy, and 3) vowel accuracy 

Listener 
Word Consonant Vowel 

Agreement Kappa Agreement Kappa Agreement Kappa 

1 78.790 0.566 83.330 0.606 84.610 0.561 

2 81.350 0.625 83.970 0.661 81.630 0.580 
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Listener 
Word Consonant Vowel 

Agreement Kappa Agreement Kappa Agreement Kappa 

3 78.150 0.563 82.550 0.611 81.380 0.521 

4 76.840 0.535 82.790 0.614 78.820 0.441 

5 75.360 0.508 78.820 0.555 83.570 0.461 

6 77.280 0.532 79.080 0.568 77.070 0.513 

7 76.500 0.531 82.360 0.604 82.570 0.551 

8 79.500 0.590 83.570 0.661 81.500 0.494 

4.2.2 Transcription accuracy 

The analysis for this section was run on the same subset of the data reported in 4.1: items 

from the nonce word task containing stop consonants (items 1 - 24). This amounted to 24 

items per participant per rate condition (n = 7) per participant (n = 68 across all four groups), 

or 11,424 trials in total. Most but not all speakers were able to complete all trials, as noted in 

the methods. Utterances that were somehow unpresentable in some way (e.g., recording cut 

off, participant misspoke) were discarded with 11,241 unique utterances included in the final 

analysis (n excluded = 183; 1.6%). The responses for the first two listeners for each speaker 

were retained, resulting in 22,482 observations in the data set analyzed here.    

4.2.3 Stop consonant accuracy 

4.2.3.1 Final model 

Transcription accuracy of stop consonants was modelled as a function of group, rate, 

voicing, and place of articulation using logistic mixed effects regression. All fixed effects 

and two-way interactions were entered. Three-way interactions involving both group and rate 

were also entered. A fixed effect of listener was added as a covariate to account for 

differences across transcribers. 

As with the acoustics models in Section 4.1, the base model included fixed effects of group 

and rate as well as their interaction. Listener was included as a covariate in the base model as 

well. Random effects included by-participant random intercepts and slopes for each rate 

contrast, as well as by-item random intercepts and slopes for each group contrast. 
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The final model included fixed effects of group, rate, voicing, and PoA. Two-way 

interactions that improved the model fit included group 𝑥 voicing and group 𝑥 PoA. Two-

way interactions between rate, voicing, and PoA did not improve the model fit. The three-

way interaction between group 𝑥 rate 𝑥 voicing improved the model, but group 𝑥 rate 𝑥 PoA 

did not. The fixed effects structure can be summarized as: 

Stop consonant accuracy ~ group + rate + voicing + PoA + 

group 𝑥 rate + group 𝑥 voicing + group 𝑥 PoA + 

group 𝑥 rate 𝑥 voicing + listener 

4.2.3.2 Main effects 

Model results reporting follows that of Experiment 1. Main effects of fixed effects terms are 

reported here, and interactions are reported below. Coefficients are reported in Table 19 in 

Appendix F. Post-hoc pairwise comparisons for the two-way interaction between group and 

rate are reported in Table 20 in Appendix F and in Figure 29. Figure 31 displays the 

empirical data for patterns of stop consonant transcription accuracy by speaker group, speech 

rate, and stop consonant voicing. 

The model coefficients may be interpreted in the following way: a positive estimate in the 

reported model coefficients indicates that the reference level for that contrast was associated 

with greater transcription accuracy. 

Speaker group 

When all other variables were held at their average values, the healthy control groups were 

transcribed with higher accuracy than the clinical groups, as indicated by significant positive 

effects for these contrasts (YC vs. OC, PD, DBS: 𝛽̂ = 1.671, 𝑝 <0.001; OC vs. PD, DBS: 𝛽̂ = 

0.984, 𝑝 <0.001), but the PD and DBS groups did not significantly differ from one another (𝛽̂ 

= 0.089, 𝑝 = 0.735). 

Speech rate 

In the main model, each modified speech rate was compared with the habitual rate when all 

other variables are held constant (consistent with what was done in Section 4.1). 
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Overall, the two slower rates (S3, S2) were associated with worse (lower) transcription 

accuracy compared to the habitual rates (S3vsH1: 𝛽̂ = -0.282, 𝑝 = 0.009; S2vsH1: 𝛽̂ = -

0.222, 𝑝 = 0.019), while the faster rates (F2, F3) did not significantly differ from habitual 

(F2vsH1: 𝛽̂ = -0.046, 𝑝 = 0.564; F3vsH1: 𝛽̂ = -0.065, 𝑝 = 0.608). 

Voicing 

Voiceless stops were transcribed with greater accuracy than voiced stops (𝛽̂ = -0.202, 𝑝 = 

0.002). 

Place of articulation 

Bilabial stops (/b, p/) did not differ from non-bilabial stops (/t, d, k, g/) (𝛽̂ = -0.007, 𝑝 = 

0.944), but alveolar stops (/t, d/) were transcribed with greater accuracy than velar stops (𝛽̂ = 

0.468, 𝑝 <0.001). 

4.2.3.3 Interactions and pairwise comparisons 

Group by rate interactions 

The majority of the group 𝑥 rate comparisons were not significant, indicating that speech rate 

adjustments impacted consonant intelligibility across the groups in similar ways when all 

other factors were equal. An exception to this was that the YC group demonstrated greater 

decrement in consonant intelligibility in the fastest speech (F3) compared to habitual, 

demonstrated by a significant interaction for the YC vs. OC, PD, DBS by F3 (𝛽̂ = -0.564, 𝑝 = 

0.029). Post-hoc pairwise comparisons are reported in Figure 29, which emphasize this point: 

most of the contrasts between rates were not significant. 



 

 

 

120 

 

Figure 29: Stop consonant accuracy pairwise comparisons for the two-way interaction 

between group and speech rate. X-axis represents estimated difference of the mean for 

the model. Results are given on the log-odds ratio scale and are averaged over the levels 

of voicing, PoA, and listener. P-values were adjusted using the Tukey HSD method. 

Group by voicing interactions 

While all groups were transcribed with greater accuracy when producing voiceless rather 

than voiced stops, this difference was greater for the OC, PD, and DBS groups compared to 

the YC group. This is captured by a marginally significant interaction between the YC 

vs. OC, PD, DBS by voicing contrast (𝛽̂ = 0.211, 𝑝 = 0.05). There was also a trend for the 

difference between voiced and voiceless stops to be greater for the OC group compared to 

the clinical groups, as captured by a marginally significant interaction for the OC vs. PD, 

DBS by voicing interaction (𝛽̂ = -0.16, 𝑝 = 0.072). The PD and DBS groups did not differ 

from one another (𝛽̂ = -0.158, 𝑝 = 0.121). 

Group by PoA interactions 
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All possible two-way interactions between group and PoA were significant. Empirical 

patterns can be seen in Figure 30. The YC group was transcribed with greatest accuracy for 

alveolar stops compared to bilabial and velar stops, and this difference was greater than for 

the other three groups. This is captured by negative interactions with the bilabial vs. non-

labial contrast for the YC vs. OC, PD, DBS comparison (i.e., bilabials for the YC group were 

transcribed with lower accuracy than alveolar and velars combined; YC vs. OC, PD, DBS: 𝛽̂ 

= -0.502, 𝑝 <0.001), and a positive interaction for the YC vs. Rest 𝑥 Alveolar vs. Velar 

comparison (𝛽̂ = 0.445, 𝑝 <0.001). The OC, PD, and DBS groups differed from the YC 

group, but were similar to each other. The degree to which stop intelligibility differed across 

PoAs for each group differed, however (e.g., flatter slopes of change for the clinical groups) 

This is captured by significant positive interactions for both PoA contrasts for the OC vs. PD 

and DBS comparison (bilabial vs. non-labial: 𝛽̂ = 0.189, 𝑝 = 0.03; alveolar vs. velar: 𝛽̂ = 

0.293, 𝑝 = 0.004) and the PD vs. DBS comparison (bilabial vs. non-labial: 𝛽̂ = 0.297, 𝑝 = 

0.004; alveolar vs. velar: 𝛽̂ = 0.247, 𝑝 = 0.041) indicate that the overall pattern across PoAs 

for these three groups was similar, but the degree to which intelligibility differed across PoAs 

for each group differed (e.g., flatter slopes of change for the clinical groups). 

To summarize, bilabial stops were transcribed with significantly lower accuracy than alveolar 

and velar stops combined for the YC group, but not for the other groups. Conversely, all 

groups demonstrated lower intelligibility for velar stops overall, but this difference was 

greatest for the YC group. Alveolar stops were transcribed with greatest accuracy for the YC 

group, whereas this distinction was not as clear for the OC, PD, and DBS groups. Velar stops 

were transcribed with the lowest accuracy for all groups. Figure 30 demonstrates these 

relationships. 
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Figure 30: Proportion of correctly transcribed stop consonants by speaker group and 

consonant place of articulation. Averages first aggregated by listeners and participants. 

Shaded band represents the 95% confidence interval. 

Group, rate, and voicing interaction 

Though the inclusion of the three-way interaction between group, rate, and voicing improved 

the model fit, none of the main model comparisons were significant. Pairwise comparisons 

are thus only reported for the two-way interaction between group and rate (Figure 29). 
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Figure 31: Proportion of correctly transcribed stop consonants by speaker group, 

speech rate, and consonant voicing. Proportions averaged by listeners and participants. 

Shaded band represents the 95% confidence interval. 

In summary, consonant intelligibility for the four speaker groups differed in a predictable 

manner (YC > OC > PD/DBS), but rate of speech did not differentially impact how well each 

of the groups was understood (in terms of stop consonant identification).  Notably, slow 

speech was significantly associated with worse intelligibility and the highest proportions of 

stop accuracy were in habitual speech. Voiceless, alveolar stops (/t/) were transcribed with 

the highest accuracy, and flatter rates of change were observed for the PD and DBS groups 

compared to the controls. 

4.2.4 Vowel accuracy 

4.2.4.1 Final model 

Vowel accuracy was modelled as a function of group, rate, and vowel backness. Listener was 

also included as a covariate, as was done for the consonant transcription analysis. The 

iterative model building procedure was the same as described previously. All terms and 
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interactions entered into the model were associated with significant model improvement and 

so none were dropped. The final model thus included fixed effects of group, rate, vowel 

backness, and listener, all two-way interactions between group, rate, and vowel backness as 

well as the three-way interaction between group, rate, and vowel backness. The random 

effects structure was identical to that described in the stop accuracy models. 

The fixed effects structure for the final model can be summarized as: 

Vowel accuracy ~ group + rate + vowel backness + 

group 𝑥 rate + group 𝑥 vowel backness + rate 𝑥 vowel 

backness + group 𝑥 rate 𝑥 vowel backness + listener 

4.2.4.2 Main effects 

Figure 32 reports the empirical data for vowel accuracy. Model coefficients are in Table 21 

in Appendix F. Pairwise comparisons for the three-way interaction between group, rate, and 

vowel backness are in Figure 33 as well as in Table 22 in Appendix F. 

Speaker group 

The YC group was transcribed with greater accuracy than the other three groups (𝛽̂ = 0.905, 

𝑝 <0.001), and the OC group was transcribed with greater accuracy than the PD and DBS 

groups (𝛽̂ = 1.011, 𝑝 <0.001). The PD and DBS groups did not differ from each other (𝛽̂ = 

0.337, 𝑝 = 0.175). This can be summarized as: YC > OC > PD/DBS. 

Speech rate 

The slower rates were both significantly associated with poorer vowel accuracy compared to 

talkers’ habitual rates of speech (S3 vs. H1: 𝛽̂ = -0.268, 𝑝 = 0.004; S2 vs. H1: 𝛽̂ = -0.253, 𝑝 = 

0.008). Vowel transcription accuracy in fast speech did not significantly differ from habitual 

speech (F2 vs H1: 𝛽̂ = -0.047, 𝑝 = 0.62; F3 vs. H1: 𝛽̂ = -0.216, 𝑝 = 0.105). 

Vowel backness 

Front vowels were transcribed with poorer accuracy than back vowels ( 𝛽̂ = -0.607, 𝑝 

<0.001). 
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4.2.4.3 Interactions 

Empirical data are reported in Figure 32, and pairwise comparisons for the three-way 

interaction between group, rate, and vowel backness are reported in Figure 33 and in Table 

22 in Appendix F. 

Group by rate 

The YC group demonstrated a greater difference in the slow versus habitual rates compared 

to the OC, PD, and DBS groups combined, as evidenced by significant positive interactions 

for the YC vs. Rest comparison at the slower (S2: 𝛽̂ = 0.471, 𝑝 = 0.04) and slowest (S3: 𝛽̂ = 

0.507, 𝑝 = 0.014) rates. This was mainly driven by the finding that the OC group, conversely, 

demonstrated lower intelligibility in the slowest rate compared to the clinical groups, 

indicated by a significant negative interaction for the OC vs. PD, DBS comparison at the S3 

rate (𝛽̂ = -0.536, 𝑝 = 0.01). With other variables held constant, the YC essentially were as 

intelligible in slow speech, the OC group was much less intelligible in slow speech, and the 

PD and DBS groups were somewhat less intelligible in slow speech compared to the controls 

and compared to their habitual rates. The PD group had worse intelligibility in both fast and 

slow speech rates, whereas intelligibility was overall unchanged for the DBS group. The 

difference between the PD and DBS groups only reached significance for the faster speech 

(F2: 𝛽̂ = -0.583, 𝑝 = 0.011). 

Group, rate, and vowel backness 

Unlike for the stop transcription, vowel transcription accuracy demonstrated significant 

differences for all groups across speech rates, and these patterns differed for front and back 

vowels. Patterns described here are visible in Figure 32 and are followed by the results of the 

pairwise comparisons in order to describe changes between each rate for each group. 

In slower speech, compared to habitual, both front and back vowels were transcribed with 

similar accuracy for the PD groups. The OC group, on the other hand, showed the opposite 

trend (more similarity at habitual rates compared to slower speech). This is reflected by a 

significant negative interaction for the OC vs. PD, DBS comparison (S2: 𝛽̂ = -0.4, 𝑝 = 0.013; 
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S3: 𝛽̂ = -0.329, 𝑝 = 0.025), and a significant positive interaction for the PD vs. DBS (S3: 𝛽̂ = 

0.395, 𝑝 = 0.006; S2 was marginally significant: 𝛽̂ = 0.308, 𝑝 = 0.052). 

The PD group also demonstrated greater difference in their front and back vowel 

intelligibility rates in faster speech compared to the DBS group (F2: 𝛽̂ = 0.049, 𝑝 = 0.747), 

mainly driven by a steeper decline of front vowel intelligibility in fast speech. None of the 

comparisons between the YC and the other groups were significant for this interaction. 

These patterns are visible in Figure 32 as the gap between front and back vowel accuracy in 

slow compared to habitual speech widens for controls, closes for PDs, and remains relatively 

stable for the DBS and YC groups. 

The PD and DBS groups front vowel productions do not benefit from slow speech, whereas 

front vowel accuracy declines. The OC group shows similarly high accuracy for both vowel 

categories at habitual rates, but front vowel accuracy declines at a steeper rate than for back 

vowels. 
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Figure 32: Proportion of correctly transcribed vowels by rate and vowel backness. 

Averages first aggregated by listeners and participants. Vertical dotted line represents 

habitual rate. Shaded band represents the 95% confidence interval. 

4.2.4.4 Pairwise comparisons 

 

Figure 33: Vowel transcription accuracy pairwise comparisons for the three-way 

interaction between group, speech rate, and voicing, illustrating differences between 

rates. X-axis represents estimated difference of the mean for the model. Results are 

given on the log-odds ratio and averaged over the levels of listener. P-values were 

adjusted using the Tukey HSD method. 

The pairwise comparisons for the three-way interaction are reported below in order to better 

understand specific differences between the different speech rates for each group and vowel 

category. These will be discussed in terms of habitual versus modified, slow versus fast, and 

within slow or fast rates. Significant pairwise comparisons are reported, and a report of the 

effect size, direction, and significance can be seen in the accompanying Figure 33. The 

empirical data reported in Figure 32 aids in these interpretations. 
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In the pairwise comparison figures, a positive estimate indicates that the contrast specified on 

the left was associated with greater accuracy than that on the right (e.g., a positive estimate 

for the H1-S3 contrast for the OC group in the top panel indicates that front vowels were 

transcribed with greater accuracy in habitual speech than the slowest speech for the OC 

group; the red color indicates that this was significant at 𝑝 < 0.001). 

Habitual rate versus modified rates 

Compared to their habitual speech, vowel accuracy for the YC group did not significantly 

differ in any of the modified speech rates with two exceptions: front vowels were more 

accurately transcribed in habitual speech versus the fastest speech (F3), while back vowels 

were transcribed with greater accuracy in faster speech (F2) compared to habitual. 

Front vowels for the OC group were transcribed with greatest accuracy in the habitual 

condition compared to both slower and faster rates, but back vowels did not differ. 

Overall, the PD group was most intelligible (highest proportion of vowels accurately 

transcribed) in habitual speech, but the pattern of significance differed for front and back 

vowels. Specifically, front vowel accuracy demonstrated a steeper decline in fast speech (F2 

and F3), while back vowel accuracy declined more in slow speech (S2 and S3).   

There were no significant comparisons between habitual rates of speech and any of the 

modified rates of speech for the DBS group.  

Slower versus faster speech 

Within slow or fast speech, vowel accuracy did not demonstrate significant differences: 

slower and slowest (S2 versus S3) did not differ from one another for any group or either 

vowel position, nor did the faster and fastest rates (F2 versus F3).  

A comparison across slow and fast speech demonstrated the following patterns. In general, 

front vowels were transcribed more accurately in slow versus fast speech, whereas back 

vowels were transcribed more accurately in fast versus slow speech. Significant comparisons 

are reported below. 



 

 

 

129 

For front vowels, the above-mentioned pattern reached significance only for the YC and PD 

groups. Specifically, both slower and slowest speech rates were more accurately transcribed 

than the fastest speech rate for both groups (S3 > F3 and S2 > F3).   Both slow rates were 

also associated with greater accuracy for front vowels compared to faster speech (S3 > F2 

and S2 > F2), though this comparison only reached significance for the PD group. 

For back vowels, the pattern was reversed; namely, slower speech was, in general, associated 

with poorer transcription accuracy compared to faster speech. These comparisons were 

significant for all groups except for the YC group, who did not demonstrate significant 

changes in faster speech for back vowels. The slowest speech (S3) differed from faster 

speech (F2) for the OC and PD groups, and from fastest speech (F3) for the OC group only. 

There were no differences between the slowest speech and any of the fast rates for the DBS 

group. The slower speech rate (S2) was associated with significantly poorer accuracy than 

faster speech (F2) for the OC, PD, and DBS groups, as well as than fastest speech (F3) for 

the OC and DBS groups. 

In summary, the modified speech rates did not improve vowel transcription accuracy 

compared to habitual speech. Across the modified speech rates, slower speech was generally 

associated with better identification of front vowels (/i, æ/) and poorer identification of back 

vowels (/u, ɑ/). For the most part, this was consistent across group, and in particular for the 

PD group. An interesting finding is that the DBS group demonstrated better intelligibility in 

fast but not slow speech, and only for back vowels. 

4.3 Experiment 3: Speech intelligibility estimation 

4.3.1 Inter-rater and intra-rater reliability 

As described in the methods (Section 3.3.2.5), listener reliability for the speech intelligibility 

estimation tasks were computed using the intraclass correlation coefficient (ICC; Koo & Li, 

2016). Separate coefficients were computed for each task. Inter-rater reliability was 

calculated as the average consistency in a two-way random model (ICC 2, k), and intra-rater 

reliability was calculated using average agreement in a two-way mixed model (ICC 3, k). 
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Average inter-rater reliability for the sentence task was 0.889 (95% CI: 0.878 - 0.898), and 

0.938 (95% CI: 0.921 - 0.951) for the conversation task. This can be interpreted as good and 

excellent inter-rater reliability, respectively (Koo & Li, 2016). 

Average intra-rater reliability for the sentence task was good (mean: 0.872, range: 0.824 - 

0.933) and excellent for the conversation task (mean: 0.934, range: 0.894 - 0.983) (Koo & Li, 

2016). Intra-rater reliability scores for each listener and task are presented in Table 8 and 

Table 921. 

Table 8: Intra-rater reliability for each listener: Sentence rating task 

Listener ICC F df1 df2 p 
lower 

bound 

upper 

bound 

1 0.831 5.929 540.000 540.000 <0.001 0.800 0.858 

2 0.899 9.916 543.000 543.000 <0.001 0.881 0.915 

3 0.933 14.955 273.000 273.000 <0.001 0.915 0.947 

4 0.824 5.684 273.000 273.000 <0.001 0.777 0.861 

5 0.884 8.653 273.000 273.000 <0.001 0.853 0.909 

6 0.861 7.188 273.000 273.000 <0.001 0.824 0.890 

Note: ICC = Intraclass correlation coefficient (ICC 3,k). 

Table 9: Intra-rater reliability for each listener: Conversation rating task 

Listener ICC F df1 df2 p 
lower 

bound 

upper 

bound 

1 0.983 57.921 47.000 47.000 <0.001 0.969 0.990 

2 0.945 18.061 47.000 47.000 <0.001 0.901 0.969 

3 0.895 9.546 47.000 47.000 <0.001 0.813 0.941 

4 0.911 11.215 47.000 47.000 <0.001 0.841 0.950 

5 0.894 9.410 47.000 47.000 <0.001 0.810 0.940 

6 0.975 40.240 47.000 47.000 <0.001 0.956 0.986 

 

21
 The higher degrees of freedom for Listeners 1 and 2 in Table 8 reflect that they were presented with 20% 

instead of 10% of files for reliability purposes. The amount repeated was later reduced to minimize the task 

time.    
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Listener ICC F df1 df2 p 
lower 

bound 

upper 

bound 

Note: ICC = Intraclass correlation coefficient (ICC 3,k). 

4.3.2 Intelligibility estimation results 

To reiterate, the purpose of this analysis was to model listener ratings of intelligibility as a 

function of speaker group, speech rate, and task complexity. Figures 34 - 36 show the 

empirical data across these variables. 

Two analyses were done. The first modelled sentence reading intelligibility as a function of 

group, rate, and sentence length (i.e., number of words). The second modelled conversational 

intelligibility as a function of group and rate. This was run as a separate model because 

speech rate could not be measured in the same way for sentence reading and conversation. As 

such, the rate metric entered in the conversational intelligibility model was the rate condition, 

rather than the proportional rate. Recall that the conversational task was always elicited as 

the last item in each rate condition, and therefore participants were maximally habituated to 

it. Conversational samples for this analysis (approximately 10 to 20 seconds per participant 

and condition) were also specifically selected to be maximally representative of the 

experimental rate condition. Therefore, while this section differs from the others in that rate 

was not treated as a true proportional rate, including rate condition as the rate metric is a 

valid approach. 

Additionally, because the sentence and conversational samples could not be included in the 

same model, a Wilcoxon-signed rank test was performed on the intelligibility ratings for each 

task. There was no significant difference between the two tasks (𝑧 = -0.259, 𝑝 = 0.795)22. 

Both models included random by-participant intercepts with random slopes for the rate 

contrasts (categorical proportional rate for the sentences, as used previously, and rate 

condition for conversation). 

 

22
 Despite the finding that the two tasks were overall similar, separate mixed model analyses were still 

conducted in order to explore effects of group and rate in a more robust manner. 
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The main results of each of these predictor variables is first reported in this section. 

Coefficients for all main effects and interactions are reported in Appendix G.   

Note that a negative estimate in the reported model coefficients indicates that the contrast 

label on the left was associated with higher intelligibility ratings than the label on the right23. 

4.3.2.1 Sentence reading intelligibility 

4.3.2.1.1 Final model 

The final model for sentence reading included main fixed effects of group, speech rate, and 

sentence length. Two-way interactions between rate and sentence length were included. The 

two-way interaction between group and sentence length did not improve the model fit, nor 

did the three-way interaction. These terms were thus excluded from the final model. Sentence 

length was treated as a categorical variable. The fixed effects structure for the final model 

can be summarized as: 

log(100 - Intelligibility) ~ group + rate + sentence length + 

group 𝑥 rate + rate 𝑥 sentence length 

4.3.2.1.2 Main effects 

Empirical data for the sentence intelligibility task appear in Figures 34 through 35. Model 

coefficients are reported in Table 23 in Appendix G. The two-way interaction between group 

and rate was significant but no post-hoc pairwise comparisons are reported. 

Speaker group 

All three group contrasts were significant and may be interpreted in the following way: the 

YC group was rated as most intelligible (YC vs. OC, PD, DBS: 𝛽̂ = -0.798, 𝑝 <0.001), 

followed by the OC group (OC vs. PD, DBS: 𝛽̂ = -1.092, 𝑝 <0.001), with the DBS group 

being rated as least intelligible (PD vs. DBS: 𝛽̂ = -0.469, 𝑝 = 0.014). 

 

23
 This negative relationship reflects the fact that the response variable, intelligibility, was subtracted from a 

constant before being log-transformed. This pattern differs from previous results sections in this thesis and so is 

reported here for clarity. 
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Speech rate 

All rate comparisons were also significant. Overall, both slower rates (S3, S2) were rated as 

more intelligible than habitual (S3: 𝛽̂ = -0.303, 𝑝 <0.001; S2: 𝛽̂ = -0.391, 𝑝 <0.001), and both 

faster rates (F2, F3) were rated as significantly less intelligible than habitual (F2: 𝛽̂ = 0.446, 

𝑝 <0.001; F3: 𝛽̂ = 0.879, 𝑝 <0.001). In other words, with the other variables held at their 

average values, the slower the speech, the more intelligible it was rated. 

Sentence length 

In most cases, longer sentences were associated with lower intelligibility, as captured by 

significant negative contrasts for each of the sentence length comparisons (5-words vs. 6-

words: 𝛽̂ = -0.175, 𝑝 <0.001; 5 to 6 words vs. 7-words: 𝛽̂ = -0.179, 𝑝 <0.001;  5 to 8 words 

vs. 9-words: 𝛽̂ = -0.035, 𝑝 = 0.003; 5 to 9 words vs. 10-words: 𝛽̂ = -0.076, 𝑝 <0.001). An 

exception to this pattern was the comparison between the shorter sentences and the 8-word 

sentence (5 to 7 words vs. 8-words: 𝛽̂ = 0.066, 𝑝 <0.001). Here the significant negative 

contrast indicates that the 8-word sentence was rated as more intelligible overall compared to 

the shorter (5 to 7-word) sentences. 

Figure 34 A demonstrates that this pattern, pictured as a spike in intelligibility ratings for the 

8-word sentences, was especially apparent for the PD and DBS groups. The decrease in 

intelligibility as sentence length increases is most obvious for the DBS group. Note however 

that this plot does not demonstrate a significant interaction between group and sentence 

length. This interaction did not demonstrate a significant improvement in the model fit during 

the iterative model building process and was thus excluded from the final model. 

Nevertheless, it is pictured here to demonstrate the variability across groups. 
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Figure 34: Sentence intelligibility by: A) sentence length and speaker group and B) 

speech rate and sentence length (individual panels correspond to distinct sentence 

lengths). All points were first aggregated by participants. In B, vertical line at H1 

indicates habitual rate; individual panels represent each of the six sentence lengths (five 

to ten words). Shaded band represents the 95% confidence intervals. 

4.3.2.1.3 Interactions 

Group by rate interactions 

The empirical data reporting this interaction appear in Figure 35. Model coefficients are 

reported in Table 23 in Appendix G.  The pattern in sentence intelligibility across speech 

rates (higher in slow and poorer in fast speech) was roughly similar for the YC, OC, and PD 

groups, but to different degrees. Significant interactions at each rate contrast (S3, S2, F2, F3) 

for all YC vs. Rest comparisons mainly indicate that the effect was stronger for the YC 

group, presumably due to much less variability due to a tight cluster of high intelligibility 

ratings (S3: 𝛽̂ = -0.296, 𝑝 = 0.009; S2: 𝛽̂ = -0.477, 𝑝 <0.001); F2: 𝛽̂ = 0.265, 𝑝 = 0.029; F3: 

𝛽̂ = 0.541, 𝑝 = 0.002). 

For the OC vs. PD, DBS contrast, there were no significant interactions in the slow speech 

comparisons (S2: 𝛽̂ = -0.101, 𝑝 = 0.393; S3: 𝛽̂ = -0.019, 𝑝 = 0.877), indicating similar gains 

in intelligibility in slow speech from habitual speech for the OC group compared to the 
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pooled PD and DBS groups. The OC group demonstrated a greater decline in intelligibility 

in fast speech, indicated by significant interactions for the OC vs. PD, DBS contrast for both 

F2 (𝛽̂ = 0.335, 𝑝 = 0.012) and F3 (𝛽̂ = 0.491, 𝑝 = 0.008). This should be considered with 

caution, however, given that the PD and DBS groups demonstrated differences in fast speech. 

That is, the OC group demonstrated greater decline compared to the pooled intelligibility of 

the PD and DBS groups, possibly because the opposite trends of the PD and DBS groups 

cancelled one another out. 

Similarly, the PD and DBS groups did not differ in the slow speech comparisons (S2: 𝛽̂ = -

0.096, 𝑝 = 0.488; S3: 𝛽̂ = -0.21, 𝑝 = 0.157), nor did they differ in faster speech (F2: 𝛽̂ = 

0.267, 𝑝 = 0.095). At their fastest speech rate, however, intelligibility ratings for the PD 

group continued to decline, but actually were shown to increase for the DBS group. This 

difference was significant (𝛽̂ = 0.555, 𝑝 = 0.01), though it should be noted that this 

interaction merely indicates that intelligibility for the PD group was lower in fastest 

compared to habitual and does not capture the change in direction. That can be seen from the 

empirical data in Figure 35, which shows that there was a trend for the DBS group to 

improve in both slow and fast speech compared to their habitual rate. Post-hoc pairwise 

comparisons were carried out to investigate this observed pattern; none of the pairwise 

comparisons for the DBS group were significant. 
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Figure 35: Sentence intelligibility by speaker group and rate. Vertical line at H1 

represent habitual rate. Solid light grey lines represent individual participants. Shaded 

band represents the 95% confidence interval. 

Rate by sentence length interactions 

The interactions between rate and sentence length improved the model fit but were not of 

primary interest. In general, significant interactions demonstrated that rate effects differed in 

their magnitude across sentence lengths. For simplicity, these results are not reported here, 

but are included in the model coefficients in Table 23 in Appendix G. Empirical results for 

each of the sentence lengths are plotted in Figure 34 B. A steeper decline in fast speech is 

visible for the longer sentences. Note that there is no available data for the 7- and 10-word 

sentences in the fastest rate (F3), indicating that, following the proportional rate binning 

procedure, no sentence productions for these items existed at the extreme fast end of the 

continuum. Sentence productions were balanced in elicitation of the rate conditions but were 

unbalanced in the proportional rate bins. This was expected. 
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4.3.2.2 Conversational intelligibility 

4.3.2.2.1 Final model 

The final model for conversational intelligibility included only the primary variables (group, 

rate, and their interaction). No other variables were entered into the model. As mentioned 

above, unlike with previous results, rate was entered as the rate condition rather than the 

proportional rate bins. Therefore, there are six contrasts for this condition (six modified 

conditions compared to the habitual condition). The fixed effects structure of the final model 

can be summarized as: 

log(100 - Intelligibility) ~ group + rate(condition) + 

group 𝑥 rate(condition) 

4.3.2.2.2 Main effects 

Conversational intelligibility ratings by group and speech rate are plotted in Figure 36. Model 

coefficients are reported in Table 24 in Appendix G. The two-way interaction between group 

and rate was significant but no post-hoc pairwise comparisons are reported for this section. 

Speaker group 

The same general pattern for speaker group was observed for conversational and sentence 

reading intelligibility. All group contrasts for conversational intelligibility demonstrated a 

significant pattern, such that the YC group was rated as most intelligible (YC vs. OC, PD, 

DBS: 𝛽̂ = -1.607, 𝑝 <0.001), followed by the OC group (OC vs. PD, DBS: 𝛽̂ = -1.307, 𝑝 

<0.001), with the DBS group rated as least intelligible (PD vs. DBS: 𝛽̂ = -0.793, 𝑝 <0.001). 

This was driven by the fact that the YC group demonstrated little change in conversational 

intelligibility, as is described in the three-way interaction below. 

Speech rate 

None of the slower rate conditions were associated with differences in intelligibility ratings 

for conversational speech compared to the habitual rate (S4 vs. H1: 𝛽̂ = 0.085, 𝑝 = 0.27; S3 

vs. H1: 𝛽̂ = -0.044, 𝑝 = 0.526; S2 vs. H1: 𝛽̂ = 0.03, 𝑝 = 0.646). Conversely, all three faster 

rates were associated with significantly worse speech intelligibility ratings compared to 



 

 

 

138 

habitual speech, as indicated by significant positive estimates for these contrasts (F2 vs. H1: 

𝛽̂ = 0.323, 𝑝 <0.001; F3 vs. H1: 𝛽̂ = 0.392, 𝑝 <0.001; F4 vs. H1: 𝛽̂ = 0.626, 𝑝 <0.001). 

4.3.2.2.3 Group by rate interaction 

 

Figure 36: Conversational speech intelligibility by speaker group and rate (condition), 

averaged over listeners and participants. Solid light grey lines represent individual 

participants. Vertical line at H1 represent habitual rate. Shaded band represents the 

95% confidence interval. 

In slow speech, the OC, PD, and DBS groups collectively demonstrated an increase in 

intelligibility, while the YC groups saw little to no change (in fact, a slight decrease). This 

was captured by a significant interaction for the YC vs. OC, PD, DBS comparison only at the 

slowest (S4) speech rate condition (𝛽̂ = 0.734, 𝑝 <0.001). The YC vs. Rest contrast was not 

significant for any other comparisons of slow speech conditions, nor was the OC vs. PD, 

DBS contrast. The DBS group showed relatively greater intelligibility in some of the slow 

conditions compared to the PD group, specifically captured by significant interactions for the 

S2 (𝛽̂ = 0.511, 𝑝 = 0.008) and S3 (𝛽̂ = 0.457, 𝑝 = 0.024) rates. 
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In fast speech, the YC group demonstrated a flatter decline than the OC, PD, and DBS 

groups combined at all fast rates, as seen in the empirical data in Figure 36, though the 

positive interactions demonstrated a stronger effect (F2: 𝛽̂ = 0.512, 𝑝 = 0.001; F3: 𝛽̂ = 0.587, 

𝑝 <0.001; F4: 𝛽̂ = 0.824, 𝑝 <0.001). 

At the fastest rate, the PD group demonstrated greater decline compared to the DBS group 

(F4: 𝛽̂ = 0.534, 𝑝 = 0.028). As with the sentence intelligibility, the empirical data suggested 

increased intelligibility in the faster conditions for the DBS group, but post-hoc pairwise 

comparisons indicated these were not significant differences. No other model interactions 

were significant. 

4.3.2.3 Summary of findings of Experiment 3 

In summary, in connected speech, represented here by sentence reading and conversational 

speech, slow speech was generally associated with increases in intelligibility across the 

groups, while fast speech was associated with decreases. This pattern largely held across all 

four groups, though the DBS group showed less change in the sentence reading task in slow 

speech and demonstrated slight increases in intelligibility in fast speech; a notable difference 

compared to the other groups. This trend was also observed in conversation, though to a 

lesser degree. An expected hierarchy of intelligibility scores was observed across the four 

groups, with the YC group rated with the highest intelligibility, followed by the OC, PD, and 

DBS groups as least intelligible. The PD and DBS groups demonstrated much more 

variability. 

While mean intelligibility ratings for the sentence reading and conversational tasks did not 

demonstrate a significant difference from one another overall, differences did emerge in the 

group by rate interactions for each of the analyses. Namely, the clinical groups showed 

relatively less change in intelligibility across rates in the sentence reading task, but more 

change in conversation. 

4.4 Relationship between speech acoustics and 
intelligibility 

As described in Section 3.3.3, in this final analysis, word-level transcription accuracy was 

modelled as a function of the acoustic variables of interest. This section addresses RQ5 (what 
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is the relationship between speech acoustics and intelligibility?). Unlike in the previous 

analyses, model selection was not applied; all variables of interest were included in the final 

model in order to determine how each variable was related to intelligibility when all other 

variables were considered. These final variables included group and rate, speaker sex, 

consonant voicing, and the acoustic variables VOT, VDC, QVAI, intensity, and HNR. The 

variable that captured the presence of audio clipping was also included to account for any 

impact this may have had on intelligibility. Acoustic variables were not transformed (e.g., 

VOT was not log-transformed) nor rescaled, but were centered. The variance inflation factor 

was found to be less than 2 for all acoustic measures, abating concerns of multicollinearity in 

the model. Visual inspection revealed nonlinear trends for QVAI and HNR, but nonlinear 

terms did not improve the model fit. The final model thus reflects the linear relationship of 

all acoustic variables to intelligibility. 

The fixed effects structure of the final model can be summarized as: 

Proportion words correct (logit-transformed) ~ VOT + VDC + 

QVAI + Intensity + HNR + voicing + VOT 𝑥 voicing + 

VDC 𝑥 voicing + group + rate + group 𝑥 rate + sex + clipping 

This was an exploratory analysis in which the overall goal was to determine which acoustic 

variables had an effect on intelligibility when other factors such as rate and group were 

controlled for. As such, the primary goal was to model the main effects of the acoustic 

variables, and interaction terms between acoustic variables and rate were not included24. The 

interaction terms that were included were group 𝑥 rate, to control for this relationship and to 

be consistent with the primary research questions, as well as the interaction between 

consonant voicing and the two stop acoustic measures (VOT and VDC) which are known 

stop voicing cues (e.g., Davidson, 2016; Lisker & Abramson, 1964). As such, only the 

interactions related to these acoustic variables will be reported here, though empirical data 

for both the OC and PD, DBS groups are reported in Figures 37 and 38 for more qualitative 

 

24
 Exploratory analyses did suggest that the main effects of the acoustic variables were similar even when the 

rate interactions as well as non-linear terms were included in the model. 
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speculation. Random effects in the model included by-participant random intercepts and 

slopes for rate (only the S3 and F3 contrasts were included to avoid a singular fit). 

It is important to note that this analysis is similar to the intelligibility analyses in Section 4.2, 

but there are key differences. Specifically, in this analysis, the YC group were excluded and 

the data were aggregated over consonant PoA and vowel backness. In addition to the primary 

variables of interest, the acoustic variables, speaker sex and audio clipping were also 

included. The group and rate variables were included in the model to account for their 

contribution but are not the primary variables of interest for this analysis. 

4.4.1 Main effects 

4.4.1.1 Acoustic variables 

Acoustic variables that demonstrated a significant effect on intelligibility are displayed in 

Figures 37 and 38 for the OC and PD/DBS groups, respectively. Model coefficients are 

reported in Table 25 in Appendix H. Note that the groups are plotted separately for 

speculative purposes, but the interactions between group and acoustic variables were not 

included in the model. 

The consonant articulation variables, VOT and VDC, did not significantly impact 

intelligibility on their own (VOT: 𝛽̂ = -1.728, 𝑝 = 0.155; VDC: 𝛽̂ = -0.103, 𝑝 = 0.202), 

though the interaction term between VOT and voicing did (𝛽̂ = -3.829, 𝑝 <0.001). There was 

no significant interaction between VDC and voicing (𝛽̂ = 0.015, 𝑝 = 0.804). Panel A in 

Figures 37 and 38 report this trend. In essence, as VOT becomes longer (e.g., more 

“voiceless-like”), voiced stops are transcribed with poorer accuracy. Similarly, very short 

VOT is associated with poorer accuracy as well.  VOT does not, for the most part, impact the 

accuracy of voiceless stops. 

Better intelligibility was significantly associated with less vowel centralization (i.e., higher 

QVAI values: 𝛽̂ = 0.747, 𝑝 <0.001). Vowel intensity was significantly positively correlated 

with intelligibility (i.e., higher intensity was associated with higher intelligibility: 𝛽̂ = 0.043, 

𝑝 <0.001). HNR, on the other hand, was significantly negatively associated with 

intelligibility (i.e., better intelligibility was associated with worse voice quality: 𝛽̂ = -0.028, 𝑝 

<0.001).  
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Figure 37: Acoustic variables by intelligibility (proportion words transcribed correctly) 

for the Older Control group. Individual points represent participant averages for each 

proportional rate. Only variables that demonstrated significant effects are pictured. 
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Figure 38: Acoustic variables by intelligibility (proportion words transcribed correctly) 

for the PD and DBS groups. Individual points represent participant averages for each 

proportional rate. Only variables that demonstrated significant effects are pictured. 

4.4.1.2 Other variables 

As mentioned, group, rate, and their interaction were included in the model in order to 

account for changes in intelligibility across these measures (as were reported in Section 4.2). 

It is worth noting that, as one would expect, in the current model of word-level intelligibility, 

their effects patterned with what was seen in the consonant and vowel results. That is, the OC 

group was transcribed with greater accuracy than the PD and DBS groups, (𝛽̂ = 0.358, 𝑝 = 

0.002), but the two clinical groups did not differ (𝛽̂ = 0.003, 𝑝 = 0.979). Similarly, compared 

to habitual speech, slower speech was transcribed with lower accuracy (S3 vs. H1: 𝛽̂ = -

0.182, 𝑝 = 0.002; S2 vs. H1: 𝛽̂ = -0.186, 𝑝 <0.001), but fast speech did not differ (F2 vs. H1: 

𝛽̂ = -0.073, 𝑝 = 0.115; F3 vs. H1: 𝛽̂ = 0.003, 𝑝 = 0.965). 
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Female speakers were transcribed with greater accuracy than male speakers (𝛽̂ = 0.161, 𝑝 = 

0.003). Audio clipping was not found to influence speech intelligibility (𝛽̂ = -0.115, 𝑝 = 

0.313). 

In summary, of the acoustic variables studied in this thesis, VOT as an index of voicing, 

vowel centralization, speech intensity, and voice quality were all found to impart a 

significant effect on word-level speech intelligibility in a group of older healthy controls and 

individuals with PD with and without DBS. 
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5 Discussion 

This chapter begins with a restatement of the original research questions and an overview of 

the findings. Each research question is addressed in the context of existing relevant literature, 

and future directions and clinical implications are discussed at the end. Limitations to the 

present study not mentioned earlier are addressed in Section 5.6. 

The overall aim of this study was to investigate the changes that occur in spoken 

communication in PD along a wide continuum of self-selected speech rate adjustments. In 

particular, this study addressed a set of acoustic characteristics that were hypothesized to be a 

function of speech rate modifications for individuals with PD and hypokinetic dysarthria 

(HkD), as well as individuals who may have additional speech symptoms following DBS, a 

common surgical intervention. These findings are compared primarily with older 

neurologically healthy controls. This study also explored how modified speech rates 

impacted speech intelligibility across multiple speech tasks and compared the three 

aforementioned groups alongside a group of younger healthy control speakers (for a subset of 

comparisons). Slower speech is a frequently recommended treatment target for some 

individuals with PD and HkD, but recent literature has suggested that slower speech is not 

always associated with gains in intelligibility for these individuals. This study probed a wider 

range of speech rates and speech tasks than those examined in previous studies in order to 

better understand how speech rate modulates aspects of speech production that impact a 

speaker’s likelihood of being understood. 

5.1 Overview of research questions and main findings 

As stated in Section 2.6.1, the primary research questions were as follows. Hypotheses will 

be discussed in the context of the findings in greater detail in Sections 5.2 – 5.5. 

1. What differences in terms of the range of self-selected speech rates exist across speaker 

groups (younger and older controls, people with PD with and without DBS) when 

instructed to modify their rate from very slow to very fast? 

2. What are the acoustic-phonetic changes that occur in PD and control groups along a 

speech rate continuum? 
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3. How does such a continuum of speech rates impact speech intelligibility in PD and 

control groups? 

4. What differences in speech intelligibility exist across speech tasks along a speech rate 

continuum? 

5. What is the relationship between speech acoustics and intelligibility within a speech rate 

continuum? 

Overall, the main findings of the present study were as follows: 

1. Individuals with PD and DBS, as well as younger and older healthy control groups, 

successfully modulated their speech rate along a wide range from very slow to very fast. 

The PD and DBS groups had a similar range to that of controls for slow rates, but a 

relatively more restricted range at fast rates. This was particularly the case for individuals 

with DBS.  

2. While all groups demonstrated similar changes to consonant and vowel articulation in 

expected directions along the rate continuum, individuals with PD and DBS demonstrated 

longer voiced VOT, more voicing through stop closure, and more vowel centralization 

overall. The PD groups also did not demonstrate expected changes in consonant 

distinctiveness along the rate continuum, whereas this pattern was observed for the 

controls. 

3. Slower speech was associated with lower speech intensity for all groups compared to 

their habitual rates. Faster speech was associated with higher speech intensity than slower 

speech. Voice quality was inversely related to speech rate for all but the DBS groups; 

specifically, higher voice quality was observed in slow speech, and lower voice quality in 

fast speech. The DBS group demonstrated the opposite trend. 

4. An asymmetry was present between phoneme identification and sentence estimation. 

Phoneme identification was overall lower in both fast and slow speech compared to 

speaker’s habitual rates, whereas estimated sentence and conversational intelligibility 

ratings were higher in slow speech and lower in fast speech overall.  
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5. Voiced VOT, vowel centralization, speech intensity, and voice quality were all associated 

with speech intelligibility (word accuracy). All of these but voice quality were in the 

expected directions, such that longer voiced VOT, more centralized vowels, and quieter 

speech were all associated with poorer intelligibility. Conversely, poorer voice quality 

was associated with higher intelligibility.  

5.2 RQ1: Group differences in self-selected speech rate 
modifications 

Consideration of rate modification differences will follow a discussion of the differences in 

habitual rates observed in the four groups. 

5.2.1 Habitual rate differences 

The present study specifically was designed to include individuals with PD (with and without 

DBS) who had documented speech changes affecting articulation. Many of these individuals 

also experienced changes in speech rate. A comparison of habitual speech rate among the 

four groups in Section 4.1.1.1 indicated that the PD and DBS groups did indeed have faster 

speech rates compared to the older healthy controls (PD: 167 WPM; DBS: 167 WPM; OC: 

147 WPM), though the difference between the OC and DBS groups did not reach 

significance. Conversely, the habitual rate for the clinical groups was nearly identical to the 

younger healthy control group mean (169 WPM). 

Slowed speech in healthy older adults compared to younger talkers is a consistent finding in 

the literature and has been observed across a multitude of speech tasks (e.g., Jacewicz et al., 

2009; Fletcher et al., 2015; Liss, 1990; Smith, Wasowicz, & Preston, 1987; Wohlert & 

Smith, 1998). The present study explored habitual speech rate in a simple sentence reading 

task (“Please say ___ again”). Mefferd & Corder (2014) suggested that a slowed habitual 

speaking rate in older adults may be due to a compensatory strategy in the face of reduced 

articulatory stiffness. Previous literature has also documented cognitive-linguistic decline in 

older adults (Bryan, Luszcz, & Crawford, 1997; Burke & MacKay, 1997; Elgamal, Roy, & 

Sharratt, 2011; Glosser & Deser, 1992; Lamar, Resnick, & Zonderman, 2003) which may 

also be implicated in a slowed speaking rate to some degree (Nip & Green, 2013). 
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Conversely, faster speech in individuals with PD is sometimes noted. Faster speech, and 

specifically “short rushes of speech” was a deviant speech characteristic noted in the early 

work of Darley, Aronson, and Brown (1969a; 1969b; 1975), but many studies since have 

found unimpaired or slower speech rates at the group level in PD (Connor et al., 1989; Hsu et 

al., 2017; Kleinow et al., 2001; Ludlow et al., 1987; Martıńez-Sánchez et al., 2016; Skodda 

& Schlegel, 2008; Tjaden & Wilding, 2004; Walsh & Smith, 2012; Weismer et al., 2001). It 

is likely that people with PD who demonstrate these patterns of faster speech represent a 

distinct phenotype (Adams & Dykstra, 2009). The PD speakers in the present study were 

recruited on the basis that there was some mention of speech disturbances relating to 

articulation in their charts (e.g., “mumbling”, “tachyphemia”, “slurred”). The DBS group, on 

the other hand, were recruited or referred for the study in many cases without knowledge of 

their speech deficits. Thus, while the PD group specifically represents a group of individuals 

with PD and speech deficits, the DBS group may better represent the speech symptoms of the 

DBS population at large. 

Tsuboi et al. (2014) reported on patterns of observed speech deficits in people with PD and 

DBS and found five distinct clusters. Approximately one quarter of their sample 

demonstrated relatively unimpaired speech, while another quarter demonstrated speech rate 

abnormalities and disfluencies. Three clusters accounting for the remaining 50% included 

breathy type, strained voice type, and spastic dysarthria type. While the DBS group in this 

study did not demonstrate a statistically significant difference in habitual speech rate from 

the older adults, they did show nearly identical habitual speech rates to the PD group, who 

were found to have a faster habitual rate. This discrepancy may have been related to the 

higher degree of variability (and smaller sample size) in the DBS group. 

5.2.2 Modified speech rate range differences 

Despite a finding of faster habitual rates, both PD and DBS speaker groups were successful 

in modifying their speech rate along a continuum from slow to fast. In essence, they were 

able to slow their speech to a similar degree as the healthy older talkers but did not increase 

their speech rate to quite the same extent. These findings partially support the original 

hypothesis: both control groups produced a wider range of fast rates compared to the clinical 

groups, but, overall, did not differ at slow rates. 
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Early work suggested that individuals with PD were unable to voluntarily modify their 

speech rates, originally thought to be related to muscular rigidity (Ludlow & Bassich, 1984). 

More recent studies have demonstrated that people with PD are able to modify their speech 

rate (Martens et al., 2015; McRae et al., 2002; Tjaden, 2000a, 2003; Van Nuffelen et al., 

2010, 2009), but in some cases to a lesser degree than control speakers (Kleinow et al., 

2001). Difficulties in maintaining or manipulating speech rate is hypothesized to be related to 

difficulties with sensorimotor integration (Forrest, Nygaard, Pisoni, & Siemers, 1998; 

Millian-Morell et al., 2018).  

In a novel study in which PDs as well as younger and older healthy talkers were asked to 

produce a phrase at different rates and then later transcribe their own recordings, Forrest et al. 

(1998) found asymmetries in individuals with faster versus slower habitual rates of speech. 

Specifically, individuals with PD who demonstrated faster habitual rates of speech 

transcribed their own speech with poorer accuracy when it was played back to them. The 

findings of Forrest et al. (1998) led the authors to suggest that speech rate abnormalities in 

PD may be related to difficulties in perceiving spoken language, for example relating to 

important temporal differences in speech such as lexical stress. Forrest et al. (1998) also 

proposed that sensory deficits, which are documented in other domains such as tactile, visual, 

and auditory (Artieda, Pastor, Lacruz, & Obeso, 1992), may also be implicated in speech 

movement control. Perceptual deficits have been further reported in respiratory sensation 

(Hegland, Troche, & Brandimore, 2019), vocal emotions (Breitenstein, Van Lancker, Daum, 

& Waters, 2001), and speech intensity (Clark et al., 2014). 

With regards to slow speech, both clinical groups slowed their speech to a similar degree 

compared to the older and younger controls. In fact, the older controls had a slightly 

narrower slow speech range (98 WPM versus 107 and 105 for the PD and DBS groups, 

respectively, though this difference did not reach statistical significance). The younger group 

was found to have a wider range of slow speech rates (a mean difference of 122 WPM slower 

than their habitual rates), though this difference only reached significance when compared to 

the older healthy talkers, not the clinical groups. 

Differences among the control and clinical groups did emerge in the faster speech conditions. 

Specifically, the YC group produced the widest range of fast speech (an average of 185 
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WPM faster than their habitual rates), followed by the OC group (138 WPM faster). Both the 

PD and DBS groups demonstrated a narrower range of fast speech (113 and 90 WPM, 

respectively), though for the clinical groups these differences only reached significance for 

the OC versus DBS comparison. 

Tsao and colleagues investigated the characterization of speech rate adjustments in healthy 

talkers and suggested that speech rate ranges are modulated by neuromuscular, rather than 

sociolinguistic control (Tsao & Weismer, 1997; Tsao et al., 2006). This proposal was driven 

by their findings that, regardless of habitual rates, habitually “fast” or “slow” talkers adjusted 

their rate when asked to do so to a similar degree; i.e., speakers had distinct intercepts but 

identical slopes of change. Even when asked to speak at a rate that felt maximally fast, 

individuals produced similar proportional changes to their habitual rates (Tsao & Weismer, 

1997). In the present study, treating speech rate as a proportion of each talker’s habitual rate 

was intended to take this into account. Therefore, the “slowest” and “fastest” rates reported in 

this study are indeed designed to consider “slowest” and “fastest” specific to an individual. 

Tsao and colleagues as well as others also found that healthy talkers modify fast and slow 

rates in a nonlinear manner Specifically, talkers made larger adjustments in slow speech, and 

smaller adjustments in fast speech (Adams, 1993; Tsao & Weismer, 1997; Tsao et al., 2006). 

This was captured by finding steeper and flatter slopes of change in slow and fast speech, 

respectively. This pattern was replicated in the present study, as can be seen in Figure 5 in 

Section 4.1.1.2. 

In summary, PD and DBS groups were found to have faster habitual rates than older healthy 

controls and were able to increase and decrease their rates when instructed to do so. They 

were able to produce slow rates to a similar degree to the healthy controls but demonstrated a 

more restricted range on the fast ends of the continuum. 

5.3 RQ2: Group differences in acoustic changes along a 
speech rate continuum 

Group differences in RQ2 were addressed in Experiment 1 using the two-way interactions 

involving group and rate, the three-way interactions involving group, rate, and additional 

linguistic variables (e.g., consonant voicing), as well as the subsequent post-hoc pairwise 
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comparisons to explore changes across specific rates. Acoustic distinctiveness can be inferred 

from the interactions between speech rate and the phonological variables such as consonant 

voicing or vowel place. The main effects of rate, as well as interactions with rate that did not 

involve group essentially answered the question “across these groups, what acoustic changes 

are observed as a function of rate?” 

Acoustic variables of interest included stop consonant variables (VOT, VDC), vowel 

centralization (QVAI), speech intensity, and voice quality (HNR). All acoustic measures 

were derived from the nonsense word sentence task containing stop consonants. The acoustic 

analyses focused exclusively on the OC, PD, and DBS groups (i.e., not the YC group). 

Overall, the main results can be summarized in the following way. Of the five acoustic 

variables studied, only HNR demonstrated a two-way interaction between group and rate, 

indicating that, in the absence of other mediating factors, the three groups adjusted their 

speech in similar ways along a rate continuum. Significant three-way interactions involving 

group and rate were observed for VOT with stop voicing, speech intensity with speaker sex, 

and HNR with vowel height, indicating that group differences in speech changes along a rate 

continuum were modulated with respect to another linguistic or talker-specific variable. 

Acoustic measures are discussed separately in terms of consonant and vowel acoustic 

measures (VOT, VDC, QVAI), which reflect laryngeal and supralaryngeal vocal tract 

adjustments impacting phonemic categories, and voice acoustic measures (intensity, HNR), 

which reflect laryngeal and respiratory adjustments impacting overall voice production. 

5.3.1 Articulatory acoustics 

Answering the question of group differences in the context of acoustic distinctiveness, that is, 

the extent to which speakers maintained, increased, or decreased the phonological contrast 

between consonants or vowels by way of these adjustments, involves examining interactions 

with the linguistic variables. For the stop consonant measures (VOT25 and VDC), 

 

25
 Note that Auzou et al. (2000) suggested using the terms “short-lag” and “long-lag” to refer to “voiced” and 

“voiceless” stops to better characterize these distinctions in dysarthric speakers across languages. While this 

point is sensible, the more common “voiced”/“voiceless” terminology will be used in this section to be 

consistent with the majority of the literature on VOT. 



 

 

 

152 

phonological categories of voicing and place of articulation were also considered. QVAI is a 

composite variable that considers acoustic measures of all four corner vowels in a single 

measure. No additional phonological variables were included for this analysis. An increase in 

QVAI can be inferred as an increase in vowel distinctiveness. 

5.3.1.1 Stop consonant acoustics 

5.3.1.1.1 Voice onset time (VOT) 

An important finding was the significant three-way interaction between group, rate, and 

consonant voicing for the VOT analysis. This interaction demonstrated that the healthy older 

talkers increased the voiced-voiceless VOT contrast in slow speech (specifically, at their 

slowest speech rates), and decreased this contrast (i.e., more overlap) in fast speech, 

consistent with hypotheses. The PD and DBS groups, on the other hand, demonstrated a 

similar degree of stop voicing distinctiveness across the rate continuum. That is, speech rate 

did not impact their consonant distinctiveness (in terms of VOT) as much in either direction. 

Furthermore, there were no observed statistical differences between the DBS and PD groups 

for this interaction, despite the finding that DBS participants demonstrated longer overall 

VOTs compared to the other groups.  That is, while differences across groups were observed 

for VOT, VOT distinctiveness was only affected by speech rate for the healthy older group. 

Despite the fact that VOT and VDC are both temporal measures of speech production that 

are known to be sensitive to dysarthria (Kent et al., 1999; Weismer et al., 2012), neither have 

previously been the focus of speech rate manipulation studies in clinical populations. 

In young healthy talkers, previous literature has demonstrated that increased voiced and 

voiceless VOT distinctions vary by speech rate, and that this is largely driven by changes to 

voiceless VOT production (Miller et al., 1986). Voiced VOTs, on the other hand, are known 

to vary much less with speech rate compared to voiceless VOTs (Kessinger & Blumstein, 

1997; Miller et al., 1986; Miller, O’Rourke, & Volaitis, 1997; Summerfield, 1981). The 

findings here support this for the neurologically healthy geriatric speakers but suggest that 

talkers with HkD modulate VOT (particularly voiced VOT) to different extents.  

Overall, the PD and DBS talkers in this study demonstrated more changes in voiced versus 

voiceless VOT. This can be seen as a steeper rise for voiced VOT in slow speech in the right-
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hand panel of Figure 12, and a greater quantity of significant pairwise comparisons for 

voiced stops. One interpretation could be that the reason that PD and DBS talkers did not 

increase consonant distinctiveness as much as the controls did in slow speech was not due to 

expected increases in voiceless VOTs, but to increases of an unexpected greater magnitude 

for voiced VOTs. Statistically, this was found to be the case for the DBS group. This can be 

seen in the pairwise comparisons (Figure 14). In most cases, and particularly in slow speech, 

voiceless VOTs did not differ across the three groups, whereas voiced VOT did. Voiced 

VOTs were longer for the DBS group at both the slowest (compared to the OC group) and 

slower (compared to both OC and PD groups) rates. 

The existing literature on VOT in PD does not point to consistent trends. The present study 

corroborated findings of longer VOT, overall, in individuals with PD, and longest VOTs in 

those with DBS. This was mainly due to longer voiced rather than voiceless VOTs, as 

evidenced by the pairwise comparisons (Figure 14).  The finding of similar voiceless VOT in 

PDs and controls here is consistent with the majority of studies that have explored 

differences in voiceless stop production in PD (Bunton & Weismer, 2002; Connor et al., 

1989; Cushnie-Sparrow et al., 2016; Fischer & Goberman, 2010; Forrest et al., 1989; 

Ravizza, 2003; cf. Flint et al., 1992). 

Some studies have additionally reported longer voiced VOT (Forrest et al., 1989) in talkers 

with PD, making them more voiceless-like in nature, while others have reported more 

overlap between categories in general (Lieberman et al., 1992; Miller et al., 1986). These 

findings are supported by the present study across the rate continuum for the DBS speakers, 

and perhaps especially so in slow speech. While abnormal VOT is a considered to be a 

reflection of difficulties in coordinating the laryngeal and supralaryngeal system (Weismer, 

1984a), Auzou et al. (2000) suggested that abnormal VOT in PD may also be attributable to 

abnormal lung volume during speech. 

One previous study did explore VOT in a graded speech rate task in talkers with PD (Tjaden, 

2000a). VOT itself was not a primary outcome measure except in the habitual condition. 

There was a trend of longer voiced VOTs in the PD group, despite shorter vowel durations (a 

proxy of faster habitual speech rates). Importantly, the author found that VOT was not 

associated with coarticulatory formant patterns in fast or slow speech for either group. That 
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is, while the variation in VOT along speech rate itself was not studied, VOT was not 

predictive of other coarticulatory speech rate changes. 

VOT production in DBS has received relatively little attention. There are reports of shorter 

VOTs produced by people with DBS in alternate motion speech tasks (Putzer et al., 2008), 

while others have found no differences (Karlsson et al., 2012).  Chenausky et al. (2011) 

reported increased VOT variability in talkers with DBS compared to healthy controls but did 

not directly report on VOT itself. Increased variability is a common pattern throughout the 

present study with regards to the DBS findings.  

While not directly related to VOT, spirantization (i.e., incomplete stop closure allowing for a 

leakage of air making the stop more fricative-like) is a measure that has been reported with 

greater frequency in individuals with DBS (Chenausky et al., 2011; Dromey & Bjarnason, 

2011; Eklund et al., 2014; Karlsson et al., 2014). Karlsson et al. (2014) found that individuals 

with DBS of the subthalamic nucleus or caudal zone incerta exhibited greater degrees of 

spirantization compared to their preoperative speech and when DBS was off during passage 

reading. Interestingly, however, they also found that these talkers produced more prominent 

stop releases, attributable to a stronger stop occlusion. These findings would appear to 

contradict one another, but Karlsson et al. (2014) suggested that while these individuals were 

able to generate sufficient energy during speech to produce a distinctive plosive release 

(compared to when DBS was off), a consequence of this was premature stop consonant 

frication. Many of the stops in the current data were noted as having spirantization, but this 

was not categorically measured. Future work should explore the relationship between VOT, 

spirantization, and spectral stop moments and intensity in PD, and especially in those with 

DBS. 

Related to spirantization, another consideration is the presence of VOTs that could not be 

measured. In the current study, stops that had a clear release throughout the entire stop but 

had no clear closure were coded as having measurable VOT, but in these instances the 

duration of VOT was equal to that of the entire stop consonant (i.e., no or little closure). 

These would likely be cases of longer VOT. These instances were kept for the VOT analysis 

but removed from the VDC analysis. Karlsson, Unger, et al. (2011) considered these cases a 

form of unmeasurable VOT, and noted that these types of instances were more common in 
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individuals with DBS. While these extreme cases were uncommon in the present data, 

accounting for less than 3% of the data, they were more common in individuals with PD and 

DBS (OC: <1%; PD: 2.5%; DBS: 3.4%). Exploratory analyses with these data points 

removed did not change the results. The proportion of VOT to closure duration would be 

another metric worth considering in order to explore these potential effects. 

Another type of aberrant VOT production is “unreleased” stops, i.e., stops produced with no 

obvious burst. These were excluded from the VOT analysis. In the present study, 3.7% of 

stops overall were unreleased. This amounted to 1.86% for controls, 3.85% for PDs, and 

7.81% for the DBS group. This demonstrates a similar but attenuated pattern to that reported 

by Özsancak et al. (2001), in which 19% of stops in talkers with HkD could not be measured 

due to the absence of a clear burst, compared to 7% in controls. Exploring more measures of 

aberrant stop production in combination with VOT measures may be a promising avenue for 

determining underlying acoustic and physiological underpinnings of differences in laryngeal-

supralaryngeal coordination impairments in HkD. 

5.3.1.1.2 Voicing during closure (VDC) 

There was no difference in VDC between the groups, nor were there any observed 

interactions between group and speech rate in the present study, contrary to predictions. The 

OC group did maintain a stronger distinction between voiced and voiceless stops however, 

indicated by a lower production of total VDC in voiceless stops compared to the clinical 

groups. This was captured by the group by voicing contrast, and is visible in Figure 16 A. 

The DBS group displayed the least amount of contrast, evidenced by the interaction for the 

PD vs. DBS comparison. This was demonstrated by a significant interaction between group 

and voicing. A trend that was not borne out by the statistical analyses, but which is visible in 

Figure 17, is that the DBS speaker group appeared to demonstrate an especially steep 

increase in VDC in voiceless stops in faster speech. 

As with VOT, VDC has received very little attention in the literature on speech rate 

modifications. Weismer (1984b) explored VDC in a group of people with PD as well as 

younger and older healthy control groups, who were asked to produce sentences at a faster-

than-normal rate. In the Weismer (1984b) study, VDC was split on the basis of “voicing 
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[occurring] for more than 20ms into voiceless stops26”, which differs from the 

dichotomization in the present study.  Weismer (1984b) found that while there was a slight 

trend for more voicing during closure of voiceless stops in PDs compared to healthy older 

adults, this was not a clearly distinguishing feature. A clear difference was, however, 

between younger and older speakers, the former almost never producing more than 20ms of 

voicing into voiceless stop closure. The author thus attributed the increased presence of VDC 

to normal muscular deterioration of laryngeal tissue, suggested that longer periods of VDC 

might reflect difficulty in initiating the laryngeal devoicing gesture as a result of these 

structural changes. 

With this in mind, it is worth mentioning that the present study did not examine acoustic 

productions of the younger speakers. Doing so would shed light on the relative contributions 

of aging biomechanics and rate. Previous literature has also suggested that VDC in voiceless 

stops is not uncommon when following a sonorant (Davidson, 2018), and VDC in general is 

highly dependent on the surrounding phonetic environment in general (Davidson, 2016). 

Another study reported no differences in “voicing intrusion” errors (i.e., VDC) in PD 

subjects versus older controls, but did report that subjects with clinically diagnosed 

depression demonstrated consistently more VDC compared to controls, and slightly more 

compared to PDs (Flint et al., 1992). Symptoms of depression may appear similar to those of 

early PD in terms of slowness of movement and speech disturbances (Flint et al., 1992; Lohr 

& Wisniewski, 1987). Depression is also a common co-occurrence in PD (Reijnders, Ehrt, 

Weber, Aarsland, & Leentjens, 2008). While depression was not controlled for in the present 

study, should be considered as a possible factor. Flint et al. (1992) found that the most 

consistent acoustic measure differentiating the PDs from individuals with depression was 

speech rate, such that individuals with PD demonstrated faster rates of speech. 

 

26
 Exploratory analyses in the present study suggested that binning the data in this way led to similar results 

(i.e., three-way interaction did not improve fit). Treating VDC as a continuous (logit-transformed) variable, 

however, was associated with a three-way interaction between group, rate, and voicing. Because of the high 

number of stops with total voicing through closure in the data, however, the current binning procedure was 

elected as the best approach, but future studies should consider differences in conclusions based on treatment of 

proportional variables such as VDC. 
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While not a direct measure of coarticulation, the finding of more VDC in voiceless stops for 

the PD group overall, coupled with the finding that there is overall more VDC present in fast 

speech, may be cautiously interpreted as evidence of “blurred” acoustic contrasts in the 

parkinsonian speech (Kent & Rosenbek, 1982; Tjaden, 2000b; Weismer, 1984a). That is, the 

PD group demonstrated speech production patterns more likely to occur in fast speech (more 

VDC in voiceless stops). 

An alternative interpretation of this finding could also be that the PD and DBS groups, who 

were found to indeed produce faster rates in this task compared to the healthy older controls, 

simply produced more VDC because they were faster. The rate metric in this study critically 

explored proportional rates of speech to control for this, but a closer look at absolute rates of 

speech across talkers would give more insight into this pattern. A more in-depth comparison 

between the clinical groups and the younger healthy control group, who also produced a 

faster rate of speech, could shed light on whether these differences are related to speech rate 

or aging, or both.  

VDC was also found to be produced with more overlap across articulatory place categories at 

the extreme ends of the continuum, as evidenced by a significant interaction between rate and 

place of articulation for VDC at the slowest and fastest rate comparisons. Tjaden and 

colleagues found that spectral stop differences between /t/ and /k/, measuring place of 

articulation distinctiveness, were smaller for individuals with PD but did not demonstrate 

further changes in slow speech for most speakers (Tjaden & Wilding, 2004).  The current 

study did not demonstrate a three-way interaction between rate, place, and group, however. A 

within-speaker approach would facilitate our understanding these relationships better in 

future work (Feenaughty et al., 2014; Yunusova et al., 2005). 

It is worth mentioning that this study only measured positive VOT and that negative VOT 

was not considered, and in fact hardly seen. This was based on a definition in which negative 

VOT would have had to involve voicing starting during the closure, prior to VOT (i.e., 

prevoicing). This criterion did not operationally define stops that had continuous voicing 

through closure as having negative VOT (i.e., voicing “bleed”; Davidson, 2016). Including 

stops with complete voicing through closure as having negative VOT could alter the pattern 

of results and should be considered as a point of comparison in the future. Further systematic 
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examination of the frequency of prevoicing, even if small, could have important implications 

as well. 

In summary, in terms of consonant distinctiveness, the clinical group produced less contrast 

overall as evidenced by longer voiced VOTs and more VDC in voiceless stop closures. 

Speech rate demonstrated a clear effect on stop distinctiveness for the healthy geriatric 

group’s VOT production, in that they produced greater contrast in slow speech and less in 

fast speech. VDC as a metric of distinctiveness was not affected by rate for any of the groups. 

Speech rate did not affect the PD groups’ acoustic distinctiveness as it did for the controls. 

That is, while the PDs predictably produced longer VOT and less VDC in slow speech and 

the inverse in fast speech, the difference between voiced and voiceless VOTs did not change 

in the same way that it did for the healthy talkers. 

5.3.1.2 Vowel acoustics 

With regards to vowel articulation, controls produced larger vowel spaces (larger QVAI) 

compared to the PD groups, and the DBS group exhibited the most centralized vowel spaces 

(smallest QVAI). As predicted, all three groups demonstrated similar degrees of vowel 

expansion (larger QVAI) in slow speech and more centralization in fast speech, as evidenced 

by the rate effect and lack of an interaction between group and rate. This rate effect is 

consistent with studies of rate modification that have looked at vowel expansion in talkers 

with PD (Buccheri, 2013; McRae et al., 2002; Tjaden et al., 2005; Tjaden & Wilding, 2004) 

and in neurologically healthy talkers (Fletcher et al., 2015; Fourakis, 1991; Lindblom, 1963; 

Tjaden & Wilding, 2004; Tsao & Iqbal, 2006; Tsao & Weismer, 1997; Tsao et al., 2006; 

Turner et al., 1995; Weismer et al., 2000). 

The overall vowel articulation patterns observed in the present study largely support the 

current literature. Specifically, talkers with HkD demonstrated smaller vowel spaces 

compared to controls (Lam & Tjaden, 2016; Lansford & Liss, 2014; McRae et al., 2002; 

Rusz, Cmejla, et al., 2013; Skodda et al., 2012, 2011; Tjaden et al., 2013a; Watson & 

Munson, 2008; Whitfield & Goberman, 2014), and more so for talkers with DBS (Sidtis et 

al., 2016; cf. Tanaka et al., 2016), and female talkers had larger vowel spaces than males 

(Byrd, 1994; Fletcher et al., 2017a; Jacewicz et al., 2009; Neel, 2008). 
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One interesting finding was the interaction between speech rate and speaker sex, 

demonstrating that female talkers demonstrated more extreme effects at both ends of the rate 

continuum. That is, they showed greater vowel expansion in slow speech, and greater 

reduction in fast speech. Females also demonstrated a larger vowel space overall, which is 

consistent with the literature that suggests this is due to a combination of sociolinguistic and 

biomechanical factors (Fant, 1966, 1970, 1975; Henton, 1995). It should be noted that all 

sex-specific differences in the present study should be considered with caution, however, 

given the imbalance of male/female participants across groups (i.e., there were only four 

females in the PD group and two in the DBS group, whereas the control groups had a nearly 

even split). That being said, there were no interactions between sex and group (or sex, group, 

and rate) for the vowel measure QVAI, so sex differences that were found correspond to 

values averaged over the groups. 

The finding that vowel expansion was associated with slow speech, and females tended to 

exhibit slower habitual rates of speech than men, could partially explain this finding on the 

slow end of the continuum if it were the case that females were simply slowing down more. 

This would not, however, explain differences in the opposite direction, in which female 

talkers showed even more centralization in fast speech. Visual inspection of the data 

suggested that females produced overall slower speech (longer utterance durations) in 

habitual but produced a wider range of proportional rates (slower and faster extremes).  

Tsao and Iqbal (2006) found differences in vowel expansion for habitually fast and slow 

male and female talkers. The authors found that overall, larger vowel spaces were associated 

with female talkers and slower talkers, though these groups also demonstrated substantially 

higher amounts of variability and overlap across groups. These data were part of larger study 

that explored a speech rate continuum in healthy talkers and found that, regardless of whether 

they were habitually “fast” or “slow” talkers, males and females manipulated their speech 

rate to the same degree (Tsao et al., 2006). That is, fast and slower talkers demonstrated 

distinct intercepts or “launch points” for rate adjustments but adjusted their rates in the same 

way (i.e., identical slopes). Differences between male and female talkers may also be 

mediated to some degree by sociolinguistic factors and vocal tract size differences (Jacewicz 

et al., 2009; Simpson & Ericsdotter, 2007). 
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The magnitude of vowel adjustments was not as large for slow speech, which could be 

attributable to the task. While this was a connected speech task, it was fairly contrived and 

contained novel words. It is likely that individuals may have been hyperarticulating their 

speech even at their habitual rates, more than they would have for a spontaneous speech task, 

resulting in less noticeable impairment (Bunton & Keintz, 2008; Ho, Iansek, & Bradshaw, 

2002; Sidtis et al., 2012, 2010). Less common words are also known to be produced with 

greater vowel space than high-frequency words for individuals with and without PD (Munson 

& Solomon, 2004; wright2004; Watson & Munson, 2008). Future extensions of this work 

should explore changes in the vowel production of the spontaneous speech samples. 

Taken together with the VOT and VDC findings, acoustic distinctiveness was maintained 

across the rate continuum for healthy speakers for both vowels and consonants, but this was 

only the case for vowels for the PD groups. It was not the case that the PD groups’ 

consonants became less distinct when they modulated their rate, but rather, they maintained a 

degree of contrastiveness that was already reduced compared to the healthy talkers. 

5.3.2 Voice acoustics 

There were no main group differences of either vowel intensity or voice quality. Regarding 

the primary research question (what are the acoustic changes across groups and speech 

rates?), the DBS group demonstrated marked differences in how they altered their voice 

production. DBS talkers showed marked clear differences in terms of the degree to which 

they got quieter in slow speech, and the degree and direction of their voice quality 

adjustments across the rate continuum. Specifically, the OC and PD groups were quieter and 

had the same or better voice quality in slow speech. The DBS group was also quieter in slow 

speech, but to a greater degree. The DBS group also demonstrated worse voice quality in 

slow speech. These differences are discussed in the following two sections.    

5.3.2.1 Intensity 

With regards to vowel intensity, there was a three-way interaction between group, rate, and 

speaker sex. Healthy older males demonstrated a greater decrease in speech intensity at slow 

rates than did the PD and DBS male talkers, accounting for this interaction.  
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There were no overall group effects on intensity, indicating the clinical participants did not 

exhibit lower speech intensity as measured on the vowel. Lower speech intensity, also known 

as hypophonia (Duffy, 2013) is one of the most common speech symptoms associated with 

PD (Adams & Dykstra, 2009). While this is borne out in several acoustic studies comparing 

people with PD with age-matched controls (Adams, Haralabous, Dykstra, Abrams, & Jog, 

2005; Fox & Ramig, 1997; Ho et al., 1999; Tjaden et al., 2013a), others have documented 

similar intensity levels in groups of individuals with PD compared to healthy controls 

(Canter, 1963; Ludlow & Bassich, 1984; Metter & Hanson, 1986). It should be noted that 

speech intensity is often measured at the phrase level, whereas in this study it was measured 

on the vowel. The individuals recruited in this study were not recruited specifically for 

exhibiting hypophonia, but rather articulatory speech impairments. It is also important to note 

that intensity was measured on the vowel and not across the whole utterance. It is possible 

that differences would emerge if sentence or breath group intensity had been measured. 

While the clinical groups did not demonstrate overall reduced vowel intensity, an interesting 

finding was that across all three groups in the present acoustic study reduced their speech 

loudness in slow speech. This is not entirely consistent with studies that have, for example, 

investigated loud versus slow speaking conditions (Tjaden & Wilding, 2011c, 2004) or 

louder speech following rate reduction from DAF (Hanson & Metter, 1983). 

Tjaden and Wilding (2011c) reported that habitual speech for speakers with PD or MS and 

controls was significantly louder in slow speech, but that this was attributable only to a 1 dB 

difference. These differences were also reported for a passage reading task, whereas the 

present acoustic study measured intensity for a sentence reading task. Tjaden et al. (2013a) 

reported no difference intensity differences between habitual and slow speech. 

Some studies that have included neurologically healthy talkers has reported reductions in 

intensity in slower speech (Kleinow et al., 2001; Wohlert & Hammen, 2000). Wohlert and 

Hammen (2000) found that talkers produced similarly reduced speech intensity compared to 

their habitual levels when speaking at slower rates as when prompted to speak in a softer 

voice. That is, being instructed to slow down resulted in softer speech. 

The DBS group in the present study, who demonstrated similar baseline intensity, showed 

the greatest decrements in intensity in the slow speech. Speech intensity is a measure that has 
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been shown to improve in some instances following DBS (Tripoliti et al., 2008; Tsuboi et al., 

2014), but reasons for increased detriment are not presently known. 

Speech intensity has been shown to decline in some dual-task paradigms, particularly those 

that involve a cognitively effortful task (e.g., tracking movement on a screen) while speaking 

(Ho et al., 2002). However, other sorts of dual-tasks, such as walking and talking or hand-

grip tracking and talking, have been found to be associated with increased speech intensity 

(Adams, Winnell, & Jog, 2010; McCaig, Adams, Dykstra, & Jog, 2016). McCaig et al. 

(2016) suggested that tasks such as walking or standing demonstrated an “energizing” effect 

on conversational speech intensity. It could be the case that focusing on modifying one’s rate 

of speech to such extremes acts as a cognitively demanding dual task in some sense, more 

akin to visual tracking. The finding that intensity did not show similar decreases in fast 

speech, however, does not support this. Anecdotally, many participants commented that 

slowing their speech down to the extent that they did was very difficult and required 

substantial concentration. 

It could also be the case that slow speech places a greater demand on the respiratory system, 

and lower speech intensity may be a compensatory mechanism used to maintain continuous 

respiratory output across an utterance during slow speech. Studies have shown, for example, 

that speech breathing is affected by utterance length (Huber, 2008; Sperry & Klich, 1992; 

Winkworth, Davis, Ellis, & Adams, 1994), and in particular for older speakers (Huber, 

2008). This possibility is described more below, taking into account the voice quality 

findings as well.  

5.3.2.2 Voice quality 

The relationship between speech rate and speaker group was complex for HNR. In effect, the 

OC and PD groups patterned together, while the DBS group demonstrated marked 

differences from both. The OC and PD groups sustained the same or better voice quality as 

their speech rate slowed, and worse voice quality as it quickened. The DBS group, on the 

other hand, demonstrated the opposite pattern, namely related to poorer voice quality in slow 

speech. An interaction with vowel height, which reflects the height of the tongue in the oral 

cavity during vowel production, showed that this pattern was more extreme for the DBS 
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group during the production of high vowels (e.g., /i, u/). That is, they demonstrated a clear 

pattern of voice quality decline in slow speech and improvement in fast speech. 

Previous accounts of voice quality in PD have reported conflicting findings for signal-to-

noise ratio (i.e., HNR, a metric of vocal hoarseness). While some studies have reported that 

lower (e.g., worse) HNR values in PD (Cushnie-Sparrow et al., 2018; Little, McSharry, 

Hunter, Spielman, & Ramig, 2009; Oguz et al., 2006; Ramig, Titze, Scherer, & Ringel, 1988; 

Rusz, Cmejla, Ruzickova, & Ruzicka, 2011; Silva, Gama, Cardoso, Reis, & Bassi, 2012; 

Tanaka, Nishio, & Niimi, 2011; Yücetürk, Yılmaz, Eğrilmez, & Karaca, 2002), others have 

reported finding no differences (Bang, Min, Sohn, & Cho, 2013; Gamboa et al., 1997; 

Graças, Gama, Cardoso, Lopes, & Bassi, 2012; Hertrich & Ackermann, 1995b; Jiménez-

Jiménez & Molina, 1997; Midi et al., 2008). The present results are consistent with the latter 

at the group level, with all other factors held equal. Decreased HNR has also been suggested 

as an acoustic marker of aging, due possibly to laryngeal and musculature changes in the 

aging voice, or possibly a side effect of common medications used by the aging population 

(Ferrand, 2002). 

Previous literature has suggested that there may be relative improvements in measures of 

voice quality such as jitter, shimmer, HNR, and tremor following DBS (D’Alatri et al., 2008; 

Xie et al., 2011). In a review of speech metrics for the evaluation of speech changes 

following DBS, Weismer et al. (2012) suggested that measures of voice quality and intensity 

may show relative improvements, but are often not accompanied by parallel improvements in 

intelligibility following DBS. While it is not possible to know how the speech and voice 

characteristics changed following DBS for talkers in the present study, it was observed that 

this group demonstrated marked overall differences from the other groups. The observation 

of a decline in slower speech for the DBS group indicates that they may have been producing 

slow speech with greater laryngeal strain or breathiness, giving rise to more acoustic noise in 

their voice. 

High vowels in general are produced by raising the height of the tongue, in turn eliciting 

more laryngeal tension (Honda, 1983) and increasing the fundamental frequency of vocal 

fold vibration (i.e., higher pitch; MacCallum, Zhang, & Jiang, 2011; Fant, 1970; Higgins, 

Netsell, & Schulte, 1998; L. A. Ramig & Ringel, 1983). Conversely, low vowels are 
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produced at a lower fundamental frequency due to slower vibration of the vocal folds. While 

vowel-specific voice quality patterns are less clear, evidence suggests that this lower 

frequency in the production of low vowels introduces more noise into the acoustic signal, 

accounting for lower HNR compared to high vowels (i.e., poorer voice quality; MacCallum 

et al., 2011), which is consistent with the findings of the present study. 

Laryngeal tension/resistance may be employed to different extents along a continuum, and 

this in turn could differ across speakers and the specific modifications they make to increase 

or decrease their speech rate. It could be the case that slight increases or decreases to 

laryngeal resistance impacted the speaker groups in the present study differently, too. For 

example, slight increases in resistance may be associated with limited change in voice quality 

in an unimpaired speaker, but worse voice quality in a speaker with more severe voice 

impairments. Clustering the participants into groups based on their baseline voice features, 

rather than on their treatment status, would be one way to better understand these 

relationships. 

As previously mentioned, little literature has systematically explored speech elicited in a 

faster condition in talkers with dysarthria. Some studies have demonstrated that faster than 

habitual speech is associated with increases in speech naturalness (Dagenais et al., 2006; 

Logan et al., 2002), but more research is necessary to evaluate the relationship between voice 

quality and speech naturalness. In a group of 33 Cantonese speakers with dysarthria 

(including 13 with PD), Whitehill et al. (2004) found no relationship between voice quality 

acoustics of jitter, shimmer, and SNR, and perceptual measures of speech acceptability. 

Whitehill et al. (2004) did, however, find that acceptability demonstrated a significant, 

positive relationship with fundamental frequency. That study did not explore changes in rate, 

but the relationships among pitch, naturalness, and speech rate suggest that this may be a 

worthwhile avenue of further investigation. 

It could be the case that slowing down one’s speech is associated with multisystem changes 

in order to achieve the slow rate target. The individuals who demonstrated quieter speech 

with a higher voice quality in slow speech could have been doing so by decreasing their 

airflow and increasing laryngeal resistance in order to conserve respiratory airflow over the 
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production of the utterance. These laryngeal changes may be associated with improvements 

in HNR for the unimpaired or less impaired speakers, but not for the more severe DBS group. 

To summarize the acoustic findings of Experiment 1 and address RQ2 (what are the acoustic 

changes across groups and speech rates?), the present study demonstrated that, overall, 

people with PD and older healthy adults made similar changes to their speech along a 

continuum of speech rates from very slow to very fast, with some notable differences.  

Talkers with PD demonstrated abnormal articulatory speech characteristics for voice onset 

time and vowel centralization but demonstrated similar degrees of phonatory characteristics 

(intensity and voice quality) as controls. Additionally, speakers with PD and DBS 

demonstrated poorer articulation but similar voice characteristics compared to the others at 

baseline, but the modification of speech rate was associated with changes in their voice 

quality that were not observed in the non-DBS PD or control groups. The present findings 

also suggest that speech rate led to changes in acoustic distinctiveness for the older healthy 

controls, but not for the individuals with PD (with or without DBS). 

The following sections will address RQ3 (what are the changes in intelligibility that arise 

across groups and speech rates?), RQ4 (what are the changes in intelligibility that arise 

across speech rates and speech tasks?), and RQ5 (what is the relationship between speech 

acoustics and intelligibility?). 

5.4 RQ3: Group differences in intelligibility along a 
speech rate continuum 

The results for Experiments 2 and 3 will be presented jointly in order to answer RQ3 (what 

are the changes in intelligibility that arise across groups and speech rates?) and RQ4 (what 

are the changes in intelligibility that arise across speech rates and speech tasks?). As with 

RQ2 (what are the acoustic changes across groups and speech rates?), the most relevant 

analyses are those that involved group, rate, as well as any additional mediating factors. 

Differences between tasks will be discussed in a more qualitative manner, as separate 

analyses were run for the sentence reading and conversational speech samples. All results 

will be discussed in the context of the literature. 
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In essence, speech rate was found to have a more consistent, predictable effect on sentence 

intelligibility estimation than on phoneme identification, supporting the original hypotheses. 

Slower rates led to higher estimates of intelligibility for the PD groups for sentence and 

conversational intelligibility. The effects were in the same direction for the control speakers, 

but less pronounced (i.e., a flatter overall slope). The DBS group demonstrated more 

variability and fewer significant effects but overall patterned in similar ways. There was a 

trend for sentence intelligibility to show a slight increase in faster speech for some 

participants in the DBS group. Phoneme intelligibility, on the other hand, did not 

demonstrate such clear patterns, and was largely most intelligible at habitual rates for all 

groups. Slower speech was typically associated with lower phoneme intelligibility compared 

to faster speech, but this varied by groups and phonemic categories. Overall, the sentence 

intelligibility results supported the original hypotheses (that slower speech would be rated as 

more intelligible), while the phoneme identification results did not. 

The impact of speech rate on consonant intelligibility, on the whole, did not vary by group, 

as evidenced by the lack of significant two- and three-way interactions between group and 

speech rate. Trends in the empirical data support this, as reported in Figure 31; in particular, 

there are clear drops for all groups in slower speech for both voiced and voiceless stops. 

Greater change is noticeable for voiced stops, but still the effects are minimal. 

Vowel intelligibility patterned in a similar way to consonant intelligibility, such that habitual 

rates of speech were associated with the highest intelligibility, but differences between the 

groups emerged across the speech rate continuum. 

The three-way interaction between group, rate, and vowel height for the phoneme 

identification task revealed a complex pattern. In essence, front and back vowels 

demonstrated opposite patterns for all groups. All groups but the DBS group were, overall, 

most intelligible at their habitual rates of speech, and the DBS group demonstrated some 

improvements in the production of back vowels (i.e., /ɑ, u/) at faster rates compared to 

slower rates. 
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5.4.1.1.1 Asymmetry between sentence and phoneme intelligibility 

The results from the present study are largely consistent with what Yorkston et al. (1990) 

found in a study that explored two slower rates for 8 speakers with dysarthria (half of whom 

had HkD). The authors of this study found that slow speech, specifically 60% of an 

individual’s habitual speech rate, was associated with gains in sentence intelligibility, but 

found no improvements in consonant or vowel accuracy in slow speech. Yorkston et al. 

(1990) proposed that this discrepancy could be due to the fact that the task of understanding a 

sentence can be facilitated by linguistic and contextual cues. That is, listeners may be more 

likely to correctly guess a word, even if the sentences are semantically anomalous. In a 

highly controlled phoneme identification task, only cues from the surrounding phonetic 

environment are available. 

While the present results do, to some degree, replicate the findings of Yorkston et al. (1990), 

some notable differences between the studies are worth mentioning.  Firstly, sentence 

intelligibility in the present study was an intelligibility estimation task, whereas it was a 

sentence transcription task scored as percentage of words correct in the Yorkston et al. 

(1990) study. Therefore, the suggestion that listeners may be able to “guess” words when 

listening to sentences must be understood slightly differently here. A higher rating may have 

indicated that the listener believed they understood more of the sentence, but whether or not 

this corresponded exactly to a concept of words correct remains to be seen. That is, 

intelligibility may additionally reflect concepts of listener confidence or effort (Maruthy & 

Raj, 2014; Yorkston et al., 1996b; cf. Hustad, 2007). The finding that the young healthy 

controls were rated as more intelligible in slow speech was unexpected and may be related to 

other aspects of speech the listeners were attending to. Recent work, nevertheless, has shown 

a close relationship between sentence estimation and transcription tasks (Adams, Dykstra, 

Jenkins, & Jog, 2008; Enos et al., 2018; Stipancic et al., 2016; Tjaden & Wilding, 2011a).  

Another important difference is that the stimuli for the phoneme intelligibility task in the 

present study were mixed with noise at +3 dB; this was not done in Yorkston et al. (1990), 

but has been reported as a means to minimize ceiling effects in other studies (Ferguson & 

Kewley-Port, 2002; Kuo et al., 2014; McAuliffe et al., 2009). It should be noted that previous 

studies have often reported mixing noise at -3 dB SNR. Pilot work prior to the present study 

suggested that this level was too difficult, and so a positive SNR was chosen instead. 



 

 

 

168 

Nevertheless, it is possible that the presence of this noise made the task of phoneme 

identification too difficult for the listeners. In fact, the average group proportions of 

phonemes correct for the PD and DBS groups across all rates ranged overall from 41% to 

51% for consonant accuracy, and 55% to 68% for vowel accuracy (with averages of 50% and 

65% in habitual speech). For younger and older controls, consonant accuracy ranged from 

55% to 86% and 67% to 85% for vowels (with habitual speech averages of 79% and 84%, 

respectively). The goal of the noise was to minimize a ceiling effect, which clearly was 

achieved, but at the risk of a floor effect, i.e., that the task became too difficult. It is 

important to remember though that this was an open set transcription task, and that a score of 

“incorrect” gave no weight to whether the consonant shared important phonetic or 

phonological features with the target (i.e., voicing, place, manner).  The finding that these 

results pattern with those of Yorkston et al. (1990) also suggest that these do not reflect an 

asymmetry solely attributable to methodological differences. 

5.4.1.2 Asymmetry between speech tasks 

Yorkston et al. (1990) also reported that the sentence intelligibility ratings were lower than 

the phoneme intelligibility ratings, suggesting a sort of ceiling effect for phoneme 

identification results. In the present study, the opposite was observed, most likely due to the 

presence of noise in the phoneme identification task, though the lack of linguistic and 

contextual cues in the controlled nonsense word carrier phrases could be implicated. Noise 

was added, however, because it was assumed that the highly controlled nature of the 

nonsense word task would lead to ceiling effects in phoneme identification. 

While fast speech was generally associated with poorer intelligibility for the sentence and 

conversational tasks, fast speech was not associated with changes in phoneme identification, 

in particular for the DBS group. In fact, there were nonsignificant empirical trends for 

increased intelligibility in fast speech for all three speech tasks for the DBS group (nonsense 

words, sentence reading, conversation). Exploratory analyses also suggested that some 

individuals exhibited this trend while others did not. Kuo et al. (2014) reported a similar 

finding in a study of fast speech (in passage reading) for groups of speakers with PD or 

multiple sclerosis. On the whole they found that intelligibility tended to decrease in fast 

speech, but that this was not the case for all speakers, and that some even showed measurable 

increases in intelligibility at a faster rate. 
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Van Nuffelen et al. (2009) and Van Nuffelen et al. (2010) found that there were no overall 

improvements in intelligibility following voluntary rate reduction, as captured by VAS 

estimation of sentence reading. The results of Experiment 2 are supportive of this finding, but 

Experiment 3 demonstrated clear trends of increased intelligibility in slower speech 

(including even the slowest speech) across groups. Notably, these comparisons were 

significant at both ends of the continuum as well as at the less extreme points. This was 

captured by the finding that all speech rate comparisons (S3, S2, F2, F3) significantly 

differed from habitual for the sentence reading intelligibility estimation task. 

Exploring the effect of pauses was beyond the scope of this paper but is another important 

factor of consideration. Previous work has demonstrated that the presence of more frequent 

or longer pauses alone do not account for gains seen in intelligibility in people with 

dysarthria talking at slower rates (Hall, 2013; Hammen et al., 1994). The frequency and 

duration of pauses were not included in the present analysis, but it is possible that more 

pausing or word boundary separation could have nevertheless contributed to the sentence and 

conversational intelligibility in some way. Further analysis of the stimuli would be needed to 

account for this possibility. 

5.4.1.2.1 Phonological variables 

5.4.1.2.1.1 Vowel backness 

Back vowels were transcribed with overall greater accuracy than front vowels in the present 

study. Front vowels are associated with greater lingual advancement, and back vowels with 

lingual retraction (Kent et al., 1999) and are distinguished acoustically by the second 

formant. The ratio between second formant values for the high front vowel /i/ and the high 

back vowel /u/ are known to be sensitive measures that relate to intelligibility in talkers with 

HkD (Rusz, Cmejla, et al., 2013; Sapir et al., 2007), indicating abnormalities along this 

distinction. 

There is relatively little literature on vowel-specific vulnerabilities in dysarthria. The current 

finding of greater transcription accuracy for back vowels is consistent with a recent study that 

found, for a group of individuals with ALS, the vowel /ɑ/ was identified by listeners with 

higher accuracy than most other vowels (Lee, Dickey, & Simmons, 2019). For the talkers 
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with severe dysarthria in that study, listeners tended to misidentify the high front lax vowel 

/ɪ/ as /ɛ/ or /ɑ/. 

Tjaden and Sussman (2006) found that listeners were able to identify vowels produced by 

dysarthric speakers when given auditory information from the preceding consonant They 

reported a trend for the high back vowel /u/ to be more accurately identified the high front 

vowel /i/ for the PD speakers (though this was only statistically significant for vowels 

following /s/). This too is consistent with the present study. In contrast to the present findings 

other studies have reported similar degrees of accuracy for front and back vowels (Ferguson 

& Kewley-Port, 2002; Lansford & Liss, 2014). Previous literature in healthy talkers has 

pointed to greater accuracy of high vowels /i/ and /u/ (Ryalls & Lieberman, 1982). 

Another possible explanation relates to differences in centralization of front versus back 

vowels. In a series of studies that included speech from 45 speakers with intelligibility of 

varying etiologies, Lansford and Liss (2014a; 2014b) explored 11 different acoustic vowel 

metrics to explore their effect on perceptual identification and dysarthria classification. They 

chose to include metrics of both front and back vowel dispersion, anticipating that there may 

be distinct patterns of compression when vowel space is reduced. While they found mean, 

rather than front or back, dispersion to be most related to perceptual accuracy, this raises an 

interesting possibility for the asymmetry noted in the present study. It could be that front 

vowels were subject to greater degrees of centralization making them more difficult to 

identify (Bang et al., 2013), especially in faster speech. Further research is needed to 

understand vowel-specific changes. 

Reduced F2 transitions are a salient acoustic marker of dysarthria (Weismer, 1991; Weismer 

& Martin, 1992; Weismer et al., 2012). While F2 transitions were not an acoustic variable in 

the current study, the literature on F2 impairments provide context for the current findings. 

Impaired F2 slopes indicate abnormalities in lingual advancement as a speaker’s tongue 

moves forward during the production of a diphthong such as /aɪ/. Articulatory slowness in 

tongue dorsum movements have also been demonstrated though kinematic evidence in vowel 

production of individuals with PD (Yunusova, Weismer, Westbury, & Lindstrom, 2008). 

Taken together, these findings could support the possibility of increased centralization in 

front vowels in faster speech. 
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Vowel height (i.e., high /i, u/ versus low /æ, ɑ/) has also been found to impact speech 

intelligibility (Bunton & Weismer, 2001; Lee et al., 2019). Vowel height was not included in 

the present analysis as a predictor based on exploratory plots that indicated a greater degree 

of confusability between front/back vowels compared to high/low vowels. However, this is 

not an observation that can be concluded based on the statistical analysis at this time. 

Phonemes have different relative levels of intensity, representing a span of 28 dB between 

the highest intensity phoneme (mid-back unrounded vowel /ɔ/) to the lowest (voiceless 

interdental fricative /θ/; Fletcher, 1953; Lawson & Peterson, 2011). In particular, the high 

front vowel /i/ has the lowest relative power of all the vowels in English (220). Of the vowels 

included in the present study, /ɑ/ has the highest (600; Fletcher, 1953). Furthermore, low 

vowels tend to be produced with greater intensity than high vowels. It is possible that this 

notion of relative power played a role in the listeners’ ability to understand, particularly in 

the presence of added noise. 

Two other possibilities related to the present methodology, specifically to prevalence of 

sounds represented and pronunciation variants, are also considered here. Regarding the 

former, while the vowels in the subsequent analysis were balanced, the total stimuli set the 

listeners heard was not. Critically, it contained more instances of the /ɑ/ (low back) vowel. It 

is possible, then, that listeners picked up on this pattern and were more likely to correctly 

guess /ɑ/. If this were the case, it would be expected that of the back vowels, /ɑ/ would be 

transcribed with greater accuracy than /u/ and all other vowels. Closer inspection suggested 

that this was not a factor in the present analysis; /ɑ/ and /u/ were correctly transcribed with 

83% and 81% of cases, respectively, while the front vowels /i/ and /æ/ with 57% and 58% 

(these numbers correspond to the positive predicted value). Further statistical testing would 

be needed to rule this possibility out entirely. 

Regarding pronunciation variants, there are two sources of potential confounds: the 

orthography of the task, and dialectal characteristics. The novel words containing the vowel 

/æ/ were orthographically written as “aCad.” Anecdotally, it was noted that some speakers 

were inclined to produce /æ/ as /ɑ/. Speakers read aloud the list of words first and were 

informed on the intended pronunciation. However, during the task, sometimes speakers 

would produce other variants. In the case that these were clearly related to orthography, the 
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researcher would have them repeat the trial again, reminding them of the intended target. In 

cases where it was not a clear misreading, the researcher would not interrupt them. In 

Canadian English, the vowel /æ/ tends to be produced in a lower, more central position due to 

a process known as the Canadian Shift (Clarke, Elms, & Youssef, 1995). This is more 

prevalent in younger speakers and also is known to affect short front vowels /ɪ/ and /ɛ/ 

(Boberg, 2005; Labov, Ash, & Boberg, 2008), which were not included in the present 

analysis. It is possible then that speakers were producing more “backed” front vowels, 

causing them to be more confusable with phonologically back vowels. In novel words this 

may have led to greater confusion for the listeners. Given that there were significant 

interactions between vowel backness, speech rate, and group suggests that even if this were 

the case, factors related to dysarthria, aging, and speech rate are all to some degree also at 

play. 

5.4.1.2.1.2 Stop consonant voicing 

Across the groups, voiceless stops were transcribed with greater accuracy than voiced stops. 

The hierarchy of accuracy (YC > OC > PD > DBS) was maintained for this contrast, and 

younger controls demonstrated less of a difference in the accuracy of voiced and voiceless 

stops. This is seen as greater overlap for the controls in Figure 31. 

While the finding of increased voicing into closure in older adults and individuals with PD 

(Weismer, 1984a) would seem to support a greater likelihood of voiceless stops being 

confused for voiced stops, this was not the case. Consistent with the present findings, though, 

other researchers have also reported a high incidence of devoicing of voiceless stops (Antolıḱ 

& Fougeron, 2013; Bunton & Weismer, 2002). In particular, phonetic intelligibility testing of 

35 speakers, including 10 with PD, demonstrated that the voiced-voiceless distinction was 

among the most frequent errors for all groups with dysarthria, as well as healthy older 

females (Bunton & Weismer, 2002). The authors of this study found that 78% of voicing 

errors were attributed to listeners incorrectly perceiving voiced consonants as voiceless, even 

in the case where voicing during closure of voiceless stops was identified. Similar error 

patterns were found in the healthy geriatric group as well as in talkers with dysarthria. While 

a full phonetic profile was not completed in the present study, the current findings 

corroborate this pattern, which Bunton and Weismer (2002) hypothesized may be related to 
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increased laryngeal musculature stiffness due to aging, rather than a process specific to 

dysarthria. 

5.4.1.2.2 Sentence length 

The finding of higher intelligibility for shorter sentences is consistent with previous literature 

that demonstrates a detrimental effect of increased sentence length on intelligibility in 

dysarthria (Allison, Yunusova, & Green, 2019; Beverly et al., 2010; Hustad, 2007; Yunusova 

et al., 2005) and healthy adults (Bradlow et al., 1995; Huber, 2008). There is likely a trade-

off between the linguistic and contextual content afforded by longer utterances over single 

words or short phrases (Carter, Yorkston, Strand, & Hammen, 1996; Hammen, Yorkston, & 

Dowden, 1991; Hustad, 2007), and the increased motoric demands of longer utterances, such 

as increased respiratory support and articulatory demands (Allison et al., 2019; Huber, 2008). 

One curious discrepancy in the present data was that while, for the most part, there was a 

predictable linear downward trend regarding intelligibility and sentence length, the 8-word 

sentences were transcribed with higher intelligibility than some of the shorter sentences. This 

was more or less consistent across groups, but more pronounced for the PD and DBS groups, 

as can be seen in Figure 34 A. There is visibly less of a decline in fast speech for the 8-word 

sentence, as seen in Figure 34 B. Reasoning for why this might be is purely speculative at 

this point, but perhaps it is worth considering that there may be an “ideal” sentence length at 

which top-down linguistic information is maximally facilitative and sentence complexity is 

minimized. 

Listeners rated the conversational speech samples, which were often observed to include 

longer phrases (though an analysis of sentence content is beyond the scope of this thesis) 

similarly to the sentences. This was evidenced by the lack of statistically significant 

differences between the intelligibility of the two tasks across all speech rates. While this is 

inconsistent with several reports of greater speech impairment in PD being more noticeable 

in more spontaneous speech (Bunton & Keintz, 2008; Ho et al., 1999; Sidtis et al., 2012, 

2010), it is consistent with at least two studies that have demonstrated this may not always be 

the case (Bunton & Keintz, 2008; Tjaden & Wilding, 2011a). Bunton (2008) found that 

talkers with PD were rated more poorly in spontaneous speech compared to read speech, but 

that this task difference disappeared when the participants were asked to perform a motor 
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task simultaneously (screwing a nut on a bolt). As previously stated, it is possible that 

attending to one’s speech rate could be considered a kind of dual-task as well, which would 

perhaps level the differences between conversational and sentence reading differences that 

would impact intelligibility. 

Even if the conversational speech samples did demonstrate greater objective impairments 

(which is not known from the present analyses), the finding that intelligibility ratings were 

similar to those during the reading task could be reflective of the benefit on narrative content 

on intelligibility. Previous research suggests that narrative context may facilitate listener 

intelligibility by providing additional contextual information (Drager & Reichle, 2001; 

Hustad, 2007). 

While the sentences and conversational samples were not directly compared across the rate 

continuum, visual comparison of Figure 35 and Figure 36 suggests that the DBS group 

appeared to be rated as less intelligible in the conversational samples, as well as to 

demonstrate greater improvements in slower conversational speech. More severe dysarthria, 

as is the case in the overall less-intelligible DBS speaker group in the present study, may not 

be subject to the same gains of narrative speech (Hustad & Beukelman, 2001). It is also 

possible that there were differences in the richness of linguistic and contextual information 

impacted by discourse and cognitive factors (the reader is directed to the review by Altmann 

& Troche, 2011). Spontaneous speech production has also been shown to be more sensitive 

to speech impairments compared to more formal speech tasks in PD in general (Bunton & 

Keintz, 2008; Ho et al., 1999; Sidtis et al., 2010) as well as in talkers with DBS (Sidtis et al., 

2012). 

5.5 RQ5: Relationship between speech acoustics and 
intelligibility along a speech rate continuum 

The final research question pertained to the relationship between the acoustic variables 

studied in Experiment 1 and the intelligibility results found in Experiment 2 (the nonsense 

word transcription study). Speech intelligibility, measured at the word level, was modelled as 

a function of these five acoustic variables, as well as group, rate, speaker sex, and consonant 

voicing. Results indicated that, of these five acoustic variables, all of which demonstrated 

sensitivity to speech rate, all but one were significantly associated with intelligibility. 
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Specifically, VOT (with stop voicing taken into account), vowel centralization, speech 

intensity, and voice quality were significantly associated with word-level intelligibility. 

Voicing during closure was not. 

In the present study, both measures of voice and articulation were found to be significantly 

associated with intelligibility. These findings are consistent with studies that have explored 

multiple speech system domains and acoustic variables (Kim et al., 2011; Whitehill et al., 

2004; Yunusova et al., 2005). Some reports, though, have found suprasegmental variables to 

be more important contributors to intelligibility (Kim et al., 2011) and acceptability 

(Whitehill et al., 2004) in dysarthria. 

The purpose of this section was to account for explanatory correlates of speech intelligibility 

in a highly controlled task when speaker group and speech rate were taken into account. It is 

not meant to be an exhaustive exploration of these factors, on the contrary, there are several 

avenues of further investigation that are warranted given the results. Each of the acoustic 

variables in this study will be considered in the context of the literature on acoustic predictors 

of speech intelligibility in PD, as well as in light of the findings of Experiments 1 and 2 in the 

present study. Implications for the findings in Experiment 3 will be discussed. 

5.5.1.1 Voice onset time 

VOT on its own was not a significant predictor of intelligibility, but its interaction with stop 

consonant voicing was. Previous literature on VOT’s role in intelligibility in dysarthria is 

sparse and inconsistent. Bunton & Weismer (2002) found that a large proportion of phonetic 

error patterns in individuals with and without dysarthria (including individuals with PD) were 

related to consonant voicing contrasts, but considerable overlap in VOT suggested that VOT 

could not explain the perceptual errors. This was consistent with other stop consonant 

voicing cues included in the Bunton & Weismer (2002), namely, F1 onset, voicing during 

stop closure, and preceding vowel duration, which also showed considerable overlap and did 

not significantly differ across correctly versus incorrectly identified tokens. 

Another study demonstrated that VOT was a significant predictor of intelligibility for young 

Mandarin-speaking adults with dysarthria secondary to cerebral palsy (Liu, Tseng, & Tsao, 

2000), but comparison with this study is difficult due to differential linguistic, age-related, 
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and dysarthria-specific factors. One previous study found that the voiceless interval duration, 

an alternative metric to VOT that takes into account the stop closure and VOT for voiceless 

stops, was a significant predictor of intelligibility for a group of dysarthric speakers that 

included VOT (Kim et al., 2011). The finding of the current study that VOT by itself was not 

a predictor, but the interaction between VOT and voicing was, suggests that the relationship 

between VOT and intelligibility is highly modulated by phonological contrasts. VOT is a 

robust stop voicing cue (Lisker & Abramson, 1964), and explaining perceptual errors related 

to a voicing contrast must take this into account. 

In the present study, VOT was also closely related to speech rate, demonstrating a fairly 

linear trend with largest VOTs (for voiced and voiceless stops) in slow speech, and shortest 

VOTs in fast speech; this was unsurprising. VOT was also found to be longer for the clinical 

groups (in particular for the DBS group), and this too was consistent across voicing 

categories. An asymmetry across the OC and clinical groups existed in the group by rate 

interaction that showed that the voicing contrast for the OC group was modulated by speech 

rate, whereas the clinical groups demonstrated a fairly consistent contrast in slow and fast 

speech. It was suggested that this may be largely in part due to changes in voiced VOT 

present in the clinical groups across speech rates, a finding that is uncommon for healthy 

talkers (Kessinger & Blumstein, 1997; Miller et al., 1986, 1997; Summerfield, 1981). 

Relating back to intelligibility, Panel A of Figures 37 and 38 demonstrate that as voiced VOT 

increases (i.e., becomes more voiceless-like), intelligibility decreases for voiced stops. This 

trend is particularly evident for the PD groups, and less so for the OC group. 

5.5.1.2 Voicing during closure 

Neither voicing during closure nor its interaction with voicing, were significant predictors of 

intelligibility in the present study, but this null effect warrants discussion. It is also important 

to recall that these utterances were mixed with background noise, which likely obscured the 

perceptual salience of VDC. VDC was found to consistently vary across speech rates, with a 

greater degree of voicing throughout the entire closure occurring in faster speech for all 

groups. VDC was also found to occur more for the PD and DBS groups, and in voiced 

compared to voiceless stops. VDC has been reported to be related to voiced stop 

identification in healthy talkers (Bradlow et al., 1996), but does not appear to be related in 
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dysarthria (Bunton & Weismer, 2002). A small body of research on acoustic predictors of 

intelligibility of foreign-accented speech has also found a relationship between VDC and 

perception of voiced stop consonants in Mandarin (Hayes-Harb, Smith, Bent, & Bradlow, 

2008; Xie & Fowler, 2013), but not for all talkers or listeners. 

It could be the case that VDC, while a sensitive metric to rate and group, was not as salient a 

cue for older talkers in general. Comparisons to the younger speakers, who would be 

hypothesized to demonstrate less VDC overall (Weismer, 1984a) and who were found to be 

more intelligible would shed more light on these processes. Bunton & Weismer (2002), who 

found that VDC and other acoustic stop voicing cues did not reliably map on to perceptual 

error patterns, suggested that listeners may develop a “tolerance” (pp. 236) for acoustic 

information that age-related, such as increased VDC, or weight it less heavily as a perceptual 

cue. 

5.5.1.3 Vowel articulation 

Vowel centralization, as captured by QVAI, was found to be a significant predictor of 

intelligibility. This is consistent with several studies that have found acoustic vowel metrics 

to be related to intelligibility in dysarthria (Feenaughty et al., 2014; Kim et al., 2011, 2009; 

Lansford & Liss, 2014; McRae et al., 2002; Tjaden et al., 2013a; Tjaden & Wilding, 2004; 

Yunusova et al., 2005). In particular, measures that encapsulate vowel overlap may be more 

predictive than those that measure vowel space (H. Kim et al., 2011; Neel, 2008). The 

influence of QVAI in the present study lends evidence to the predictive value of vowel 

overlap, as it reflects acoustic space occupied by the four corner vowels (Karlsson & van 

Doorn, 2012; Sapir et al., 2010). 

QVAI was also found to vary closely with speech rate and speaker group in Experiment 1. 

Specifically, faster speech was associated with more vowel centralization. While there was a 

trend for larger QVAI in slower speech, this was only marginally significant at the slowest 

rate. The results of Experiment 1 demonstrated that QVAI became much more variable at 

slow rates, as seen in Figure 21 B. QVAI was largest for the healthy controls, followed by the 

PD group, and smallest for the DBS group. The relationship between QVAI and 

intelligibility is probably most easily explainable for the OC and PD groups. Both of these 

groups demonstrated more vowel centralization in fast speech and decreased intelligibility in 
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fast speech. The linear relationship between QVAI and intelligibility makes sense in this 

case. 

On the other hand, the DBS group also demonstrated more vowel centralization in fast 

speech but did not become less intelligible with regard to the vowel accuracy measure. In 

fact, there was a trend for the DBS group to become more intelligible in fast speech. 

5.5.1.4 Vowel intensity 

Vowel intensity was positively associated with speech intelligibility. It is important to 

reiterate that the audio clips presented to the listeners were scaled to 70dB to remediate 

differences related to volume and were presented in babble noise at +3SNR. This scaling 

procedure was carried out on the intensity of the whole carrier phrase. 

The acoustic analyses, however, were carried out on the unaltered files (unscaled and without 

noise), and intensity was calibrated using the technique described in Section 3.2.3. Therefore, 

the finding that intensity was significantly associated with increased intelligibility does not 

indicate that this was related to the intensity of the speech signal the listeners heard, or the 

relative volume of the speech signal to the noise. 

While the scaling procedure was attempted to account for large fluctuations and differences 

in loudness and to be able to better assess segmental contributors of intelligibility, relative 

intensity across the phrase would have largely remained intact. Inherent relative intensities 

across vowels, as described above in Section 5.3.2.1, could have facilitated listeners’ 

intelligibility of vowels with greater relative intensity, such as /ɑ/. The effect of relative 

intensity on the nearby consonants may also have had an effect. 

It is worth acknowledging that fast speech compared to habitual speech was not associated 

with increased intensity, but fast compared to slow speech was (this is indicated by the values 

reported for the post-hoc pairwise comparisons in Figure 25. 

Loud speech is a common therapeutic target in PD (see reviews in Yorkston et al., 2007; 

Atkinson-Clement, Sadat, & Pinto, 2015), given the prevalence of hypophonia (Adams & 

Dykstra, 2009), and has been found to be associated with intelligibility gains (e.g., Tjaden & 

Wilding, 2004; McAuliffe et al., 2017; Tjaden et al., 2013b, 2014b; Yorkston et al., 2007). 
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Few studies, though, have explored the precise nature of speech intensity on intelligibility. 

Adams et al. (2008) found there to be a close relationship to conversational speech 

intelligibility and speech-to-noise levels in both healthy talkers and those with PD and 

hypophonia; that is, the louder the talkers were above background noise levels, the better 

they were understood. Kim et al. (2011) found that speech intensity range was not predictive 

of intelligibility in dysarthria (including HkD), but they did not look at speech intensity as a 

static measure. 

Altering the loudness of stimuli for the listener (e.g., synthetically amplified speech rather 

than speech produced at a greater intensity) is not necessarily associated with increases in 

intelligibility with dysarthria (Kim & Kuo, 2012; Turner, Martin, & de Jonge, 2008; 

cf. Iddon, Read, & Miller, 2015). Intelligibility ratings of speech produced at a loud volume 

versus amplified versions of the same speech have shown discrepancies, leading some 

researchers to conclude that loudness alone must not be responsible for the observed 

intelligibility gains (Neel, 2009). The use of speech amplification devices as a form of 

augmentative intervention, however, have demonstrated that some individuals are more 

intelligible when their acoustic signal is amplified to the listener (Iddon et al., 2015). While 

the current findings do not map on to these paradigms directly, the overall conclusion is that 

speech produced at higher intensities was indeed associated with increased intelligibility in 

the present study, but it is unclear to what degree that is associated with loudness itself, 

versus other speech changes that accompany louder speech production. 

The literature generally shows that loud speech, like slow speech, is associated with 

increased acoustic vowel space (McAuliffe et al., 2017; Tjaden et al., 2013a; Tjaden & 

Wilding, 2004), acoustic consonant working space (Tjaden et al., 2013a, 2013b, 2014a; 

Tjaden & Martel-Sauvageau, 2017; Tjaden & Wilding, 2004), and articulatory space (Darling 

& Huber, 2011). In the present study, slow speech was associated with quieter speech 

(compared to habitual speech) and fast speech was associated with louder speech (compared 

to slower speech). 

Kuo et al. (2014) reported that talkers with PD or MS increased their speech intensity at a 

faster rate, and that the magnitude of change was greater for those talkers who also 

demonstrated increased intelligibility at a faster rate as well (7 dB versus 2 dB for those who 
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were not more intelligible). Louder speech intensity at faster speech rates has also been 

reported in young healthy talkers (Dromey & Ramig, 1998; Wohlert & Hammen, 2000) as 

well as in one study of an individual with dysarthria secondary to traumatic brain injury 

(D’Innocenzo et al., 2006). 

It is possible that an increased speech rate was, for at least some individuals, associated with 

increased speech motor effort, such as changes to phonatory, respiratory, or articulatory 

effort. Increased phonatory effort is a key component of the Lee Silverman Voice Treatment 

(LSVT; Ramig, Fox, & Sapir, 2004), which aims to bring about multisystem speech changes 

by training individuals with PD and HkD to speak louder. Several studies have documented 

evidence of improvements in respiratory, laryngeal, and articulatory parameters (Dromey, 

Ramig, & Johnson, 1995; Dumer et al., 2014; El Sharkawi, 2002; Ramig & Dromey, 1996; 

Sapir et al., 2010), including in some individuals with DBS (Spielman et al., 2011). Cannito 

et al. (2012) found, however, that two of eight speakers did not show improvements in 

speech intelligibility following LSVT, even though one of the two did demonstrate expected 

increases in speech intensity.  

In a study comparing habitual, fast, slow, loud, and quiet speech in people with PD as well as 

younger and older controls, Kleinow et al. (2001) found that loud speech was associated with 

the least amount of spatio-temporal variability. Slow speech was associated with the greatest 

degree of variability for all groups. It could be the case that in the present study, the 

variability in the quieter speech produced in the slow conditions may have negatively 

impacted intelligibility. While not a primary outcome measure of their study, Kleinow et al. 

(2001) also reported that slow speech was associated with a decrease of speech intensity of 

approximately 2 dB. The older control group increased their speech intensity in fast speech 

by approximately 2 dB as well, but the younger controls and PD group saw much smaller 

increases, on the order of less than 0.5 dB. These patterns are also consistent with the current 

study. 

5.5.1.5 Harmonics-to-noise ratio 

Overall, voice quality, as measured by HNR, demonstrated a significant negative relationship 

with intelligibility, suggesting that higher transcription accuracy was achieved when HNR 

was lower compared to higher. This was an unexpected finding, as it was hypothesized that 
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higher signal-to-noise ratios would facilitate a listener’s ability to correctly perceive the 

spoken utterance. This finding does, however, make sense when related back to the 

inconsistent findings of HNR across speech groups and speech rates. Two of the three 

groups, the OC and PDs, demonstrated higher HNR in slow speech, but slow speech was also 

associated with lower intelligibility for these groups. Conversely, the DBS groups 

demonstrated lower HNR in slow speech, but did not demonstrate a change in intelligibility. 

There could thus be a cancelling out effect which in essence might point to a three-way 

interaction that was not accounted for in this analysis. Therefore, while HNR could be 

positively related to speech intelligibility in habitual speech, the vast range of speech and 

voice alterations across the rate continuum indicate that, overall, HNR and speech 

intelligibility were inversely related in this study. The effects of HNR on phoneme-specific 

intelligibility were not explored (i.e., the results of RQ5 take into account the combination of 

vowel and consonant intelligibility at the word level). 

In a study assessing viable acoustic measures to capture speech changes induced by DBS, 

Weismer et al. (2012) suggested that voice quality measures (including HNR) may not be 

ideal candidates. The authors attributed this to the finding that improvements in voice quality 

have been reported in individuals with PD following DBS, but that these changes are rarely 

associated with simultaneous improvements in intelligibility (D’Alatri et al., 2008). The 

results of the present study support this observation. 

It is also important to reiterate that these analyses modelled the linear trend. A nonlinear 

analysis was explored but ultimately abandoned as the nonlinear terms did not significantly 

improve the models. Nevertheless, a more in-depth investigation of the directionality of 

relationships between these acoustic variables and intelligibility within groups, rates, and 

individual speakers, would shed more light on the processes that underlie these intelligibility 

changes. 

5.6 Limitations 

Several limitations to the present study warrant caution in interpreting the findings. Those not 

mentioned in the Discussion are presented here. These can largely be broken into the 

following categories, each of which will be discussed in turn: data collection limitations and 

methodological/analysis decisions. 
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5.6.1 Data collection 

5.6.1.1 Participant sample 

The sample size, particularly for the DBS group, was relatively small. Considering the 

variability in this clinical population, this should be noted as a limitation to the 

generalizability of the sample. Furthermore, the distribution of male and female speakers 

across the groups was uneven, with only four of 22 in the PD group and two of 12 in the 

DBS group. This is also problematic. Males are diagnosed with PD approximately 1.5 times 

more frequently than females (Fahn, 2003; Wirdefeldt et al., 2011), but the distribution of 

females in the present study did not reflect that proportion. Furthermore, there was an even 

split of male and female speakers in the control groups. As stated throughout the thesis, 

effects and interactions involving sex (and particularly involving sex and group) should be 

considered with extreme caution for this reason. 

A consideration that must be taken into account when studying older adults (with or without 

neurological disorders) is other age-related factors that may impact speech analyses in 

unaccounted for ways. For example, a number of individuals in the present study reported 

wearing or planning to be fit for dentures. Liss (1990) conducted a study on the speech of 

very old males (>87 years old), all of whom had dentures. She acknowledged that dentures 

could affect oral sensory patterns or impact speech production in other ways but speculated 

that this did not alter their findings because their articulatory acoustic results patterned with 

previous literature. Here, too, the overall results of fine-grained temporal measures such as 

VOT patterned with previous work, suggesting that dentures did not necessarily play a role. 

Further work that investigates other measures of speech production, for example spectral 

measures, should account for potential differences related to denture use. 

Two of the older healthy control participants (OC06 and 0C10) presented with mild 

perceptible speech abnormalities. One of these (OC06) did wear dentures but reported he did 

not notice any differences in his speech when he didn’t wear them. The other (OC10) did not 

wear dentures but did report he had noticed changes in his speech a few years prior, though 

didn’t attribute this to any diagnosis or event. While these speech changes could be indicative 

of an underlying, undiagnosed neural abnormality, it is impossible to say with certainty. It 
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was decided to keep these individuals as this may very well be representative of the 

variability in aging speakers as well. 

5.6.1.2 Speech task 

Related to the speech task itself, one limitation was its length. Participants were encouraged 

to take breaks as needed, but the protocol took approximately two to three hours in total. This 

raises a risk of speech changes that arise not from neurological or age-related motor patterns 

but from fatigue. With this in mind, the experiment was designed to be counter-balanced to 

control for order-effects and fatigue. 

The speech tasks were conducted in a highly controlled setting so as to limit sources of error 

and unwanted variability, but it is well known that speech elicited in such highly controlled 

settings differs from speech in more naturalistic environments (Byrd, 1994; Picheny, 

Durlach, & Braida, 1989; Summers, Pisoni, Bernacki, Pedlow, & Stokes, 1988). In 

particular, the novelty of the items in the nonsense word task could further have elicited a 

less natural speaking style in participants. Further work comparing these highly controlled 

and less controlled speaking environments is needed to better understand the limitations to 

the general field of disordered speech research. 

Relatedly, it is well known that people with PD are particularly affected by external cues (Ho 

et al., 1999; Weir-Mayta et al., 2017), which a lab setting and novel speech tasks could be 

considered to be. It was observed, for example, that some of the participants with softer, 

imprecise speech adopted a louder, clearer voice without prompting during the more formal 

tasks. This is a variable that is very difficult to account for in this population but is further 

reason for a need to continue finding ways to incorporate more naturalistic speech tasks in 

studies. 

5.6.2 Methodological decisions 

5.6.2.1 Intelligibility tasks 

One potential limitation is the impact that the noise had on the listeners’ abilities to identify 

the consonants and vowels in the present study. The choice to include noise was in keeping 

with previous literature in an attempt to reduce a ceiling effect (Ferguson & Kewley-Port, 

2002; Kuo et al., 2014; Maniwa et al., 2008; McAuliffe et al., 2009), but it is possible that the 
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introduction of noise introduces dilemmas of its own. A recent study reported while noise of 

course has a detrimental effect on intelligibility, the degree of detriment is similar for healthy 

and disordered speaker groups (Yoho & Borrie, 2018). More work is needed to determine the 

effect of added noise specifically on segmental identification. 

Acknowledging that, the proportion of phonemes correct is similar to that reported in 

previous studies. For example, vowel accuracy for the PD group at their habitual speech rate 

was found to be 73% in the present study, and word accuracy was found to be 47%. Lansford 

and Liss (2014) reported on vowel identification from a sentence transcription task (not 

presented in noise) and found vowel accuracy for their PD group to be 80%, and 57% for 

words. 

The listeners in this study spent several hours (~10) doing the listening tasks over the course 

of multiple sessions and weeks. It is likely that there was a learning effect over this time. 

Perceptual learning is an acknowledged drawback of perceptual studies such as these 

(McAuliffe et al., 2017). To try to account for this as best as possible, all listeners underwent 

a brief practice period, and all stimuli presentations were completely randomized for each 

listener. Inter-rater reliability for the listening tasks was, for the most part, found to be at 

acceptable levels (though lower than ideal for inter-rater vowel identification in some listener 

pairs). In the analysis, two approaches were taken to account for listener variability, as 

described in the methods. In the transcription task, listener was included as a covariate, and 

item was included as a random effect. In the visual analogue scale estimations, responses 

were averaged across listeners. 

Another potential limitation is what the listeners were attending to during the intelligibility 

estimation task. While they were told to rate “how understandable” the speech was, they 

could have been attending to other aspects of the speech signal. This is a common criticism 

of “subjective” metrics of intelligibility, such that each listener not only has their own 

internal standard, but also may be attending to different aspects of the signal that are difficult 

to control for (Miller, 2013; Weismer & Martin, 1992). As mentioned earlier, a growing body 

of literature suggests a tight relationship between scalar estimates of intelligibility and 

transcription (Adams et al., 2008; Enos et al., 2018; Stipancic et al., 2016; Tjaden & Wilding, 

2011a). 
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5.6.2.2 Speech production task 

Modulating one’s rate of speech is a difficult thing to do and, in a clinical setting, often 

requires extensive training for rate adjustments to be able to generalize to functional 

communication (Blanchet & Snyder, 2010; Yorkston et al., 1988). The speakers in the 

present study did not undergo any such training, though they were given the opportunity to 

practice each rate until they were ready to proceed. The decision to play a recording of their 

own rate back to them every five to ten trials to help them stay on target was made 

specifically to make this task easier and increase its internal validity. The decision to look at 

actual (proportional) rates of speech rather than rate conditions was also made to account for 

this. Nevertheless, whether the changes observed here would persist after a speaker had more 

time to learn to speak at different target rates is presently unknown. 

Speakers were asked to say the same nonsense word items several times over the course of 

the elicitation. It is well known that words that are repeated demonstrate reduced prominence 

(e.g., Aylett & Turk, 2004; Bard et al., 2000; Bard & Aylett, 1999; Bell, Brenier, Gregory, 

Girand, & Jurafsky, 2009; Fowler, 1988; Lam & Watson, 2010). To account for this, all 

speakers read aloud the novel words prior to beginning the task. Nevertheless, there still 

could be an effect of repetition over time that was not taken into account. 

5.6.3 Technical drawbacks of the recording procedure 

As mentioned in the methods, audio clipping was observed during some speech. This was 

due in part to individuals’ own speech adjustments across the task, but also due to an 

unforeseen technical difficulty in the calibration procedures. Excessive clipping across a 

whole utterance, which occurred rarely, was discarded, but most items with clipping were 

kept for the listener playlists to avoid the intrusion of systematic bias. Including clipping as a 

covariate in the acoustic model of intelligibility was done as a way to account for this as well. 

Nevertheless, this is a problem that must be monitored in the future for these data. 

Another technical challenge related to the observation of microphone pops in some 

utterances. In few cases, these were very large, which could have had an effect on the end 

result of the scaling and noise mixing procedure. That is, utterances with very loud mic pops 

may have ultimately been presented with lower SNR at the word of interest, because the 

overall intensity of the utterance would have been affected by the amplitude burst during the 
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microphone pop. These utterances were extremely few (< 0.5% of the data), and so if this 

impacted intelligibility, its overall contribution would be negligible. 

5.6.4 Analysis limitations 

The primary models used for the analyses took into account only a subset of the possible 

variables that could account for the differences seen. For example, speaker group was 

included, but not any metric of severity (speech or motor). Furthermore, apart from the 

younger versus older distinction, age was not explicitly analyzed. Other variables, such as 

cognitive function or depression scores, both of which are known to be prevalent in PD 

(Reijnders et al., 2008) were not accounted for in the analyses. The modelling decisions were 

made in order to identify the effects of the primary variables of interest while taking into 

account the most viable contributing variables from the literature (e.g., for the consonant 

acoustic metrics, choosing to include the phonological variables of voicing and manner). 

Nevertheless, there are other variables that likely could have impacted the results further that 

are not included. 

Along these lines, the final analysis, which modelled the effects of five acoustic variables on 

intelligibility, of course reflects an extremely small subset of all possible acoustic variables 

impacting intelligibility. Intelligibility is a multifactorial phenomenon, and large-scale 

sophisticated analyses may be better equipped to identify a more comprehensive set of 

acoustic variables (e.g., machine learning, principal component analysis, etc.). With this in 

mind, this particular analysis was conducted on a highly controlled speech task for this very 

reason; to impose a limit on the number of the most important acoustic variables. Exploring 

the speech intelligibility of the sentences and conversation are of great interest to this body of 

work but would necessitate looking at a wider host of linguistic variables (i.e., prosodic, 

semantic, syntactic, etc.). The highly controlled nature of the task limits the likelihood of 

influence from these other domains. 

5.7 Clinical implications 

The current study was derived from the observation that slower speech is a commonly 

employed clinical goal for individuals with PD and articulatory speech impairments but has 

shown to have variable and sometimes detrimental effects on intelligibility. Overall, this 
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study found that poorer phoneme accuracy (identified from a carrier phrase) was observed in 

slow speech, and little to no change in fast speech (in fact, a trend for improvements in the 

DBS group). Acoustic variables mediating these changes were found to relate to stop 

consonant and vowel distinctiveness. Speech intensity and voice quality were also found to 

be related to phoneme accuracy, though in a less straightforward manner. On the other hand, 

more naturalistic speech was associated with higher speech intelligibility at slow rates, and 

lower intelligibility at fast rates for all groups. 

The DBS group, who was found to have the most severe articulatory and intelligibility 

impairments, overall patterned differently from the control speakers as well as the non-DBS 

PD group, including trends for positive speech changes in fast speech. Whether these 

changes are associated specifically with DBS or overall speech severity is presently unknown 

from the current findings. The variability points to future areas of research investigating 

different speaker groupings and within-speaker approaches. This is especially relevant for 

people with PD who are candidates for or have received DBS. As previously stated, further 

speech impairments following DBS are common, and a better understanding of the 

generalizability of typical behavioural speech interventions for PD applied to this subgroup is 

ever more important. There are no current guidelines for speech intervention best practices 

for these individuals, and there is relatively little research exploring the differences in their 

responses to intervention, given the well documented variability in speech symptom 

presentation. More research is needed to fill this gap. 

Findings from this study demonstrate a need to be vigilant of speech and voice changes that 

accompany slower-than-habitual rates of speech, if a slower rate of speech makes clinical 

sense as a therapeutic goal for a given individual with PD. This study also adds further 

evidence to the small body of literature that has suggested exploring the use of fast speech as 

a mechanism for inducing positive vocal changes, even if fast speech is not necessarily a 

therapeutic goal. Furthermore, it emphasizes the well-acknowledged finding of large 

interspeaker variability in this population, and points towards a need to explore individual 

variation in order to better determine candidacy for these behavioural modifications. 
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5.8 Future directions 

A reasonable next step for this work is to further explore individual responses to determine 

those who fit the group patterns and those who did not. Clustering subgroups, for example by 

specific speech symptoms (Fletcher et al., 2017b; Tsuboi et al., 2014) or by perceptual scores 

(Cushnie-Sparrow et al., 2018; Im et al., 2018) would be a promising avenue for this, as 

would within-speaker approaches (Feenaughty et al., 2014; Yunusova et al., 2005). An 

important clinical implication from this would be to better tune assessments to determine 

candidacy selection for rate adjustments (Yorkston et al., 2007). 

An investigation of the acoustic patterns across the rate continuum in the spontaneous speech 

is another area that calls for more research. In particular, determining whether the same set of 

acoustic variables are associated with intelligibility in more naturalistic tasks would be of 

great value, adding to the vast body of literature that has attempted to better understand these 

connections. Further investigation of a larger set of articulatory-acoustic variables across 

these different speech tasks and rates is also of interest. 

Yorkston and colleagues have long acknowledged that there is a close relationship and trade-

off between speech intelligibility, speech rate, and speech naturalness (Yorkston et al., 1988, 

1999, 1990). An obvious next step would be to collect other perceptual features of the speech 

elicited across a wide rate continuum to determine how concepts such as naturalness and 

acceptability map on to the acoustics and intelligibility results. Furthermore, investigating 

other listener-related factors such as listener effort, both perceptually and physiologically, is 

of interest. Other acoustic variables related to prosody, such as intonation contours and 

perceived stress, would also provide important information about these patterns more 

globally. 

A curious finding that adds to a small but growing body of literature (Dagenais et al., 2006; 

D’Innocenzo et al., 2006; Kuo et al., 2014; Logan et al., 2002) was that fast speech in some 

cases was associated with improvements in speech for the talkers with dysarthria. More work 

is needed to determine whether there are particular speaker characteristics that benefit more 

than others, and whether there is the potential to take advantage of such effects in therapeutic 

way. 
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5.9 Conclusions 

This series of experiments adds greater detail to the body of literature investigating speech 

rate modifications in dysarthria. Overall, the results demonstrated that a slow rate of speech, 

which is often a therapeutic target for talkers with PD and articulatory impairments, was 

associated with improvements in intelligibility in certain cases. Slow speech was also 

associated with greater variability, especially at the extreme end of the continuum, and the 

benefits of slower speech were not evident across all tasks or speakers. Very slow speech was 

also associated with decreases in phoneme identification. Fast speech was more consistently 

associated with decreases in intelligibility and acoustic distinctiveness in the expected 

direction, but also was associated with subtle improvements in certain aspects of voice and 

speech production. This work adds to the field’s knowledge of the large amounts of 

variability and the complex relationships between speech rate, speech intelligibility, and 

speech acoustics. 
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Appendix 

Appendix A: Western University Health Sciences Research Ethics Board approval and 

extension 
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Appendix C: Visual aid to facilitate speech rate targets 
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Appendix D: Visual analog scale demonstration 
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Appendix E: Experiment 1 

VOT 

Table 10: Summary of fixed effect coefficients for the (log) voice onset time (VOT) 

model. 

Contrast Estimate Std. Error df t value Pr(>|t|) 

(INTERCEPT) -3.367 0.037 69.162 -91.321 0.000 

GROUP1 -0.129 0.067 57.952 -1.926 0.059 

GROUP2 -0.192 0.078 58.754 -2.449 0.017 

RATE.S3 0.309 0.035 86.029 8.869 0.000 

RATE.S2 0.223 0.028 80.599 8.081 0.000 

RATE.F2 -0.174 0.019 138.142 -8.982 0.000 

RATE.F3 -0.337 0.028 118.361 -11.826 0.000 

VOICING -0.684 0.015 537.473 -44.738 0.000 

POA1 -0.400 0.019 141.741 -20.858 0.000 

POA2 -0.246 0.022 142.854 -11.098 0.000 

SEX 0.074 0.034 51.017 2.191 0.033 

GROUP1:RATE.S3 0.016 0.066 57.814 0.250 0.803 

GROUP2:RATE.S3 0.078 0.079 59.212 0.994 0.324 

GROUP1:RATE.S2 -0.048 0.053 53.887 -0.903 0.371 

GROUP2:RATE.S2 -0.018 0.061 55.302 -0.294 0.770 

GROUP1:RATE.F2 -0.037 0.034 72.129 -1.092 0.279 

GROUP2:RATE.F2 0.014 0.041 76.502 0.340 0.735 

GROUP1:RATE.F3 -0.088 0.050 61.745 -1.768 0.082 

GROUP2:RATE.F3 0.076 0.062 69.965 1.229 0.223 

GROUP1:VOICING -0.045 0.022 7696.086 -2.070 0.038 

GROUP2:VOICING -0.021 0.026 7732.792 -0.798 0.425 

VOICING:POA1 -0.079 0.019 141.606 -4.096 0.000 

VOICING:POA2 -0.070 0.022 142.725 -3.143 0.002 

VOICING:SEX -0.052 0.005 7655.273 -9.665 0.000 

RATE.S3:VOICING -0.021 0.020 780.735 -1.070 0.285 

RATE.S2:VOICING 0.006 0.020 2080.607 0.283 0.777 

RATE.F2:VOICING 0.022 0.018 2236.200 1.250 0.211 

RATE.F3:VOICING 0.019 0.022 1480.335 0.870 0.385 

GROUP1:RATE.S3:VOICING -0.059 0.029 7656.197 -2.005 0.045 

GROUP2:RATE.S3:VOICING 0.012 0.036 7685.507 0.328 0.743 
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Contrast Estimate Std. Error df t value Pr(>|t|) 

GROUP1:RATE.S2:VOICING -0.023 0.035 7690.714 -0.650 0.516 

GROUP2:RATE.S2:VOICING -0.057 0.041 7718.983 -1.402 0.161 

GROUP1:RATE.F2:VOICING 0.079 0.030 7746.834 2.606 0.009 

GROUP2:RATE.F2:VOICING -0.010 0.037 7725.945 -0.269 0.788 

GROUP1:RATE.F3:VOICING 0.133 0.034 7709.128 3.911 0.000 

GROUP2:RATE.F3:VOICING 0.074 0.043 7651.175 1.707 0.088 

Note: GROUP1 = OC vs. PD, DBS; GROUP2 = PD vs. DBS. All modified rates (S3, S2, F2, 

F3) are compared to habitual (H1). POA1 = bilabial vs. alveolar, velar place of articulation; 

POA2 = alveolar vs. velar place of articulation. Coefficient estimates, standard errors, 

degrees of freedom (df), t-values, and significances are reported. 
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Table 11: Summary of post-hoc pairwise comparisons for the three-way interaction 

between rate, group, and voicing for the (log) voice onset time (VOT) model, 

demonstrating rate differences. 

contrast group voicing estimate SE z.ratio p.value 

H1 - S3 OC voiced -0.259 0.062 -4.216 0.000 

H1 - S2 OC voiced -0.182 0.055 -3.276 0.009 

H1 - F2 OC voiced 0.124 0.041 3.058 0.019 

H1 - F3 OC voiced 0.288 0.052 5.527 0.000 

S3 - S2 OC voiced 0.078 0.071 1.101 0.806 

S3 - F2 OC voiced 0.383 0.062 6.151 0.000 

S3 - F3 OC voiced 0.547 0.070 7.861 0.000 

S2 - F2 OC voiced 0.306 0.057 5.362 0.000 

S2 - F3 OC voiced 0.469 0.065 7.228 0.000 

F2 - F3 OC voiced 0.164 0.050 3.300 0.009 

H1 - S3 PD voiced -0.347 0.055 -6.255 0.000 

H1 - S2 PD voiced -0.215 0.047 -4.550 0.000 

H1 - F2 PD voiced 0.164 0.037 4.445 0.000 

H1 - F3 PD voiced 0.258 0.048 5.414 0.000 

S3 - S2 PD voiced 0.132 0.061 2.171 0.191 

S3 - F2 PD voiced 0.511 0.056 9.038 0.000 

S3 - F3 PD voiced 0.604 0.063 9.559 0.000 

S2 - F2 PD voiced 0.379 0.049 7.703 0.000 

S2 - F3 PD voiced 0.472 0.057 8.298 0.000 

F2 - F3 PD voiced 0.094 0.045 2.060 0.238 

H1 - S3 DBS voiced -0.257 0.073 -3.501 0.004 

H1 - S2 DBS voiced -0.290 0.061 -4.752 0.000 

H1 - F2 DBS voiced 0.168 0.048 3.506 0.004 

H1 - F3 DBS voiced 0.408 0.066 6.148 0.000 

S3 - S2 DBS voiced -0.033 0.082 -0.405 0.994 

S3 - F2 DBS voiced 0.425 0.075 5.661 0.000 

S3 - F3 DBS voiced 0.664 0.087 7.616 0.000 

S2 - F2 DBS voiced 0.458 0.064 7.207 0.000 

S2 - F3 DBS voiced 0.698 0.078 8.977 0.000 

F2 - F3 DBS voiced 0.240 0.065 3.671 0.002 

H1 - S3 OC voiceless -0.380 0.061 -6.266 0.000 

H1 - S2 OC voiceless -0.201 0.054 -3.713 0.002 
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contrast group voicing estimate SE z.ratio p.value 

H1 - F2 OC voiceless 0.274 0.039 7.026 0.000 

H1 - F3 OC voiceless 0.503 0.051 9.782 0.000 

S3 - S2 OC voiceless 0.180 0.070 2.559 0.078 

S3 - F2 OC voiceless 0.654 0.062 10.574 0.000 

S3 - F3 OC voiceless 0.883 0.070 12.669 0.000 

S2 - F2 OC voiceless 0.474 0.056 8.452 0.000 

S2 - F3 OC voiceless 0.703 0.065 10.863 0.000 

F2 - F3 OC voiceless 0.229 0.049 4.653 0.000 

H1 - S3 PD voiceless -0.338 0.055 -6.196 0.000 

H1 - S2 PD voiceless -0.245 0.047 -5.234 0.000 

H1 - F2 PD voiceless 0.146 0.035 4.184 0.000 

H1 - F3 PD voiceless 0.281 0.047 5.971 0.000 

S3 - S2 PD voiceless 0.093 0.060 1.537 0.538 

S3 - F2 PD voiceless 0.484 0.055 8.755 0.000 

S3 - F3 PD voiceless 0.619 0.063 9.840 0.000 

S2 - F2 PD voiceless 0.391 0.048 8.087 0.000 

S2 - F3 PD voiceless 0.526 0.057 9.221 0.000 

F2 - F3 PD voiceless 0.135 0.044 3.046 0.020 

H1 - S3 DBS voiceless -0.272 0.071 -3.809 0.001 

H1 - S2 DBS voiceless -0.206 0.060 -3.429 0.005 

H1 - F2 DBS voiceless 0.170 0.043 3.921 0.001 

H1 - F3 DBS voiceless 0.283 0.063 4.462 0.000 

S3 - S2 DBS voiceless 0.066 0.081 0.808 0.928 

S3 - F2 DBS voiceless 0.442 0.073 6.091 0.000 

S3 - F3 DBS voiceless 0.555 0.086 6.485 0.000 

S2 - F2 DBS voiceless 0.376 0.062 6.087 0.000 

S2 - F3 DBS voiceless 0.489 0.077 6.371 0.000 

F2 - F3 DBS voiceless 0.113 0.062 1.827 0.358 

Note: These comparisons demonstrate estimated differences between speech rates 

for each group for voiced and voiceless stops. Results are averaged over PoA, and 

sex. Results are given on the log scale. Contrasts, group, estimated differences, 

standard errors, z-ratio, and Tukey-adjusted significances are reported. 
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Table 12: Summary of post-hoc pairwise comparisons for the three-way interaction 

between rate, group, and voicing for the (log) voice onset time (VOT) model, 

demonstrating group differences. 

contrast voicing 
prop_wpm_

5 
estimate SE z.ratio p.value 

OC - PD voiced H1 -0.068 0.075 -0.909 0.635 

OC - DBS voiced H1 -0.281 0.089 -3.167 0.004 

PD - DBS voiced H1 -0.213 0.083 -2.557 0.028 

OC - PD voiceless H1 0.001 0.075 0.019 1.000 

OC - DBS voiceless H1 -0.169 0.087 -1.935 0.129 

PD - DBS voiceless H1 -0.171 0.082 -2.082 0.094 

OC - PD voiced S3 -0.156 0.096 -1.614 0.240 

OC - DBS voiced S3 -0.278 0.114 -2.449 0.038 

PD - DBS voiced S3 -0.123 0.107 -1.145 0.487 

OC - PD voiceless S3 0.043 0.096 0.450 0.895 

OC - DBS voiceless S3 -0.061 0.113 -0.539 0.852 

PD - DBS voiceless S3 -0.104 0.107 -0.978 0.591 

OC - PD voiced S2 -0.102 0.089 -1.135 0.492 

OC - DBS voiced S2 -0.389 0.104 -3.737 0.001 

PD - DBS voiced S2 -0.288 0.097 -2.976 0.008 

OC - PD voiceless S2 -0.044 0.089 -0.487 0.877 

OC - DBS voiceless S2 -0.175 0.104 -1.682 0.212 

PD - DBS voiceless S2 -0.131 0.097 -1.357 0.363 

OC - PD voiced F2 -0.028 0.076 -0.373 0.926 

OC - DBS voiced F2 -0.237 0.090 -2.633 0.023 

PD - DBS voiced F2 -0.208 0.085 -2.460 0.037 

OC - PD voiceless F2 -0.126 0.075 -1.674 0.215 

OC - DBS voiceless F2 -0.273 0.088 -3.091 0.006 

PD - DBS voiceless F2 -0.147 0.083 -1.774 0.178 

OC - PD voiced F3 -0.099 0.086 -1.148 0.485 

OC - DBS voiced F3 -0.161 0.104 -1.549 0.268 

PD - DBS voiced F3 -0.062 0.099 -0.632 0.803 

OC - PD voiceless F3 -0.221 0.086 -2.563 0.028 

OC - DBS voiceless F3 -0.389 0.103 -3.761 0.000 

PD - DBS voiceless F3 -0.168 0.098 -1.717 0.199 
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contrast voicing 
prop_wpm_

5 
estimate SE z.ratio p.value 

Note: These comparisons demonstrate estimated differences between groups, for 

each speech rate, for voiced and voiceless stops. Results are averaged over PoA, 

and sex. Results are given on the log scale. Contrasts, group, estimated differences, 

standard errors, z-ratio, and Tukey-adjusted significances are reported. 
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VDC 

Table 13: Summary of fixed effect coefficients for the dichotomized voicing during 

closure (VDC) model. 

Contrast Estimate Std. Error z value Pr(>|z|) 

(INTERCEPT) -3.159 0.436 -7.239 0.000 

GROUP1 -1.104 0.782 -1.411 0.158 

GROUP2 -0.114 0.904 -0.126 0.900 

RATE.S3 -1.046 0.368 -2.838 0.005 

RATE.S2 -0.553 0.353 -1.567 0.117 

RATE.F2 1.464 0.267 5.478 0.000 

RATE.F3 2.730 0.305 8.962 0.000 

VOICING 3.112 0.207 15.043 0.000 

POA1 -0.562 0.206 -2.725 0.006 

POA2 -0.874 0.239 -3.656 0.000 

GROUP1:RATE.S3 0.365 0.517 0.706 0.480 

GROUP2:RATE.S3 0.417 0.617 0.676 0.499 

GROUP1:RATE.S2 0.242 0.459 0.526 0.599 

GROUP2:RATE.S2 0.544 0.497 1.096 0.273 

GROUP1:RATE.F2 0.230 0.420 0.548 0.583 

GROUP2:RATE.F2 0.145 0.507 0.286 0.775 

GROUP1:RATE.F3 0.674 0.519 1.299 0.194 

GROUP2:RATE.F3 0.189 0.630 0.300 0.764 

GROUP1:VOICING 0.488 0.179 2.724 0.006 

GROUP2:VOICING 0.620 0.179 3.462 0.001 

RATE.S3:VOICING -0.443 0.303 -1.461 0.144 

RATE.S2:VOICING -0.427 0.324 -1.319 0.187 

RATE.F2:VOICING -0.420 0.240 -1.748 0.080 

RATE.F3:VOICING -0.908 0.237 -3.838 0.000 

RATE.S3:POA1 0.572 0.271 2.110 0.035 

RATE.S2:POA1 0.613 0.318 1.930 0.054 

RATE.F2:POA1 0.212 0.275 0.770 0.441 

RATE.F3:POA1 -0.255 0.290 -0.877 0.381 

RATE.S3:POA2 0.386 0.314 1.230 0.219 

RATE.S2:POA2 0.155 0.367 0.421 0.673 

RATE.F2:POA2 0.368 0.319 1.156 0.248 
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Contrast Estimate Std. Error z value Pr(>|z|) 

RATE.F3:POA2 1.093 0.346 3.161 0.002 

VOICED:SEX 0.191 0.388 0.492 0.623 

VOICELESS:SEX 0.719 0.414 1.737 0.082 

Note: GROUP1 = OC vs. PD, DBS; GROUP2 = PD vs. DBS. All modified rates (S3, S2, F2, F3) 

are compared to habitual (H1). POA1 = bilabial vs. alveolar, velar place of articulation; POA2 = 

alveolar vs. velar place of articulation. VDC is dichotomized as Total VDC vs Some or No VDC. 

Coefficient estimates, standard errors, z-values, and significances are reported. 
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QVAI 

Table 14: Summary of fixed effect coefficients for the quadrilateral vowel articulation 

index (QVAI) model. 

Contrast Estimate Std. Error df t value Pr(>|t|) 

(INTERCEPT) 1.633 0.019 57.213 84.235 0.000 

GROUP1 0.076 0.037 57.213 2.069 0.043 

GROUP2 0.088 0.043 57.213 2.051 0.045 

RATE.S3 0.038 0.019 50.777 1.998 0.051 

RATE.S2 0.022 0.014 38.399 1.600 0.118 

RATE.F2 -0.077 0.011 57.315 -6.891 0.000 

RATE.F3 -0.128 0.015 55.643 -8.301 0.000 

SEX 0.053 0.019 57.213 2.783 0.007 

GROUP1:RATE.S3 -0.021 0.036 50.777 -0.579 0.565 

GROUP2:RATE.S3 0.012 0.042 50.777 0.298 0.767 

GROUP1:RATE.S2 -0.041 0.026 38.215 -1.539 0.132 

GROUP2:RATE.S2 0.044 0.030 37.802 1.501 0.142 

GROUP1:RATE.F2 0.021 0.021 57.315 0.991 0.326 

GROUP2:RATE.F2 -0.011 0.025 57.315 -0.458 0.649 

GROUP1:RATE.F3 0.025 0.029 55.936 0.856 0.395 

GROUP2:RATE.F3 -0.059 0.035 55.345 -1.704 0.094 

RATE.S3:SEX 0.032 0.019 50.777 1.721 0.091 

RATE.S2:SEX 0.018 0.014 38.479 1.303 0.200 

RATE.F2:SEX -0.027 0.011 57.315 -2.404 0.019 

RATE.F3:SEX -0.040 0.015 56.080 -2.638 0.011 

Note: GROUP1 = OC vs. PD, DBS; GROUP2 = PD vs. DBS. All modified rates (S3, S2, F2, F3) are 

compared to habitual (H1). Coefficient estimates, standard errors, degrees of freedom (df), t-

values, and significances. 
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Intensity 

Table 15: Summary of fixed effect coefficients for the vowel intensity model. 

Contrast Estimate Std. Error df t value Pr(>|t|) 

(INTERCEPT) 73.936 0.554 55.712 133.386 0.000 

GROUP1 1.471 1.055 52.371 1.394 0.169 

GROUP2 1.275 1.448 52.732 0.881 0.383 

RATE.S3 -2.798 0.153 678.547 -18.263 0.000 

RATE.S2 -2.042 0.208 91.368 -9.816 0.000 

RATE.F2 0.168 0.417 58.236 0.404 0.688 

RATE.F3 0.511 0.471 57.880 1.086 0.282 

SEX -1.365 0.546 52.592 -2.498 0.016 

GROUP1:RATE.S3 1.486 0.193 7648.349 7.682 0.000 

GROUP2:RATE.S3 1.709 0.278 7633.083 6.153 0.000 

GROUP1:RATE.S2 0.687 0.373 62.078 1.844 0.070 

GROUP2:RATE.S2 0.939 0.493 63.343 1.903 0.062 

GROUP1:RATE.F2 -0.006 0.790 53.820 -0.008 0.994 

GROUP2:RATE.F2 -0.005 1.087 54.831 -0.005 0.996 

GROUP1:RATE.F3 0.840 0.887 52.417 0.946 0.348 

GROUP2:RATE.F3 0.428 1.217 52.731 0.352 0.727 

GROUP1:SEX 0.489 1.055 52.382 0.464 0.645 

GROUP2:SEX 0.710 1.448 52.740 0.490 0.626 

RATE.S3:SEX -0.270 0.103 7662.241 -2.620 0.009 

RATE.S2:SEX -0.105 0.189 63.093 -0.556 0.580 

RATE.F2:SEX -0.301 0.410 54.424 -0.734 0.466 

RATE.F3:SEX -0.490 0.459 52.570 -1.067 0.291 

GROUP1:RATE.S3:SEX 2.163 0.194 7664.550 11.169 0.000 

GROUP2:RATE.S3:SEX 0.835 0.278 7661.034 3.002 0.003 

GROUP1:RATE.S2:SEX 1.032 0.373 62.268 2.766 0.007 

GROUP2:RATE.S2:SEX 0.971 0.493 63.557 1.968 0.053 

GROUP1:RATE.F2:SEX -0.293 0.790 53.824 -0.371 0.712 

GROUP2:RATE.F2:SEX 1.224 1.087 54.856 1.126 0.265 

GROUP1:RATE.F3:SEX -0.391 0.887 52.371 -0.441 0.661 

GROUP2:RATE.F3:SEX 2.124 1.217 52.711 1.744 0.087 

Note: GROUP1 = OC vs. PD, DBS; GROUP2 = PD vs. DBS. All modified rates (S3, S2, F2, F3) 

are compared to habitual (H1). Coefficient estimates, standard errors, degrees of freedom (df), t-

values, and significances are reported. 
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Table 16: Summary of post-hoc pairwise comparisons for the two-way interaction 

between group and rate for the speech intensity model. 

contrast group estimate SE z.ratio p.value 

H1 - S3 OC 1.808 0.177 10.229 0.000 

H1 - S2 OC 1.584 0.293 5.406 0.000 

H1 - F2 OC -0.164 0.579 -0.284 0.999 

H1 - F3 OC -1.071 0.655 -1.634 0.475 

S3 - S2 OC -0.224 0.285 -0.785 0.935 

S3 - F2 OC -1.972 0.585 -3.371 0.007 

S3 - F3 OC -2.878 0.659 -4.367 0.000 

S2 - F2 OC -1.748 0.632 -2.768 0.045 

S2 - F3 OC -2.654 0.701 -3.786 0.001 

F2 - F3 OC -0.906 0.854 -1.061 0.826 

H1 - S3 PD 2.440 0.181 13.463 0.000 

H1 - S2 PD 1.802 0.289 6.234 0.000 

H1 - F2 PD -0.168 0.597 -0.281 0.999 

H1 - F3 PD -0.445 0.674 -0.660 0.965 

S3 - S2 PD -0.638 0.277 -2.301 0.145 

S3 - F2 PD -2.608 0.603 -4.326 0.000 

S3 - F3 PD -2.885 0.678 -4.254 0.000 

S2 - F2 PD -1.969 0.644 -3.057 0.019 

S2 - F3 PD -2.246 0.715 -3.140 0.015 

F2 - F3 PD -0.277 0.880 -0.315 0.998 

H1 - S3 DBS 4.148 0.264 15.692 0.000 

H1 - S2 DBS 2.740 0.418 6.557 0.000 

H1 - F2 DBS -0.173 0.914 -0.189 1.000 

H1 - F3 DBS -0.017 1.023 -0.017 1.000 

S3 - S2 DBS -1.408 0.394 -3.571 0.003 

S3 - F2 DBS -4.321 0.910 -4.749 0.000 

S3 - F3 DBS -4.165 1.019 -4.088 0.000 

S2 - F2 DBS -2.913 0.966 -3.016 0.022 

S2 - F3 DBS -2.757 1.069 -2.578 0.074 

F2 - F3 DBS 0.156 1.340 0.117 1.000 
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contrast group estimate SE z.ratio p.value 

Note: These comparisons demonstrate estimated differences between 

groups for each speech rate. Results are averaged over sex. Contrasts, 

group, estimated differences, standard errors, z-ratio, and Tukey-

adjusted significances are reported. 
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HNR 

Table 17: Summary of all fixed effects coefficients for the harmonics-to-noise (HNR) 

model. 

Contrast Estimate Std. Error df t value Pr(>|t|) 

(INTERCEPT) 20.430 0.532 56.198 38.434 0.000 

GROUP1 0.231 1.013 53.050 0.228 0.821 

GROUP2 -0.569 1.393 53.879 -0.408 0.685 

RATE.S3 -1.106 0.429 61.552 -2.581 0.012 

RATE.S2 -0.602 0.341 57.714 -1.766 0.083 

RATE.F2 -0.657 0.289 69.119 -2.274 0.026 

RATE.F3 -1.324 0.374 58.952 -3.538 0.001 

V.HEIGHT 3.152 0.117 620.719 27.033 0.000 

SEX 0.039 0.525 53.550 0.075 0.941 

GROUP1:RATE.S3 2.330 0.798 53.117 2.920 0.005 

GROUP2:RATE.S3 4.042 1.101 54.523 3.673 0.001 

GROUP1:RATE.S2 1.412 0.650 49.907 2.174 0.034 

GROUP2:RATE.S2 1.495 0.857 49.937 1.745 0.087 

GROUP1:RATE.F2 -0.626 0.528 55.668 -1.184 0.241 

GROUP2:RATE.F2 0.161 0.740 60.899 0.217 0.829 

GROUP1:RATE.F3 -0.214 0.691 49.102 -0.310 0.758 

GROUP2:RATE.F3 0.032 0.952 50.398 0.034 0.973 

GROUP1:V.HEIGHT 0.284 0.180 7958.492 1.577 0.115 

GROUP2:V.HEIGHT -0.142 0.214 7997.654 -0.663 0.507 

RATE.S3:V.HEIGHT -0.179 0.153 743.214 -1.167 0.244 

RATE.S2:V.HEIGHT -0.262 0.159 2033.305 -1.647 0.100 

RATE.F2:V.HEIGHT -0.255 0.140 2055.622 -1.828 0.068 

RATE.F3:V.HEIGHT -0.555 0.167 1318.720 -3.323 0.001 

RATE.S3:SEX -1.677 0.414 53.966 -4.045 0.000 

RATE.S2:SEX -0.925 0.329 50.046 -2.811 0.007 

RATE.F2:SEX -0.554 0.277 58.739 -2.002 0.050 

RATE.F3:SEX -0.891 0.359 49.785 -2.484 0.016 

V.HEIGHT:SEX 0.185 0.044 7914.765 4.201 0.000 

GROUP1:SEX -0.535 1.013 53.063 -0.528 0.600 

GROUP2:SEX -2.619 1.393 53.890 -1.880 0.066 

GROUP1:RATE.S3:V.HEIGHT -0.615 0.240 7928.117 -2.563 0.010 
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Contrast Estimate Std. Error df t value Pr(>|t|) 

GROUP2:RATE.S3:V.HEIGHT -0.293 0.292 7959.768 -1.006 0.315 

GROUP1:RATE.S2:V.HEIGHT -0.718 0.288 7972.754 -2.496 0.013 

GROUP2:RATE.S2:V.HEIGHT 0.079 0.333 7989.870 0.236 0.814 

GROUP1:RATE.F2:V.HEIGHT -0.564 0.248 7997.710 -2.276 0.023 

GROUP2:RATE.F2:V.HEIGHT -0.833 0.297 7991.016 -2.803 0.005 

GROUP1:RATE.F3:V.HEIGHT -0.464 0.275 8009.343 -1.688 0.092 

GROUP2:RATE.F3:V.HEIGHT -0.373 0.343 8040.567 -1.088 0.276 

GROUP1:RATE.S3:SEX 1.758 0.798 53.135 2.203 0.032 

GROUP2:RATE.S3:SEX 2.502 1.101 54.554 2.273 0.027 

GROUP1:RATE.S2:SEX 0.400 0.650 49.974 0.616 0.541 

GROUP2:RATE.S2:SEX 0.496 0.857 49.982 0.579 0.565 

GROUP1:RATE.F2:SEX 0.320 0.528 55.686 0.605 0.548 

GROUP2:RATE.F2:SEX 1.874 0.740 60.967 2.532 0.014 

GROUP1:RATE.F3:SEX 0.719 0.691 48.987 1.041 0.303 

GROUP2:RATE.F3:SEX 2.496 0.952 50.324 2.621 0.012 

Note: GROUP1 = OC vs. PD, DBS; GROUP2 = PD vs. DBS. All modified rates (S3, S2, F2, F3) are 

compared to habitual (H1). POA1 = bilabial vs. alveolar, velar place of articulation; POA2 = alveolar 

vs. velar place of articulation. Coefficient estimates, standard errors, degrees of freedom (df), t-

values, and significances are reported. 
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Table 18: Summary of post-hoc pairwise comparisons for the three-way interaction 

between group, rate and vowel height for the harmonics-to-noise (HNR) model. 

contrast group vwl_height estimate SE z.ratio p.value 

H1 - S3 OC high 0.141 0.627 0.226 0.999 

H1 - S2 OC high 0.401 0.560 0.715 0.953 

H1 - F2 OC high 1.705 0.443 3.852 0.001 

H1 - F3 OC high 2.331 0.569 4.100 0.000 

S3 - S2 OC high 0.259 0.770 0.337 0.997 

S3 - F2 OC high 1.564 0.699 2.237 0.166 

S3 - F3 OC high 2.190 0.781 2.802 0.041 

S2 - F2 OC high 1.304 0.644 2.025 0.254 

S2 - F3 OC high 1.930 0.733 2.633 0.065 

F2 - F3 OC high 0.626 0.634 0.988 0.861 

H1 - S3 PD high -0.018 0.640 -0.028 1.000 

H1 - S2 PD high 0.308 0.530 0.582 0.978 

H1 - F2 PD high 0.852 0.445 1.914 0.310 

H1 - F3 PD high 1.823 0.575 3.171 0.013 

S3 - S2 PD high 0.326 0.760 0.429 0.993 

S3 - F2 PD high 0.870 0.715 1.216 0.742 

S3 - F3 PD high 1.841 0.799 2.303 0.144 

S2 - F2 PD high 0.543 0.621 0.875 0.906 

S2 - F3 PD high 1.514 0.717 2.113 0.214 

F2 - F3 PD high 0.971 0.645 1.506 0.559 

H1 - S3 DBS high 3.732 0.963 3.876 0.001 

H1 - S2 DBS high 1.882 0.772 2.437 0.106 

H1 - F2 DBS high 0.180 0.672 0.267 0.999 

H1 - F3 DBS high 1.482 0.857 1.729 0.416 

S3 - S2 DBS high -1.849 1.133 -1.632 0.476 

S3 - F2 DBS high -3.552 1.074 -3.307 0.008 

S3 - F3 DBS high -2.250 1.197 -1.880 0.328 

S2 - F2 DBS high -1.702 0.909 -1.873 0.332 

S2 - F3 DBS high -0.400 1.052 -0.380 0.996 

F2 - F3 DBS high 1.302 0.973 1.338 0.667 

H1 - S3 OC low -1.036 0.628 -1.651 0.465 

H1 - S2 OC low -1.079 0.553 -1.954 0.289 

H1 - F2 OC low 0.443 0.446 0.994 0.858 
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contrast group vwl_height estimate SE z.ratio p.value 

H1 - F3 OC low 0.603 0.568 1.062 0.826 

S3 - S2 OC low -0.043 0.765 -0.056 1.000 

S3 - F2 OC low 1.479 0.701 2.112 0.215 

S3 - F3 OC low 1.639 0.780 2.100 0.220 

S2 - F2 OC low 1.522 0.639 2.384 0.120 

S2 - F3 OC low 1.682 0.726 2.318 0.139 

F2 - F3 OC low 0.160 0.635 0.252 0.999 

H1 - S3 PD low -0.259 0.640 -0.405 0.994 

H1 - S2 PD low 0.343 0.534 0.641 0.968 

H1 - F2 PD low -0.116 0.447 -0.259 0.999 

H1 - F3 PD low 0.650 0.575 1.131 0.790 

S3 - S2 PD low 0.602 0.761 0.791 0.933 

S3 - F2 PD low 0.143 0.715 0.200 1.000 

S3 - F3 PD low 0.909 0.798 1.140 0.785 

S2 - F2 PD low -0.458 0.625 -0.734 0.949 

S2 - F3 PD low 0.307 0.718 0.428 0.993 

F2 - F3 PD low 0.766 0.645 1.187 0.759 

H1 - S3 DBS low 4.077 0.966 4.221 0.000 

H1 - S2 DBS low 1.759 0.765 2.299 0.145 

H1 - F2 DBS low 0.878 0.681 1.289 0.698 

H1 - F3 DBS low 1.056 0.854 1.236 0.730 

S3 - S2 DBS low -2.317 1.126 -2.058 0.238 

S3 - F2 DBS low -3.199 1.077 -2.969 0.025 

S3 - F3 DBS low -3.021 1.193 -2.533 0.083 

S2 - F2 DBS low -0.882 0.904 -0.976 0.866 

S2 - F3 DBS low -0.703 1.039 -0.677 0.961 

F2 - F3 DBS low 0.178 0.971 0.183 1.000 

Note: These comparisons demonstrate estimated differences between speech rates 

for each group for high and low vowels. Results are averaged over sex. Contrasts, 

group, estimated differences, standard errors, z-ratio, and Tukey-adjusted 

significances are reported. 
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Appendix F: Experiment 2 

Stop consonant accuracy 

Table 19: Summary of fixed effect coefficients for the stop consonant accuracy model. 

Contrast Estimate Std. Error z value Pr(>|z|) 

(INTERCEPT) 1.126 0.119 9.445 0.000 

GROUP0 1.671 0.219 7.648 0.000 

GROUP1 0.984 0.221 4.444 0.000 

GROUP2 0.089 0.262 0.339 0.735 

RATE.S3 -0.282 0.109 -2.598 0.009 

RATE.S2 -0.222 0.095 -2.348 0.019 

RATE.F2 -0.046 0.079 -0.576 0.564 

RATE.F3 -0.065 0.127 -0.513 0.608 

LISTENER2 -0.338 0.078 -4.325 0.000 

LISTENER3 -0.662 0.081 -8.138 0.000 

LISTENER4 -0.358 0.076 -4.718 0.000 

LISTENER5 -0.896 0.075 -12.019 0.000 

LISTENER6 -0.757 0.079 -9.624 0.000 

LISTENER7 -0.392 0.085 -4.613 0.000 

LISTENER8 -1.470 0.140 -10.500 0.000 

VOICING -0.202 0.066 -3.041 0.002 

POA1 -0.007 0.097 -0.071 0.944 

POA2 0.468 0.112 4.165 0.000 

GROUP0:RATE.S3 -0.176 0.199 -0.883 0.377 

GROUP1:RATE.S3 -0.354 0.199 -1.774 0.076 

GROUP2:RATE.S3 -0.055 0.237 -0.231 0.817 

GROUP0:RATE.S2 -0.284 0.193 -1.478 0.139 

GROUP1:RATE.S2 -0.141 0.180 -0.787 0.431 

GROUP2:RATE.S2 0.130 0.202 0.642 0.521 

GROUP0:RATE.F2 -0.218 0.164 -1.331 0.183 

GROUP1:RATE.F2 0.119 0.150 0.798 0.425 

GROUP2:RATE.F2 0.004 0.172 0.025 0.980 

GROUP0:RATE.F3 -0.564 0.258 -2.181 0.029 

GROUP1:RATE.F3 0.394 0.267 1.476 0.140 

GROUP2:RATE.F3 0.124 0.319 0.389 0.697 

GROUP0:VOICING 0.211 0.108 1.960 0.050 
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Contrast Estimate Std. Error z value Pr(>|z|) 

GROUP1:VOICING -0.160 0.089 -1.800 0.072 

GROUP2:VOICING -0.158 0.102 -1.550 0.121 

GROUP0:POA1 -0.502 0.088 -5.694 0.000 

GROUP1:POA1 0.189 0.087 2.165 0.030 

GROUP2:POA1 0.297 0.104 2.865 0.004 

GROUP0:POA2 0.445 0.107 4.151 0.000 

GROUP1:POA2 0.293 0.101 2.907 0.004 

GROUP2:POA2 0.247 0.121 2.047 0.041 

RATE.S3:VOICING -0.023 0.081 -0.289 0.773 

RATE.S2:VOICING -0.041 0.079 -0.524 0.601 

RATE.F2:VOICING -0.054 0.069 -0.780 0.435 

RATE.F3:VOICING 0.006 0.083 0.076 0.939 

GROUP0:RATE.S3:VOICING -0.222 0.129 -1.719 0.086 

GROUP1:RATE.S3:VOICING -0.044 0.117 -0.374 0.708 

GROUP2:RATE.S3:VOICING 0.239 0.139 1.721 0.085 

GROUP0:RATE.S2:VOICING 0.246 0.158 1.552 0.121 

GROUP1:RATE.S2:VOICING -0.007 0.137 -0.053 0.957 

GROUP2:RATE.S2:VOICING 0.290 0.156 1.855 0.064 

GROUP0:RATE.F2:VOICING -0.166 0.141 -1.184 0.236 

GROUP1:RATE.F2:VOICING 0.191 0.121 1.575 0.115 

GROUP2:RATE.F2:VOICING 0.036 0.137 0.264 0.792 

GROUP0:RATE.F3:VOICING -0.167 0.146 -1.140 0.254 

GROUP1:RATE.F3:VOICING 0.082 0.139 0.594 0.553 

GROUP2:RATE.F3:VOICING 0.095 0.163 0.582 0.561 

Note: GROUP0 YC vs. OC, PD, DBS; GROUP1 = OC vs. PD, DBS; GROUP2 = PD vs. DBS. All 

modified rates (S3, S2, F2, F3) are compared to habitual (H1). POA1 = bilabial vs. alveolar, velar 

place of articulation; POA2 = alveolar vs. velar place of articulation. Coefficient estimates, standard 

errors, z-values, and significances are reported. 
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Table 20: Summary of post-hoc pairwise comparisons for the two-way interaction 

between group and speech rate for the stop consonant accuracy model. 

contrast group estimate SE z.ratio p.value 

H1 - S3 YC 0.414 0.190 2.176 0.189 

H1 - S2 YC 0.435 0.185 2.347 0.130 

H1 - F2 YC 0.209 0.158 1.328 0.674 

H1 - F3 YC 0.488 0.235 2.074 0.231 

S3 - S2 YC 0.021 0.206 0.103 1.000 

S3 - F2 YC -0.205 0.196 -1.042 0.836 

S3 - F3 YC 0.074 0.261 0.284 0.999 

S2 - F2 YC -0.226 0.194 -1.168 0.770 

S2 - F3 YC 0.053 0.259 0.203 1.000 

F2 - F3 YC 0.279 0.233 1.199 0.752 

H1 - S3 OC 0.474 0.175 2.706 0.053 

H1 - S2 OC 0.245 0.159 1.538 0.537 

H1 - F2 OC -0.089 0.133 -0.667 0.963 

H1 - F3 OC -0.338 0.225 -1.505 0.559 

S3 - S2 OC -0.229 0.196 -1.169 0.769 

S3 - F2 OC -0.562 0.189 -2.974 0.025 

S3 - F3 OC -0.812 0.259 -3.129 0.015 

S2 - F2 OC -0.334 0.177 -1.882 0.327 

S2 - F3 OC -0.583 0.251 -2.322 0.138 

F2 - F3 OC -0.250 0.226 -1.106 0.803 

H1 - S3 PD 0.148 0.157 0.937 0.882 

H1 - S2 PD 0.039 0.135 0.286 0.999 

H1 - F2 PD 0.029 0.113 0.255 0.999 

H1 - F3 PD -0.006 0.196 -0.033 1.000 

S3 - S2 PD -0.109 0.168 -0.650 0.967 

S3 - F2 PD -0.119 0.170 -0.701 0.956 

S3 - F3 PD -0.154 0.231 -0.667 0.963 

S2 - F2 PD -0.010 0.151 -0.066 1.000 

S2 - F3 PD -0.045 0.218 -0.206 1.000 

F2 - F3 PD -0.035 0.195 -0.180 1.000 

H1 - S3 DBS 0.093 0.199 0.465 0.990 

H1 - S2 DBS 0.169 0.166 1.016 0.848 

H1 - F2 DBS 0.033 0.140 0.235 0.999 
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contrast group estimate SE z.ratio p.value 

H1 - F3 DBS 0.118 0.263 0.447 0.992 

S3 - S2 DBS 0.076 0.222 0.342 0.997 

S3 - F2 DBS -0.060 0.217 -0.277 0.999 

S3 - F3 DBS 0.025 0.309 0.081 1.000 

S2 - F2 DBS -0.136 0.187 -0.726 0.950 

S2 - F3 DBS -0.051 0.289 -0.176 1.000 

F2 - F3 DBS 0.085 0.268 0.317 0.998 

Note: These comparisons demonstrate estimated differences between 

speech rates for each group. Results are averaged over listener, voicing, 

and PoA. Results are given on the log odds ratio scale. Contrast, group, 

estimated difference, standard errors, z-ratio, and Tukey-adjusted 

significances are reported. 
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Vowel consonant accuracy 

Table 21: Summary of fixed effect coefficients for the vowel accuracy model. 

Contrast Estimate Std. Error z value Pr(>|z|) 

(INTERCEPT) 1.867 0.111 16.879 0.000 

GROUP0 0.905 0.214 4.228 0.000 

GROUP1 1.011 0.220 4.590 0.000 

GROUP2 0.337 0.248 1.357 0.175 

RATE.S3 -0.268 0.094 -2.849 0.004 

RATE.S2 -0.253 0.095 -2.658 0.008 

RATE.F2 -0.047 0.094 -0.495 0.620 

RATE.F3 -0.216 0.133 -1.621 0.105 

LISTENER2 -0.715 0.083 -8.612 0.000 

LISTENER3 -0.551 0.088 -6.278 0.000 

LISTENER4 -0.364 0.080 -4.536 0.000 

LISTENER5 -0.592 0.084 -7.032 0.000 

LISTENER6 -1.182 0.083 -14.157 0.000 

LISTENER7 -0.663 0.090 -7.329 0.000 

LISTENER8 -0.135 0.124 -1.089 0.276 

V.BACKNESS -0.607 0.055 -11.046 0.000 

GROUP0:RATE.S3 0.507 0.206 2.457 0.014 

GROUP1:RATE.S3 -0.536 0.207 -2.587 0.010 

GROUP2:RATE.S3 -0.357 0.225 -1.587 0.113 

GROUP0:RATE.S2 0.471 0.229 2.058 0.040 

GROUP1:RATE.S2 -0.354 0.212 -1.665 0.096 

GROUP2:RATE.S2 -0.291 0.218 -1.330 0.183 

GROUP0:RATE.F2 0.381 0.227 1.681 0.093 

GROUP1:RATE.F2 -0.241 0.212 -1.135 0.256 

GROUP2:RATE.F2 -0.583 0.230 -2.532 0.011 

GROUP0:RATE.F3 -0.158 0.292 -0.541 0.589 

GROUP1:RATE.F3 0.106 0.311 0.341 0.733 

GROUP2:RATE.F3 -0.672 0.355 -1.897 0.058 

GROUP0:V.BACKNESS -0.101 0.122 -0.827 0.408 

GROUP1:V.BACKNESS 0.072 0.114 0.634 0.526 

GROUP2:V.BACKNESS -0.313 0.108 -2.892 0.004 

RATE.S3:V.BACKNESS 0.038 0.071 0.527 0.598 

RATE.S2:V.BACKNESS 0.218 0.076 2.870 0.004 
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Contrast Estimate Std. Error z value Pr(>|z|) 

RATE.F2:V.BACKNESS -0.478 0.071 -6.693 0.000 

RATE.F3:V.BACKNESS -0.510 0.081 -6.291 0.000 

GROUP0:RATE.S3:V.BACKNESS -0.180 0.154 -1.170 0.242 

GROUP1:RATE.S3:V.BACKNESS -0.329 0.146 -2.249 0.025 

GROUP2:RATE.S3:V.BACKNESS 0.395 0.145 2.726 0.006 

GROUP0:RATE.S2:V.BACKNESS -0.120 0.189 -0.637 0.524 

GROUP1:RATE.S2:V.BACKNESS -0.400 0.160 -2.496 0.013 

GROUP2:RATE.S2:V.BACKNESS 0.308 0.158 1.945 0.052 

GROUP0:RATE.F2:V.BACKNESS -0.259 0.177 -1.462 0.144 

GROUP1:RATE.F2:V.BACKNESS -0.326 0.154 -2.113 0.035 

GROUP2:RATE.F2:V.BACKNESS 0.049 0.151 0.323 0.747 

GROUP0:RATE.F3:V.BACKNESS 0.016 0.177 0.091 0.928 

GROUP1:RATE.F3:V.BACKNESS -0.230 0.178 -1.291 0.197 

GROUP2:RATE.F3:V.BACKNESS 0.299 0.179 1.673 0.094 

Note: GROUP0 YC vs. OC, PD, DBS; GROUP1 = OC vs. PD, DBS; GROUP2 = PD vs. 

DBS. All modified rates (S3, S2, F2, F3) are compared to habitual (H1). V.BACK = Vowel 

backness. Coefficient estimates, standard errors, z-values, and significances are reported. 
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Table 22: Summary of post-hoc pairwise comparisons for the three-way interaction 

between group, speech rate, and vowel backness for the vowel accuracy model. 

contrast group vwl_back estimate SE z.ratio p.value 

H1 - S3 YC front -0.015 0.208 -0.070 1.000 

H1 - S2 YC front -0.228 0.240 -0.953 0.876 

H1 - F2 YC front 0.432 0.209 2.069 0.233 

H1 - F3 YC front 0.832 0.277 3.007 0.022 

S3 - S2 YC front -0.214 0.247 -0.865 0.910 

S3 - F2 YC front 0.447 0.228 1.961 0.285 

S3 - F3 YC front 0.847 0.288 2.936 0.028 

S2 - F2 YC front 0.661 0.259 2.548 0.080 

S2 - F3 YC front 1.061 0.314 3.373 0.007 

F2 - F3 YC front 0.400 0.285 1.402 0.626 

H1 - S3 OC front 0.889 0.200 4.438 0.000 

H1 - S2 OC front 0.625 0.212 2.949 0.026 

H1 - F2 OC front 0.933 0.196 4.755 0.000 

H1 - F3 OC front 0.773 0.274 2.824 0.038 

S3 - S2 OC front -0.264 0.225 -1.174 0.767 

S3 - F2 OC front 0.044 0.223 0.199 1.000 

S3 - F3 OC front -0.116 0.289 -0.401 0.995 

S2 - F2 OC front 0.309 0.238 1.297 0.693 

S2 - F3 OC front 0.148 0.301 0.492 0.988 

F2 - F3 OC front -0.160 0.279 -0.574 0.979 

H1 - S3 PD front 0.005 0.167 0.030 1.000 

H1 - S2 PD front -0.138 0.169 -0.817 0.926 

H1 - F2 PD front 0.633 0.165 3.827 0.001 

H1 - F3 PD front 0.835 0.237 3.521 0.004 

S3 - S2 PD front -0.143 0.188 -0.762 0.941 

S3 - F2 PD front 0.628 0.197 3.189 0.012 

S3 - F3 PD front 0.830 0.257 3.229 0.011 

S2 - F2 PD front 0.771 0.203 3.806 0.001 

S2 - F3 PD front 0.973 0.262 3.716 0.002 

F2 - F3 PD front 0.202 0.249 0.813 0.927 

H1 - S3 DBS front 0.043 0.216 0.200 1.000 

H1 - S2 DBS front -0.120 0.212 -0.569 0.980 

H1 - F2 DBS front 0.098 0.208 0.472 0.990 
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contrast group vwl_back estimate SE z.ratio p.value 

H1 - F3 DBS front 0.462 0.319 1.447 0.597 

S3 - S2 DBS front -0.164 0.248 -0.659 0.965 

S3 - F2 DBS front 0.055 0.253 0.217 1.000 

S3 - F3 DBS front 0.419 0.348 1.204 0.749 

S2 - F2 DBS front 0.219 0.252 0.867 0.909 

S2 - F3 DBS front 0.582 0.348 1.675 0.450 

F2 - F3 DBS front 0.364 0.338 1.076 0.819 

H1 - S3 YC back -0.209 0.268 -0.782 0.936 

H1 - S2 YC back 0.028 0.314 0.089 1.000 

H1 - F2 YC back -0.911 0.317 -2.876 0.033 

H1 - F3 YC back -0.163 0.336 -0.487 0.989 

S3 - S2 YC back 0.237 0.307 0.773 0.939 

S3 - F2 YC back -0.701 0.318 -2.206 0.177 

S3 - F3 YC back 0.046 0.333 0.138 1.000 

S2 - F2 YC back -0.939 0.359 -2.613 0.068 

S2 - F3 YC back -0.191 0.374 -0.511 0.986 

F2 - F3 YC back 0.747 0.373 2.006 0.263 

H1 - S3 OC back 0.616 0.232 2.651 0.062 

H1 - S2 OC back 0.588 0.248 2.374 0.122 

H1 - F2 OC back -0.328 0.252 -1.301 0.690 

H1 - F3 OC back -0.562 0.326 -1.722 0.420 

S3 - S2 OC back -0.028 0.248 -0.112 1.000 

S3 - F2 OC back -0.943 0.262 -3.603 0.003 

S3 - F3 OC back -1.177 0.330 -3.566 0.003 

S2 - F2 OC back -0.916 0.280 -3.265 0.010 

S2 - F3 OC back -1.150 0.346 -3.326 0.008 

F2 - F3 OC back -0.234 0.338 -0.692 0.958 

H1 - S3 PD back 0.785 0.185 4.232 0.000 

H1 - S2 PD back 0.934 0.184 5.084 0.000 

H1 - F2 PD back 0.073 0.186 0.395 0.995 

H1 - F3 PD back 0.260 0.250 1.042 0.836 

S3 - S2 PD back 0.149 0.190 0.784 0.935 

S3 - F2 PD back -0.711 0.206 -3.450 0.005 

S3 - F3 PD back -0.525 0.261 -2.007 0.262 

S2 - F2 PD back -0.860 0.208 -4.132 0.000 
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contrast group vwl_back estimate SE z.ratio p.value 

S2 - F3 PD back -0.673 0.264 -2.555 0.079 

F2 - F3 PD back 0.187 0.256 0.729 0.950 

H1 - S3 DBS back 0.033 0.224 0.146 1.000 

H1 - S2 DBS back 0.335 0.220 1.523 0.547 

H1 - F2 DBS back -0.559 0.229 -2.441 0.105 

H1 - F3 DBS back -0.711 0.328 -2.170 0.191 

S3 - S2 DBS back 0.302 0.257 1.177 0.765 

S3 - F2 DBS back -0.591 0.272 -2.170 0.191 

S3 - F3 DBS back -0.744 0.357 -2.085 0.227 

S2 - F2 DBS back -0.893 0.271 -3.298 0.009 

S2 - F3 DBS back -1.046 0.356 -2.935 0.028 

F2 - F3 DBS back -0.153 0.356 -0.429 0.993 

Note: These comparisons demonstrate estimated differences between speech rates 

for each group and vowel backness. Results are averaged over listener. Results are 

given on the log odds ratio scale. Contrast, group, estimated difference, standard 

errors, z-ratio, and Tukey-adjusted significances are reported. 
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Appendix G: Experiment 3 

Table 23: Summary of fixed effect coefficients for the sentence intelligibility model. 

Contrast Estimate Std. Error df t value Pr(>|t|) 

(INTERCEPT) 2.127 0.065 77.190 32.624 0.000 

GROUP0 -0.798 0.147 76.481 -5.420 0.000 

GROUP1 -1.092 0.160 76.451 -6.820 0.000 

GROUP2 -0.469 0.187 76.387 -2.513 0.014 

RATE.S3 -0.303 0.052 88.157 -5.810 0.000 

RATE.S2 -0.391 0.049 77.817 -7.987 0.000 

RATE.F2 0.446 0.065 145.798 6.891 0.000 

RATE.F3 0.879 0.233 1358.425 3.776 0.000 

NWORDS.1 -0.175 0.043 2405.135 -4.033 0.000 

NWORDS.2 -0.179 0.022 2395.302 -8.139 0.000 

NWORDS.3 0.066 0.017 2397.727 3.796 0.000 

NWORDS.4 -0.035 0.012 2380.836 -2.996 0.003 

NWORDS.5 -0.076 0.010 2403.960 -7.787 0.000 

GROUP0:RATE.S3 -0.296 0.109 67.807 -2.709 0.009 

GROUP1:RATE.S3 -0.019 0.122 74.843 -0.155 0.877 

GROUP2:RATE.S3 -0.210 0.147 82.858 -1.427 0.157 

GROUP0:RATE.S2 -0.477 0.113 82.966 -4.234 0.000 

GROUP1:RATE.S2 -0.101 0.118 71.762 -0.859 0.393 

GROUP2:RATE.S2 -0.096 0.138 71.817 -0.698 0.488 

GROUP0:RATE.F2 0.265 0.119 70.397 2.230 0.029 

GROUP1:RATE.F2 0.335 0.130 71.136 2.576 0.012 

GROUP2:RATE.F2 0.267 0.158 75.427 1.693 0.095 

GROUP0:RATE.F3 0.541 0.168 81.963 3.211 0.002 

GROUP1:RATE.F3 0.491 0.181 78.868 2.716 0.008 

GROUP2:RATE.F3 0.555 0.212 79.111 2.623 0.010 

RATE.S3:NWORDS.1 0.192 0.074 2397.684 2.604 0.009 

RATE.S2:NWORDS.1 0.200 0.070 2426.736 2.840 0.005 

RATE.F2:NWORDS.1 -0.049 0.063 2439.174 -0.780 0.435 

RATE.F3:NWORDS.1 0.052 0.092 2110.554 0.564 0.573 

RATE.S3:NWORDS.2 0.213 0.035 2404.315 5.995 0.000 

RATE.S2:NWORDS.2 0.107 0.036 2433.033 2.974 0.003 

RATE.F2:NWORDS.2 -0.027 0.045 2421.469 -0.600 0.548 
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Contrast Estimate Std. Error df t value Pr(>|t|) 

RATE.F3:NWORDS.2 -0.326 0.318 2150.863 -1.025 0.305 

RATE.S3:NWORDS.3 -0.082 0.030 2391.192 -2.722 0.007 

RATE.S2:NWORDS.3 -0.020 0.028 2420.448 -0.724 0.469 

RATE.F2:NWORDS.3 -0.031 0.026 2425.158 -1.192 0.233 

RATE.F3:NWORDS.3 0.080 0.083 2232.697 0.964 0.335 

RATE.S3:NWORDS.4 0.032 0.019 2391.024 1.712 0.087 

RATE.S2:NWORDS.4 0.005 0.020 2419.155 0.247 0.805 

RATE.F2:NWORDS.4 -0.018 0.021 2421.257 -0.828 0.408 

RATE.S3:NWORDS.5 0.084 0.014 2440.142 5.899 0.000 

RATE.S2:NWORDS.5 0.022 0.016 2455.548 1.388 0.165 

RATE.F2:NWORDS.5 -0.002 0.039 2397.593 -0.052 0.959 

Note: GROUP0 YC vs. OC, PD, DBS; GROUP1 = OC vs. PD, DBS; GROUP2 = PD vs. DBS. All 

modified rates (S3, S2, F2, F3) are compared to habitual (H1). NWORDS = Number of words in 

the sentence, where 1 = 5 vs. 6 words, 2 = 5-6 vs. 7, 3 = 5-7 vs. 8, 4 = 5-8 vs. 9, 5 = 5-9 vs. 10.  

Coefficient estimates, standard errors, degrees of freedom (df), t-values, and significances 
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Table 24: Summary of fixed effect coefficients for the conversational intelligibility 

model. 

Contrast Estimate Std. Error df t value Pr(>|t|) 

(INTERCEPT) 1.995 0.076 102.333 26.299 0.000 

GROUP0 -1.607 0.174 102.333 -9.236 0.000 

GROUP1 -1.307 0.185 102.333 -7.056 0.000 

GROUP2 -0.793 0.217 102.333 -3.662 0.000 

RATES4 0.085 0.077 98.216 1.110 0.270 

RATES3 -0.044 0.070 100.492 -0.637 0.526 

RATES2 0.030 0.066 89.975 0.460 0.646 

RATEF2 0.323 0.067 96.921 4.794 0.000 

RATEF3 0.392 0.076 93.901 5.179 0.000 

RATEF4 0.626 0.082 84.548 7.643 0.000 

GROUP0:RATES4 0.734 0.172 98.837 4.268 0.000 

GROUP1:RATES4 0.221 0.185 98.534 1.195 0.235 

GROUP2:RATES4 0.404 0.226 97.214 1.791 0.076 

GROUP0:RATES3 0.201 0.160 100.492 1.258 0.211 

GROUP1:RATES3 0.031 0.170 100.492 0.182 0.856 

GROUP2:RATES3 0.457 0.199 100.492 2.297 0.024 

GROUP0:RATES2 0.206 0.151 89.975 1.362 0.177 

GROUP1:RATES2 0.211 0.161 89.975 1.310 0.193 

GROUP2:RATES2 0.511 0.188 89.975 2.719 0.008 

GROUP0:RATEF2 0.512 0.154 96.804 3.335 0.001 

GROUP1:RATEF2 -0.122 0.164 96.865 -0.747 0.457 

GROUP2:RATEF2 0.325 0.194 97.063 1.674 0.097 

GROUP0:RATEF3 0.587 0.172 93.948 3.406 0.001 

GROUP1:RATEF3 -0.084 0.184 93.925 -0.456 0.650 

GROUP2:RATEF3 0.428 0.218 93.818 1.964 0.053 

GROUP0:RATEF4 0.824 0.185 84.811 4.460 0.000 

GROUP1:RATEF4 -0.048 0.198 84.681 -0.244 0.808 

GROUP2:RATEF4 0.534 0.239 84.141 2.232 0.028 

Note: GROUP0 YC vs. OC, PD, DBS; GROUP1 = OC vs. PD, DBS; GROUP2 = PD vs. DBS. All 

modified rates (S3, S2, F2, F3) are compared to habitual (H1). Coefficient estimates, standard 

errors, degrees of freedom (df), t-values, and significances are reported. 
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Appendix H: Acoustic correlates of intelligibility 

Table 25: Summary of fixed effect coefficients for the acoustic model of intelligibility. 

Contrast Estimate Std. Error df t value Pr(>|t|) 

(INTERCEPT) -0.183 0.062 118.021 -2.973 0.004 

GROUP1 0.358 0.111 93.792 3.238 0.002 

GROUP2 0.003 0.130 97.432 0.027 0.979 

RATE.S3 -0.182 0.057 172.469 -3.218 0.002 

RATE.S2 -0.186 0.052 1799.528 -3.609 0.000 

RATE.F2 -0.073 0.046 1820.349 -1.578 0.115 

RATE.F3 0.003 0.060 98.062 0.044 0.965 

VOICING -0.097 0.034 1758.662 -2.834 0.005 

VOT -1.728 1.215 1704.582 -1.423 0.155 

VDC -0.103 0.081 1563.401 -1.275 0.202 

QVAI 0.747 0.167 450.285 4.484 0.000 

INT 0.043 0.007 619.801 5.758 0.000 

HNR -0.028 0.004 1544.729 -7.267 0.000 

SEX 0.161 0.051 58.063 3.150 0.003 

CLIPPING -0.115 0.114 891.313 -1.009 0.313 

GROUP1:RATE.S3 -0.185 0.098 103.907 -1.890 0.062 

GROUP2:RATE.S3 -0.143 0.117 106.281 -1.219 0.226 

GROUP1:RATE.S2 0.007 0.099 1773.241 0.072 0.943 

GROUP2:RATE.S2 -0.044 0.112 1741.291 -0.397 0.692 

GROUP1:RATE.F2 -0.005 0.091 1732.752 -0.060 0.952 

GROUP2:RATE.F2 -0.206 0.110 1735.998 -1.864 0.062 

GROUP1:RATE.F3 -0.076 0.111 70.239 -0.684 0.497 

GROUP2:RATE.F3 -0.397 0.139 67.701 -2.864 0.006 

VOICING:VOT -3.829 0.975 1824.402 -3.925 0.000 

VDC:VOICING 0.015 0.062 1811.835 0.248 0.804 

Note: GROUP1 = OC vs. PD, DBS; GROUP2 = PD vs. DBS. All modified rates (S3, S2, F2, F3) are 

compared to habitual (H1). Coefficient estimates, standard errors, degrees of freedom (df), z-ratios, 

and significances are reported. 
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