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Abstract 
Objectives: Deep brain stimulation (DBS) is a symptomatic treatment for 
people with essential tremor (ET) who have unsatisfactory tremor relief with 
pharmacological treatment alone. A common symptom of ET is voice tremor, 
but only about 50% of patients with voice tremor get a satisfactory result with 
DBS. Moreover, stimulation-induced adverse effects on speech are often 
reported, especially with bilateral stimulation. In recent years, the caudal zona 
incerta (cZi) has been highlighted as a particularly efficient DBS-target for 
tremor; however, less is known about the effects of cZi-DBS on voice and 
speech. The aims of this thesis were to (i) describe how voice tremor and speech 
production are affected by habitual cZi-DBS optimized to treat the motor 
symptoms of ET, (ii) investigate how voice tremor and speech production are 
affected by unilateral cZi-stimulation at increasing amplitudes, with a particular 
focus on high-amplitude stimulation, and (iii) explore the extent to which 
patient characteristics and DBS related factors, such as electrode location and 
stimulation settings, influence the outcome.  

Methods: This thesis comprises two different study protocols. Study I was a 
retrospective study of 19 patients with ET and voice tremor, and DBS effects on 
voice tremor were evaluated from clinical assessments made at baseline and 1, 
3, and 5 years after surgery, respectively. Studies II-V included 37 persons with 
ET, and DBS effects on voice tremor and speech production were evaluated off- 
and on habitual stimulation, as well as in an experimental protocol with 
unilateral stimulation at increasing amplitudes (up to a maximum of 4.5V). 
Voice tremor (study II, III) was assessed by two listeners using the Visual Sort 
and Rate (VISOR) method. Speech intelligibility (study IV) was estimated from 
orthographic transcriptions of nonsense sentences made by two speech-
language pathology students. Speech function, including articulation and voice 
quality (study V) were analysed in 14 participants and assessed by two speech-
language pathologists using VISOR. Voice and speech outcomes following the 
experimental stimulation condition were evaluated in relation to the location of 
the active electrode contacts. 

Results: Habitual cZi-DBS reduced voice tremor at all examinations and did 
not affect speech production on the group-level. By contrast, during unilateral 
high-amplitude stimulation, more negative effects on speech were noted, and 
the proportion of individuals with affected speech more than doubled at 
maximal amplitude stimulation compared with habitual cZi-DBS (40% 
compared to 17%). While most of these adverse effects were mild in general, a 
few participants exhibited more severe impairments of high-amplitude 
stimulation, especially on speech intelligibility and articulation. There were also 
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cases in which high-amplitude stimulation worsened voice tremor or even 
induced the symptom. As for the contribution of electrode location, a deeper 
and more posterior stimulation origin were found to yield the most efficient 
voice tremor reduction, more medially located electrodes were associated with 
affected articulation, whereas deteriorated speech intelligibility was related to 
stimulation originating from a more superior location. 

Conclusions: cZi-DBS is relatively safe in the sense that adverse effects on 
speech production are rarely seen during stimulation with the clinical settings. 
Furthermore, voice tremor can be expected to improve, both short- and long-
term, although not always to such an extent that the symptom is alleviated 
completely. However, by increasing the stimulation amplitude beyond the 
clinical setting, one increases the risk of inducing unwanted speech-related 
effects and worsen voice tremor. Thus, it appears as though the challenge in the 
postoperative management of the DBS treatment lies in maintaining the 
therapeutic effect while still keeping the stimulation amplitude at a low level. 
The combined results of this thesis indicate that the best outcome for voice and 
speech might be achieved by stimulating from the posterior-inferior-lateral part 
of the cZi. 
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Abbreviations 
CT, computed tomography 

cZi, caudal zona incerta 

DBS, deep brain stimulation 

ET, essential tremor 

ETRS, Essential Tremor Rating Scale 

MAX-ON+, unilateral stimulation at the maximal amplitude level 

MCP, midcommissural point 

MRI, magnetic resonance imaging 

OFF-DBS, off stimulation 

ON-DBS, on stimulation at the habitual clinical settings 

ON+, unilateral stimulation with increasing stimulation amplitude levels 

PD, Parkinson’s disease 

PSA, posterior subthalamic area 

Rn, red nucleus 

STN, subthalamic nucleus 

pSTN, posterior tail of the subthalamic nucleus 

TETRAS, Tremor Research Group Essential Tremor Rating Assessment Scale 

Vim, ventral intermediate nucleus of the thalamus 
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Sammanfattning på svenska 
Essentiell tremor är en vanlig rörelsestörningssjukdom som kännetecknas av 
tremor (skakningar) främst i armar och händer, men det är även vanligt att 
rösten drabbas. Djup hjärnstimulering (deep brain stimulation, DBS) är en 
kirurgisk behandlingsmetod som visats vara mycket effektiv på tremor överlag, 
dock är resultaten gällande rösttremor mer varierande. Dessutom är 
talpåverkan en vanlig bieffekt av DBS, speciellt vid bilateral stimulering. I denna 
avhandling har DBS i kaudala zona incerta (cZi) utvärderats gällande dess 
effekter på rösttremor och talproduktion hos personer med ET. Syftet med 
avhandlingen är att: (i) beskriva effekterna av kronisk cZi-DBS som optimerats 
för att behandla ET, (ii) utforska effekterna av unilateral stimulering vid 
successivt ökande amplituder (med ett särskilt fokus på 
högamplitudstimulering), samt (iii) undersöka vilka faktorer som kan tänkas 
påverka resultatet. 

Delstudie 1 är en retrospektiv långtidsstudie av 19 patenter med ET som hade 
rösttremor innan DBS-behandling. Effekterna av DBS på rösttremor 
utvärderades från bedömningar gjorda vid uppföljningar 1, 3 samt 5 år efter 
operation. Delstudie 2-5 inkluderade 37 personer med ET och effekterna av DBS 
på rösttremor och talproduktion utvärderades utifrån bedömningar gjorda: 1) 
med DBS avstängd, 2) med kronisk cZi-DBS, samt 3) vid unilateral stimulering i 
en experimentell procedur med gradvis ökande amplituder (upp till maximalt 
4.5V). Rösttremor (delstudie 2 och 3) bedömdes perceptuellt av två lyssnare. 
Talförståelighet (delstudie 4) beräknades som procent korrekt uppfattade ord 
utifrån ortografiska transkriptioner av nonsensmeningar som utfördes av två 
logopedstudenter. Talfunktion, inklusive artikulation och röstkvalitet hos 14 
personer med ET (delstudie 5) bedömdes perceptuellt av två erfarna logopeder. 
Röst- och talresultat från den experimentella stimuleringsproceduren 
utvärderades också i förhållande till elektrodens anatomiska läge.   

Resultaten visade att kronisk cZi-DBS inte hade några negativa effekter på 
talproduktion överlag. Kronisk cZi-DBS förbättrade också rösttremor 
genomgående, dock med en betydande individuell variation. Under unilateral 
högamplitudsstimulering visade sig däremot fler negativa effekter på såväl 
rösttremor som på talproduktion. Vid stimulering med den maximala 
amplitudnivån hade andelen individer med talpåverkan mer än fördubblats 
jämfört med den vid kronisk cZi-DBS (från 17 % till 40 %). Även om dessa 
negativa effekter var små generellt sett var det tydligt att enskilda individers tal 
drabbades mer än andras. Vad gäller betydelsen av elektrodens läge inom cZi 
visade det sig att ett djupare och mer posteriort läge var gynnsamt för 
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rösttremor. För talproduktion var negativa effekter förknippade med ett mer 
medialt läge (för artikulation) samt ett högre läge (för talförståelighet). 

Sammantaget tyder avhandlingens resultat på att cZi-DBS sällan orsakar 
negativa effekter på tal när patienten stimuleras med de kliniska inställningarna 
(optimerade för att behandla symptomen av ET). Dessutom kan rösttremor 
förväntas förbättras, både på kort och på lång sikt. Däremot kan talpåverkan 
och negativa effekter på rösttremor framkallas om stimuleringsamplituden höjs. 
Utmaningen i den postoperativa behandlingen ligger således i att kunna 
bibehålla den terapeutiska behandlingseffekten samtidigt som 
stimuleringsamplituden hålls ner. Våra resultat antyder också att det kan vara 
bäst för patienters röst och tal om stimuleringen utgår från ett djupare, mer 
posteriort och mindre medialt läge inom cZi-området. 
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Introduction 
We humans have sophisticated ways of communicating, something that 
distinguishes us from most other species. Although verbal communication is 
often aided and reinforced by non-verbal communication (such as gestures, 
facial expressions, and other types of and body language), we often rely solely on 
our speech (and the hearing ability of our communication partner) to get our 
message across.  

Very early in human development, speaking becomes a highly automated skill; 
one that we do not often pay attention to until we experience problems with it. 
However, speaking is actually a very complex activity, involving up to 140.000 
neuromuscular events every second (Duffy, 2013). To produce speech in an 
effective manner, we need rapid, coordinated, and perfectly timed activation of 
muscles located in the respiratory, the phonatory, the resonatory, and the 
articulatory subsystems. Impairments in any of these speech subsystems (or in 
their interactions) will affect the ability to produce speech efficiently and 
accurately.  

Spoken communication starts with higher cognitive and linguistic processes, 
that is, ideas and thoughts, and how to convey these through the use of 
language. The actual production of the message is then carried out by more 
automated sensorimotor processes, referred to as motor speech production 
(Figure 1). Motor speech production can, in turn, be further divided into sub-
stages of planning, programming, and execution. When neurological 
impairments affect the speech execution stage, we refer to it as dysarthria 
(Duffy, 2013). The word “dysarthria” derives from Greek and can be translated 
into “impaired ability to articulate”, but dysarthric speech usually includes more 
than just articulatory insufficiencies. Generally, the dysarthric speaker will also 
exhibit symptoms such as voice dysfunction and abnormal prosodic patterns. In 
severe cases, speech intelligibility may be affected, which will have serious 
consequences for the person’s ability to communicate. Dysarthria is thus a 
collective name for motor speech disorders with varying aetiologies, symptoms, 
and severity, but which all follow from neurological dysfunction of muscles 
involved in speech production. Common causes of dysarthria are stroke and 
neurological diseases such as Parkinson’s disease (PD), amyotrophic lateral 
sclerosis, and multiple sclerosis. Dysarthria can, however, also be caused by 
substance abuse, certain pharmaceuticals, and also by invasive treatments such 
as deep brain stimulation (DBS).  
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Figure 1. Fundamental processes underlying speech production (conceptualized model adapted 
from Caruso & Strand, 1999).  

Measures of voice, speech, and communication 
Voice and speech can be assessed perceptually and instrumentally, and there are 
advantages and disadvantages with both types of procedures. The main 
advantage of auditory-perceptual measurements is that they can be considered 
valid measures of speech function since speech is, after all, produced to be 
perceived. The main disadvantage is that reliability may be poor, especially if 
the assessment focuses on specific details of speech dysfunction (Wannberg, 
Schalling, & Hartelius, 2015). Acoustic and other instrumental measurements, 
on the other hand, can provide more objective and reliable details of 
dysfunction, but the validity of single acoustic measures as measures of more 
global aspects of speech function can be called into question. At present, 
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auditory-perceptual measurements are the ”gold standard” in the clinical 
setting, and instrumental measurements are commonly used to supplement the 
perceptual judgement.   

A clinical evaluation of motor speech production involves a thorough 
examination of function (i.e., respiration, phonation, oral motor function, 
velopharyngeal function, and articulation), accompanied by more overall 
measures of speech and communication (i.e., of prosody, speech intelligibility, 
and self-reported communication). The combined results from the sub-tests are 
analysed to give an overall picture of dysarthria type and severity, which will 
form the basis for the subsequent intervention.  

An important methodological choice, which will ultimately affect measurement 
validity, is the type of speech samples used in the evaluation. Spontaneous 
speech is arguably the most representative of a person’s communicative abilities 
and has the highest ecological validity, but will often need to be supplemented 
with more structured tasks. These structured tasks include sustained phonation 
(for voice quality assessment), reading of sentences designed to ensure different 
types of articulatory movements (for evaluation of articulation), reading of 
narratives (for prosody and speech rate assessments), and reading of nonsense 
sentences (to obtain an estimation of % speech intelligibility). Apart from 
facilitating the evaluation of certain aspects of speech production, the use of 
structured tasks ensures that speech materials are comparable from one 
evaluation to another, which is essential for repeated measurements and 
between-subjects comparisons.  

In this thesis, I will present our findings regarding DBS effects on motor speech 
production in persons with essential tremor (ET). The evaluation is divided into 
two parts. The first part (studies I–III) addresses the effect of DBS on voice 
tremor, which is a common symptom of ET that could be expected to benefit 
from the DBS-treatment. The second part (study IV and V) deals with DBS-
induced effects on speech production, including overall speech function, 
articulation, voice quality, and speech intelligibility. But first, I will continue this 
introduction with a brief discussion of ET and the ways that voice and speech 
are affected by this disease. In the following sections, I will describe DBS as a 
treatment for tremor and review how it has been found to affect voice tremor 
and speech production. 

Essential tremor 
Essential tremor (ET) affects approximately 1% of the population worldwide 
(Louis & Ferreira, 2010), making it one of the most common movement 
disorders. The incidence increases with age, with two age peaks in the 2nd–3rd 
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and 6th–7th decades of life (Louis, Ford, & Barnes, 2000), but symptoms of ET 
can manifest themselves as early as in childhood. Early-onset ET is strongly 
associated with a family history of tremor (Louis & Ottman, 2006), whereas 
late-onset ET has been found to correlate with a more rapid disease progression 
(Hopfner et al., 2016) and an increased risk of dementia (Benito-León, Louis, 
Bermejo-Pareja, & Grp, 2006). 

The cardinal symptom of ET is action tremor in the upper extremities (Bhatia et 
al., 2018). All tremors are characterized by involuntary rhythmic, oscillatory 
movements of a body part, and action tremor arises when the affected body part 
is active, either in maintaining a steady position against gravity (postural 
tremor) or during voluntary movement (kinetic tremor). Kinetic tremor is 
further divided in to two subtypes depending on whether tremor rate and 
amplitude remain the same during the movement (simple kinetic tremor, e.g. 
when moving the hand towards a cup of coffee), or whether there is crescendo 
as the moving body part approaches the target (intention tremor, e.g. increased 
tremor as the hand gets closer to the cup). Postural and both types of kinetic 
tremors are common in persons with ET, although the common clinical rating 
scales make no distinction between simple kinetic and intention tremor. 

The tremor network involves the thalamus, cerebellum, and motor cortex, and 
the cerebello-thalamo-cortical pathway is implicated in all forms of pathological 
tremor (Elble, 2013; Helmich, Toni, Deuschl, & Bloem, 2013) (Figure 2). 
However, there is probably not a single oscillator within this network driving 
tremor; more likely, tremor generation involves more complex mechanisms and 
multiple oscillators inside the cerebello-thalamo-cortical circuit (Helmich et al., 
2013). Even if the pathophysiology of ET is not clearly understood, there is 
evidence pointing towards cerebellar dysfunction (Haubenberger & Hallett, 
2018; Helmich et al., 2013), and degenerative changes of the cerebellum have 
also been found in persons with ET (Kuo et al., 2017).  

Since there are no biomarkers or imaging markers for ET, the diagnosis is based 
on clinical examination and the patient’s medical history alone. Clinical 
assessments of the severity of tremor and its impact on activities of daily life are 
made with rating scales such as the Essential Tremor Rating Scale (ETRS) 
(Fahn, Tolosa, & Marin, 1993) and the Essential Tremor Rating Assessment 
Scale (TETRAS) (Elble et al., 2012). These tremor-rating scales measure severity 
level on a 5-point ordinal scale, (from 0=normal to 4=severe; TETRAS also 
allows 0.5-point increments), in the face, tongue, voice, head, trunk, and upper- 
and lower extremities. Handwriting, drawing, and pouring are also assessed, as 
are the effects of tremor on activities of daily living. 

 



 

5 

 

Figure 2. Schema of the Presumed Pathways Involved in the Pathophysiology of Essential Tremor 
and Targets for Surgical Treatment. Reproduced with permission from (Haubenberger & Hallett, 
2018), Copyright Massachusetts Medical Society. The cerebello-thalamo-cortical pathway (dark 
blue), the Guillain–Mollaret triangle (light blue).  

A disease or a syndrome? 
As indicated by the name “essential tremor”, not only is tremor the cardinal 
symptom of ET but it should also be the only clinically relevant symptom 
(Haubenberger & Hallett, 2018). However, the definition of ET is somewhat 
arbitrary and some have adopted a broader approach by also including 
individuals with isolated head- or voice tremor or additional mild signs of 
dystonic or ataxic symptoms (Haubenberger & Hallett, 2018). This rather liberal 
application of the term ET means that the population diagnosed with ET is a 
very heterogeneous one; presumably with various underlying aetiologies and 
pathophysiology. Recently, a task force from the International Parkinson and  
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Movement Disorder Society reviewed the definition and classification of tremor 
and published a revised consensus statement proposing that ET should be 
defined as a syndrome rather than as a disease, and that the nomenclature  “ET 
plus” should be used for patients with additional “soft signs” (Bhatia et al., 
2018).  According to the new proposed diagnostic criteria: 

 

If adopted by clinicians and researchers, this new, more narrow definition of ET 
and the subdivision between “pure” ET and “ET plus” will add homogeneity to 
the “pure” ET group, which might lead to a better understanding of the 
pathophysiology and aetiology of the syndrome(s) (Bhatia et al., 2018; Fasano & 
Helmich, 2019; Haubenberger & Hallett, 2018). 

Voice tremor in ET  
Voice tremor is the second most common non-mandatory symptom of ET, just 
after head tremor (Albanese & Sorbo, 2016; Chen et al., 2017) with an estimated 
prevalence of somewhere between 12% to 62% (Chen et al., 2017; Koller, 
Busenbark, & Miner, 1994; Whaley, Putzke, Baba, Wszolek, & Uitti, 2007). 
Persons with voice tremor have reported a gradual onset of the symptom and a 
slow progression over time (Sulica & Louis, 2010). That voice tremor is a 
symptom that usually manifests itself later in the course of the disease was 
confirmed in a large cohort study of 884 patients with ET, which found voice 
tremor to be associated both with old age and more severe hand tremor (Chen et 
al., 2017).  

ET  

• is an isolated tremor syndrome of 
bilateral upper limb action tremor 

 

• with at least 3 years duration 

 

• with or without tremor affecting 
other locations/ functions (e.g., 

head, voice, or lower limbs) 

 

• in the absence of other 

neurological signs, such as 
dystonia, ataxia, or parkinsonism 

ET plus 

• Tremor with the characteristics of 
ET and additional neurological 

signs of uncertain significance, 

such as impaired tandem gait, 

questionable dystonic posturing, 

memory impairment, or other 

mild neurologic signs of unknown 
significance that do not suffice to 

make an additional syndrome 

classification or diagnosis 

E ET with additional rest 

tremor should be 

classified as ET plus 
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Voice tremor is characterized by rhythmic or near rhythmic oscillations of vocal 
loudness and/or pitch, often at rates between 4-7 Hz, causing the voice to sound 
tremulous and shaky. The rate, amplitude and regularity of the oscillations all 
contribute to how voice tremor is perceived (Anand, Shrivastav, Wingate, & 
Chheda, 2012; Kreiman, Gabelman, & Gerratt, 2003; Lester & Story, 2015) and 
severe voice tremor may interfere with communication and adversely affect 
quality of life (Chandran & Pal, 2013; Louis & Gerbin, 2013). However, far from 
everyone seeking medical attention for voice problems are aware of the 
tremulous characteristics of their voice. Instead, they may complain of voice 
instability and increased effort when speaking (Sulica & Louis, 2010). One of the 
reasons why the tremor component can go unnoticed is that connected speech 
produced at normal rates generally contains fast alterations between voiced and 
voiceless speech sounds at such a rate that it conceals the tremor periodicity 
(Lederle, Barkmeier-Kraemer, & Finnegan, 2012). Therefore, the preferred 
method for assessing voice tremor is to use a sustained phonation task where 
the patient is asked to prolong a voiced speech sound, most commonly vowels.  

Clinical perceptual assessments of voice tremor in ET are routinely done using 
ETRS (item 3) where voice tremor is classified on a 5-point scale as either 
“none”,  “slight”, “moderate”, “marked”, or “severe” (Fahn et al., 1993). 
Assessing the presence and severity of voice tremor is, however, not always an 
easy task. An important aspect to keep in mind is that healthy voices are rarely 
completely steady either, and it can be difficult at times to distinguish subtle 
voice tremor from normal movements in the vocal system, especially for the 
inexperienced listener. The key features to listen for is the rate and regularity of 
the oscillations. Another potential pitfall is that voice tremor can be confused 
with vocal instability, which is a symptom characterized by non-cyclical 
movements and thus lacking the rhythmicity of tremor. Distinguishing between 
tremor and instability is not made easier by the fact that the two symptoms can 
coexist (Boutsen, Duffy, Dimassi, & Christman, 2011). Again, one should pay 
attention to the regularity of the voice fluctuations.  

Voice tremor is not only difficult to assess, studying it and interpreting the 
results from the literature can also be cumbersome. The literature search is 
hampered by the fact that researchers may use different terms to refer to voice 
tremor (e.g., laryngeal tremor, vocal tremor, essential voice tremor, cyclic 
instability). This inconsistent use of terminology may partly result from 
differing views on what to include in the term “voice tremor”, and whether one 
regards voice tremor as an exclusively laryngeal tremor or rather as a symptom 
that can be heard. According to the latter view, voice tremor need not be 
confined to tremor of laryngeal structures but could arise from anywhere within 
the speech subsystems, which includes the respiratory, phonatory and 
articulatory muscles (Merati et al., 2005). Without question, a clearer definition 
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of “voice tremor” and more consistent use of the terminology would be of great 
benefit to this area of research. Throughout this thesis, voice tremor is defined 
as a rhythmic, audible tremor of the voice, which may originate from 
anywhere within the speech apparatus. The term “voice tremor” will also be 
used throughout to refer to a symptom caused by ET. Therefore, it is important 
to stress that the results presented here regarding the effects of DBS do not 
necessarily apply to people with isolated voice tremor. 

Speech production in people with ET  
Apart from the fact that severe voice tremor may interfere with communication, 
speech production is generally considered unaffected by ET, and people with ET 
are infrequent visitors in the speech-language pathology clinics. However, 
speech in individuals with ET is a rather unexplored field of research. There are 
only a handful of studies that have compared speech function in ET with that of 
healthy controls.  

Kronenbuerger et al. (2009) found that patients with ET plus additional signs of 
cerebellar dysfunction produced slower speech during a fast syllable repetition 
task compared with healthy control speakers and patients without additional 
cerebellar symptoms. Slower speech rates correlated with ETRS hand tremor 
scores, which suggests that speech problems may develop over time, as tremor 
progresses. The findings of Kronenbeurger et al. thus indicate that signs of 
dysarthria may be present in a subset of persons with ET, several of whom 
should probably be diagnosed with “ET plus” according to the new proposed 
classification (Bhatia et al., 2018).  

Mücke and colleagues have in a series of studies investigated speech function in 
persons with ET treated with DBS and compared their speech off stimulation 
with healthy controls. Results from these studies confirm a slower speech in 
people with ET, but also indicate that they may exhibit additional signs of 
articulatory impairments, predominantly problems of coordination, manifested 
as persistent voicing into the voiceless stop consonant (Mücke et al., 2014) and 
frication during stop consonant production (Mücke et al., 2018). Difficulties 
coordinating speech movements is a cardinal symptom of ataxic dysarthria and 
is usually interpreted as signs of damage to the cerebellum or its connections 
(Duffy, 2013). Consequently, it may well be that the cerebellar dysfunction of ET 
also affects speech, with poor timing, control, and coordination of speech 
movements as a result. A major limitation to the studies by Mücke and 
colleagues, however, is that all participants with ET had DBS, and it was thus 
assumed that their speech off stimulation was representative of their 
preoperative speech. But the problem is that there is no way of knowing to what 
extent the actual DBS implant might affect speech. As also acknowledged by 
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Mücke et al. (2018), the mere presence of the DBS electrode could have a 
negative impact on speech through a microlesional effect (Blomstedt, Tisch, & 
Sandvik, 2010), and in such cases, it would not be appropriate to regard speech 
function off DBS as equal to that of DBS naïve persons. In addition, we do not 
know whether patients treated with DBS are truly representative of the ET 
population in general since persons referred to DBS surgery most likely 
experience more disabling disease symptoms not alleviated by medication. 
Recall that Kronenbuerger et al. (2009) found an association between severe 
hand tremor and speech dysfunction, implying that disease progression also 
may impact on speech production. Unfortunately, the ways that speech 
production might be affected by ET in itself is not a question that I will be able 
to pursue in this thesis given that all our participants already had DBS 
treatment. Nonetheless, it is an area that deserves more attention. 

Deep brain stimulation – a symptomatic treatment of ET 
There is no cure for ET, and pharmacological treatment only helps about 50% of 
patients, though rarely to such an extent that the tremor symptoms are 
abolished completely (Deuschl, Raethjen, Hellriegel, & Elble, 2011). For people 
with disabling tremor and unsatisfactory results with medication, deep brain 
stimulation (DBS) might be an alternative.  

DBS is an invasive symptomatic treatment for movement disorders, such as 
Parkinson’s disease, dystonia, and ET, but it is also used for treating for example 
epilepsy, obsessive-compulsive disorder, depression, and Tourette’s disease. 
Even though people diagnosed with ET is a very heterogeneous group, DBS has 
proven to be effective on tremor for a vast majority them (e.g., Deuschl et al., 
2011; Flora, Perera, Cameron, & Maddern, 2010; Xie, Bernard, & Warnke, 
2012). 

The DBS system comprises three components: (1) an electrode with four or 
more contacts implanted deep into the brain, (2) an internal pulse generator 
(IPG) implanted into the chest area that acts as a neuro-pacemaker, sending 
electrical impulses to the electrode, and (3) an extension cable connecting the 
IPG to the electrode (Figure 3). Electrodes can be implanted unilaterally or 
bilaterally, and there are advantages and disadvantages with both types of 
treatment. Bilateral DBS is undoubtedly necessary to effectively reduce tremor 
on both sides of the body, but bilateral stimulation also carries an increased risk 
of inducing adverse effects, particularly on gait, balance, and speech (Alomar et 
al., 2017; Elble, Shih, & Cozzens, 2018). Therefore, many centres avoid 
performing bilateral procedures on persons with ET, especially in the elderly 
population. 
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Figure 3. The DBS system. IPG, Internal pulse generator.  

After implantation, the IPG is programmed to deliver electrical stimulation to 
the intended target with the purpose of modulating the neural activity that 
causes the patient’s symptoms. Everything related to the stimulation, (apart 
from the location of the electrode), can be reprogrammed after surgery. The 
reprogrammable parameters are: which electrode contact(s) to activate and 
stimulate from, the stimulation amplitude (i.e. the strength or intensity of 
stimulation), the stimulation frequency (i.e. the number of electrical pulses 
delivered per second), and the pulse width (i.e. the duration of the electrical 
stimulus in microseconds). See Figure 4 for an illustration. Furthermore, 
depending on the design of the electrode, (i.e., the number of contacts, their 
positions, and partitions), the DBS programmer has a possibility to more or less 
shape the stimulation field, from the standard circular shape surrounding the 
contact to other forms, and thereby direct the stimulation within the brain (e.g., 
Contarino et al., 2014; Pollo et al., 2014).  

Both treatment effect and adverse effects with DBS are caused by the 
stimulation and its spread from the contact(s) to neighbouring structures. For 
an optimal treatment result, the stimulation needs to be strong enough to 
suppress the neural activity that causes the patient’s symptoms, but at the same 
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time precise enough to avoid stimulating areas that may give rise to adverse 
effects. Stimulation-induced adverse effects are usually reversible by 
reprogramming the DBS or turning it off; however, they may still interfere with 
the treatment and prevent the use of the stimulation settings needed for optimal 
symptom relief. Finding the right settings for the patient can be a real balancing 
act and very time-consuming (Fasano & Lozano, 2015).  

 

Figure 4. An illustration of the electrical pulses generated by the pulse generator and the 
programmable stimulation parameters. 

DBS-targets for ET  
DBS targets different areas in the brain depending on the patient’s symptoms. 
For tremor, the traditional target of choice is the ventral intermediate (Vim) 
nucleus of the thalamus. However, there is mounting evidence that the area 
immediately below the Vim, i.e. the posterior subthalamic area (PSA) is an 
equally effective and possibly more efficient target for tremor (e.g., Barbe et al., 
2018; Hamel et al., 2007; Herzog et al., 2007; Sandvik, Koskinen, Lundquist, & 
Blomstedt, 2012; Xie et al., 2012).  

The PSA is located inferior to the ventral thalamic nuclei and superior to the 
dorsal border of the substantia nigra; posteromedial to the posteriomedial 
border of the subthalamic nucleus (STN) and anterior to the medial lemniscus; 
lateral to the lateral border of the red nucleus (Rn) and medial to the posterior 
limb of the internal capsule (Blomstedt et al., 2009) (Figure 5). This is an area 
that is particularly dense with cerebello-thalamic fibres, often described as a 
“bottleneck” of fibres before they disperse into the Vim (Groppa et al., 2014; 
Velasco, Molina-Negro, Bertrand, & Hardy, 1972). The PSA is not a newly 
discovered region. During the lesional era, subthalamotomies here were found 
to have a good effect on tremor; however, it took decades before the PSA was 
first used as a target for modern DBS (Blomstedt, Sandvik, Fytagoridis, & Tisch, 
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2009). Ever since then, there has been a debate about which structure to target 
for ET: the Vim or the PSA.  

 

Figure 5. Top: Images from the atlas of Schaltenbrand & Wahren (1977). Top-left: Axial slice 3.5 
mm below the anterior and posterior commissure. Top-right: Coronal slice 7.0 mm posterior to the 
midcommissural point. Bottom-left: Axial T2 MRI at the level of the maximal diameter of the red 
nucleus. Bottom-right: Abbreviations. 

The first randomized trial comparing Vim- and PSA-DBS was conducted by 
Barbe et al. (2018) and included 14 patients with ET. The Vim and the PSA were 
both targeted using a single electrode in each brain hemisphere, and patients 
and physicians were blind to which target was being stimulated in the 
subsequent evaluations. The results showed that both Vim- and PSA-DBS 
improved tremor, but that an optimal treatment effect could be accomplished at 
lower stimulation amplitudes in the PSA, thus suggesting that the PSA may be a 
more efficient target. In general, lower stimulation amplitude is desirable as this 
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limits the spread of current and, thereby, potentially prevents stimulation-
induced side effects. Low-amplitude stimulation may also extend battery life, 
which limits the number of surgical procedures for the patient. After the last 
follow-up one year after surgery, nine of the 14 patients remained with PSA-
DBS, whereas only three patients stayed with Vim-DBS (the remaining patients 
had both PSA and Vim stimulation). Following these results, Barbe and 
colleagues concluded that: “implantation of DBS leads into the Vim only no longer 
seems advisable” (Barbe et al., 2018).  

Several different names have been used for the PSA target area, including the 
caudal zona incerta (cZi). The zona incerta is a small nucleus within the PSA. Its 
caudal part has a clear anatomical reference, situated posteromedial to the 
posterior tip of the STN (pSTN) at the level where the Rn has its maximal 
diameter. The cZi has been the target of choice for ET at Umeå University 
Hospital since 2004, and the Vim is no longer targeted intentionally. We refer to 
the target as cZi since this is the location that neurosurgeons at Umeå University 
Hospital aim for; however, cZi-stimulation will likely reach other structures 
within the PSA. Therefore, in practice, the names PSA and cZi are used 
interchangeably.  

All in all, it is important to regard DBS-targets as volumes rather than 
individual points. The stimulation origin is where the active contact is located, 
but the stimulation field surrounding the contact will spread in three 
dimensions from that point of origin. In this regard, it should be noted that also 
the PSA/cZi and the Vim are close to one another and that there is a 
considerable overlap in the areas affected when using either one of these two 
targets (Coenen et al., 2014; Fiechter et al., 2017).  

DBS effects on voice tremor in patients with ET 
Voice tremor outcomes following DBS are highly variable, and only about 50% 
of patients get a good treatment result (Carpenter et al., 1998; Hägglund, 
Sandström, Blomstedt, & Karlsson, 2016; Matsumoto et al., 2016). In the 
following sections, I will discuss factors that have been highlighted in the 
literature as contributing to the various outcomes.  

In the early DBS literature, it was reported that bilateral stimulation is required 
to treat voice tremor (Obwegeser, Uitti, Turk, Strongosky, & Wharen, 2000; 
Putzke, Uitti, Obwegeser, Wszolek, & Wharen, 2005; Taha, Janszen, & Favre, 
1999). Our group also found that bilateral stimulation provided substantial 
voice tremor improvements for the three patients with bilateral cZi-DBS in a 
previous study from 2016 (Hägglund et al., 2016). The notion that voice tremor 
is best treated with bilateral DBS seems reasonable given that the voice 
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apparatus is bilaterally innervated but, on the other hand, tremor symptoms are 
not always equally distributed between both sides of the body. Also, unilateral 
stimulation has been reported to improve both head tremor (Kundu, Schrock, 
Davis, & House, 2017; Moscovich et al., 2013) and ipsilateral hand tremor 
(Peng-Chen et al., 2013). Therefore, it is plausible that unilateral stimulation 
may suffice for voice tremor in some cases. Indeed, looking back at our 2016 
study, unilateral stimulation did effectively reduce voice tremor in three cases, 
whereas six others had a more modest effect (Hägglund et al., 2016). More 
recent studies that have examined the effects of DBS in more detail have 
demonstrated that unilateral DBS can reduce voice tremor, and in many cases 
as effectively as bilateral (Avecillas-Chasin, Poologaindran, Morrison, 
Rammage, & Honey, 2018; Kundu et al., 2017), which suggests that the long-
held assumption that bilateral DBS is a requirement needs to be reconsidered.  

Other DBS related factors most certainly contributing to the outcome include 
the location of the electrode, the parameter settings, and the stimulation field 
spread. Matsumoto et al. (2016) studied the effects of Vim-DBS in 18 patients 
with ET, and found that voice tremor required more focused Vim-stimulation 
compared with hand tremor, and that stimulation spreading to adjacent 
thalamic regions was associated with persisting voice tremor. Kundu et al. 
(2017) also investigated the effects of Vim-DBS on voice tremor in relation to 
electrode location in 20 patients, and found an association between effective 
voice tremor reduction and stimulation originating from a more anterior 
location. With regards to PSA/cZi and voice tremor, we have previously 
demonstrated that DBS in this region can be effective (Hägglund et al., 2016), 
but the optimal location for treating voice tremor within this target area has not 
been known. 

Finally, there are indications that voice tremor results following DBS could be 
influenced by more patient-specific factors, and poor outcomes have been 
associated both with advanced age (Matsumoto et al., 2016) and milder voice 
tremor symptoms off stimulation (Carpenter et al., 1998; Putzke et al., 2005). 
The suggestion that DBS would be less effective on milder symptoms is, 
however, not supported by others (Hägglund et al., 2016; Matsumoto et al., 
2016). 

Most results discussed above are either findings from short-term studies or 
studies using an off/on design; however, DBS is expected to be a lifelong 
treatment. As such, the effects over time also need to be considered. 
Unfortunately, long-term studies rarely report voice tremor data, and if they do, 
it is group-level results, in which patients without voice tremor are also included 
(Baizabal-Carvallo, Kagnoff, Jimenez-Shahed, Fekete, & Jankovic, 2014; 
Blomstedt, Hariz, Hariz, & Koskinen, 2007; Fytagoridis, Sandvik, Åström, 
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Bergenheim, & Blomstedt, 2012; Putzke et al., 2005; Sydow, Thobois, Alesch, & 
Speelman, 2003). So far, the reported results have indicated that DBS is not 
particularly effective on voice tremor in the long-term, at least not at the group-
level. That being said, there may be a need to go beyond group-level and report 
data in more detail to appropriately evaluate the effects of DBS over time, 
especially considering that voice tremor response to stimulation appears to be 
heterogeneous (e.g., Carpenter et al., 1998; Hägglund et al., 2016; Matsumoto et 
al., 2016).  

DBS and adverse effects on speech  
When introducing electrical current into the brain, it will not only bring positive 
effects in the form of symptom reduction; there is also a risk of inducing 
unwanted side effects. And, as previously stated, one of the most common 
adverse effects with DBS is impaired speech production, commonly referred to 
as stimulation-induced dysarthria. According to a meta-analysis by Alomar et 
al. (2017), there is an 11% risk of inducing dysarthria with unilateral Vim-DBS, 
which increases to 39.2% following bilateral procedures. Even though 
stimulation-induced dysarthria, like other adverse effects of DBS, is typically 
reversible and manageable through adjustments in the stimulation parameters 
settings, it can still be troublesome and stand in the way of achieving an optimal 
treatment result. Sometimes there will be a trade-off between tremor reduction 
and speech, and the patient can end up with different stimulation programs to 
choose from depending on the situation, e.g. one for eating and another for 
speaking, but this arrangement is not optimal.  

In recent years, advances in DBS technology have provided more opportunities 
to direct the electrical field and further control where and how far the 
stimulation spreads (e.g., Contarino et al., 2014; Pollo et al., 2014). These new 
technological advances allow for more customized treatments, which could be 
beneficial to the individual patient. As for speech, Barbe et al. (2014) 
demonstrated that individualized current shaping can reduce stimulation-
induced dysarthria without compromising tremor suppression, indicating that 
there need not be a trade-off between “eat or speak”. Theoretically, it may thus 
be possible to stimulate only those structures giving an optimal therapeutic 
effect and avoid those areas in which adverse speech effects are induced. In 
reality, however, the increased flexibility provided by the new DBS technology 
also entails greater complexity in DBS-programming. The crux of the matter is 
that we lack a priori understanding of where adverse effects may arise, so even if 
there has been an exponential increase in the number of possible stimulation 
configurations, our knowledge of how to make the best use of these new 
possibilities is still in a trial-and-error stage (Fasano & Lozano, 2015).  
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There have been attempts to further our understanding and map stimulation-
induced side effects, including adverse effects on speech, within the thalamic 
and subthalamic area; however, thus far, no links between stimulation-induced 
dysarthria and specific neuroanatomical locations have been established. 
Dembek et al. (2017) created probabilistic stimulation maps of side effects in 16 
patients with ET, using more than 600 different stimulation settings, but found 
no correlation between induced dysarthria and stimulation location within the 
Vim or the PSA. Likewise, Fytagoridis, Åström, Wårdell, & Blomstedt (2013) 
found no clear spatial distribution of stimulation-induced dysarthria when 
evaluating the contribution of 132 electrode contacts implanted in 28 patients 
with ET treated with cZi-DBS. It is noteworthy that both Dembek et al. (2017) 
and Fytagoridis et al. (2013) encountered few incidences of stimulation-induced 
dysarthria (only 15 out of 331 noted side effects in the study from Fytagoridis et 
al.), despite speech impairment reportedly being one of the most common 
adverse effects of DBS. However, in this respect, it is important to emphasize 
that neither Dembek et al. (2017) nor Fytagoridis et al. (2013) investigated 
speech response to chronic, habitual DBS.  

Anterolaterally from the cZi lies the STN (Figure 5). The STN is an established 
target for PD, and compared to Vim and PSA, speech effects after STN-DBS 
have been more extensively explored. Combined, the studies on STN-DBS have 
shown that adverse speech effects may be linked to left electrode location 
(Tripoliti et al., 2014; 2011), high-amplitude and high-frequency stimulation 
(Törnqvist, Schalén, & Rehncrona, 2005; Tripoliti et al., 2011; 2008), and the 
spread of stimulation, either in a lateral (Akram et al., 2017; Mahlknecht et al., 
2017), or a medial (Åström et al., 2010; Fenoy, McHenry, & Schiess, 2017; 
Mahlknecht et al., 2017) direction. Although the underlying causes of speech 
detriments following DBS are not yet fully understood, stimulation spreading 
laterally, affecting the corticobulbar fibres, would theoretically lead to 
dysarthria of a spastic nature, whereas stimulation spreading in a medial 
direction from the STN, affecting the cerebellothalamic fibres, would cause 
more ataxic speech symptoms. Considering that the DBS targets for ET (i.e. the 
Vim and the PSA/cZi) are very close anatomically to the STN, it is likely that the 
same mechanisms are involved in the generation of dysarthria in ET (Åström et 
al., 2010; Becker et al., 2017; Matsumoto et al., 2016; Mücke et al., 2014).  

When we review the reports available on stimulation-induced dysarthria in 
patients with ET, most of the results seem to indicate a predominantly ataxic 
component in “DBS-speech”. Matsumoto et al. (2016) examined 18 patients 
with bilateral habitual Vim-DBS and found four cases of mild to moderate 
stimulation-induced dysarthria, three of which were classified as ataxic by two 
speech-language pathologists. While no specific stimulation location could 
statistically predict dysarthria, the authors reported that it appeared to be 
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caused by stimulation spreading outside the Vim, primarily in a medial 
direction. Others have demonstrated imprecise articulation, increased voicing, 
more displaced articulatory movements, and slower speech with DBS (Becker et 
al., 2017; Mücke et al., 2014; 2018; Plaha et al., 2011), findings that suggest 
coordination problems and hence speech dysfunction with primarily ataxic 
characteristics. With that said, corticobulbar involvement has also been 
indicated in persons with ET and DBS treatment. Becker et al. (2017), for 
example, found an association between worse self-reported “ability to speak” 
and more lateral active electrode contacts, suggesting that the stimulation could 
have affected corticobulbar fibres. Moreover, one of the four patients with 
affected speech in Matsumoto et al. (2016) had mixed ataxic-spastic dysarthria, 
implying that both the corticobulbar and the cerebellothalamic tract could be 
affected during habitual Vim-stimulation. When targeting the cZi, however, it is 
unlikely that the stimulation will reach the corticobulbar tract (Fytagoridis et al., 
2013). Therefore, any observed adverse effect on speech are more likely caused 
by stimulation of the cerebellothalamic fibres or more nearby structures. 

Speech intelligiblity and effects of DBS  
Speech intelligibility can be defined as “the degree to which the acoustic signal (the 
utterance produced by the dysarthric speaker) is understood by a listener” (Yorkston, 
Strand, & Kennedy, 1996). Speech intelligibility can thus be considered a more 
functional measure of overall speech production, and as such, it plays an 
important part both when assessing the severity of a person’s speech disorder 
and when evaluating a treatment.  

To date, only Becker et al. (2017) has systematically investigated how DBS 
affects speech intelligibility in persons with ET. In that study, 20 naïve listeners 
rated speech intelligibility from text readings produced by 16 patients during 
four different stimulation conditions: off, bilateral, unilateral left, and unilateral 
right, respectively. The results showed that bilateral DBS was most detrimental 
for speech intelligibility, significantly so compared with off stimulation and 
unilateral right stimulation only. However, it can be questioned whether it is 
truly possible to estimate speech intelligibility (Miller, 2013) or if listener 
ratings, in this case, more reflected the degree of deviation in the patients’ 
speech. Becker et al. (2017) further explored whether the location of the 
electrode influenced the outcome, but found no such association. Conversely, 
for PD, a relationship between deteriorated speech intelligibility and high 
amplitude stimulation of medially placed left electrodes has been found  
(Tripoliti et al., 2011; 2014). 
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Overall purposes & specific aims 
This thesis has three overall purposes: (1) to describe how voice tremor and 
speech production are affected by habitual cZi-DBS optimized to treat the motor 
symptoms of ET, (2) to investigate how voice tremor and speech production are 
affected by unilateral cZi-stimulation at increasing amplitudes, with a particular 
focus on high-amplitude stimulation, and (3) to explore the extent to which 
patient characteristics and DBS related factors such as electrode location and 
stimulation settings, influence the outcome. 

The specific aims of each study included in this thesis were:  

Study I. To retrospectively evaluate long-term effects of cZi-DBS on voice 
tremor in persons with ET, 1 year, 3 years, and 5 years after 
surgery. A second objective was to investigate how voice tremor 
symptoms developed over time and whether the nature of voice 
tremor progression influenced the treatment effect. 

Study II. To determine the most efficient stimulation location for reducing 
voice tremor within the cZi and its vicinity.  

Study III. To evaluate whether unilateral left-sided cZi-stimulation may be 
equally effective on voice tremor as bilateral cZi-DBS. 

Study IV.  To investigate how habitual cZi-DBS affects speech intelligibility 
in persons with ET. A second objective was to examine the effects 
of unilateral high-amplitude stimulation on speech intelligibility 
and whether the electrode location affected the outcome. 

Study V. To investigate to what extent overall speech function, and in 
particular articulation and voice, are affected by habitual cZi-
DBS, and by unilateral high-amplitude cZi-stimulation. 
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Materials and Methods 
This thesis comprises two different study protocols. Study I was a retrospective, 
long-term study of cZi-DBS effects on voice tremor. Study II-V included 
evaluations of voice tremor and motor speech production, both during habitual 
cZi-DBS and in a procedure with systematic modifications of the stimulation 
parameter settings.  

All participants had provided informed consent to their evaluations being used 
for research purposes. Approval for all studies was granted by the Regional 
Ethical Review Board in Umeå, Sweden (study I: 04-123M, study II – V: 2014-
67-32M). 

Participants 
The participants in this thesis were all diagnosed with ET and had previously 
undergone cZi-DBS surgery at Umeå University Hospital. Inclusion criteria for 
study I were: ETRS item 3 (voice tremor) score ≥ 1 before surgery, ETRS 
evaluations documented before surgery and at the 1- and 3-year follow-ups, and 
no previous DBS or lesional surgery on either side. Inclusion criteria for studies 
II–V were: cZi-DBS treatment for a minimum of 12 months without previous 
DBS or lesional surgery on either side. The inclusion procedure for participants 
in the individual sub-studies is illustrated in Figure 6. Demographics for 
participants in studies II–V are presented in Appendix A. 

DBS targeting and electrode location 
All participants in this thesis had been previously implanted in the cZi. The cZi 
is not visible on MRI; however, by looking at the shapes of visible landmarks 
and their locations relative to one another in the individual patient’s brain, one 
can locate the target point. This method, where surrounding brain structures 
are used to calculate the exact target coordinates, is called visual anatomical 
targeting and is a method that differs from the more traditional atlas targeting 
where one instead relies on standardized brain atlas coordinates to find the 
target point. Visual anatomical targeting of the cZi starts by identifying the MR 
scan where the Rn has its widest diameter. On this scan, the cZi target is 
identified between the posterior tip of the STN (pSTN) and the Rn (see Figure 5) 
(Blomstedt, 2018). The deepest contact is placed at the level where the Rn has 
its maximal diameter (z-coordinate), at or slightly more posterior to the pSTN 
(y-coordinate), and medial to the pSTN at approximately 1/3 to 1/2 of the 
distance between the pSTN and the Rn (x-coordinate). After implantation, the 
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preoperative stereotactic MRI is fused with an intraoperative CT scan to verify 
that the electrode is placed within the target.  

For the purpose of this thesis, the location of each electrode contact was 
calculated relative to the Rn, the pSTN, and to the midcommissural point (MCP) 
from merged CT and MRI scans using the Framelink® Planning Station 
(Medtronic Inc.) Contact coordinates were thus given in three dimensions (x, y, 
and z) in relation to three landmarks (i.e. the MCP, the Rn, and the pSTN). 

       Study I Study II-V 
 

 

Figure 6. Flow-chart over the inclusion of participants for individual sub-studies.   
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Procedure 
Study I was a retrospective data base study. The materials for studies II–V were 
collected concurrently using an audio recording protocol in a recording 
procedure that took place in a quiet room, either in the participant’s home or at 
the clinic. Speech- and voice recordings were made during three different 
stimulation settings: (1) off stimulation (OFF-DBS), (2) on stimulation at the 
habitual clinical stimulation settings optimized to treat the motor symptoms of 
ET (ON-DBS), and (3) during an experimental procedure with unilateral 
stimulation at gradually increasing stimulation amplitudes, from 0.5V up to a 
maximum of 4.5V in .5V increments, with frequency and pulse width set to 140 
Hz and 60 µs, respectively (ON+). The purpose of the experimental procedure 
was to twofold: firstly, to provoke stimulation-induced adverse effects on 
speech. Second, to evaluate the contribution of electrode location on voice 
tremor results and incidences of adverse effects on speech production. A single 
contact (i.e. the best contact from the contact screening performed 12 months 
post-op) was active in the experimental ON+ condition. For participants with 
bilateral implants, the best contact on the electrode for the hand-dominant side 
was turned on, with the electrode for the other side switched off. Individuals 
receiving tremor-reducing medication were instructed to refrain from taking 
their medication from the night before the day of recording. 

Immediately after each recording, a DBS nurse scored contralateral hand 
tremor (postural, action, and rest tremor) using ETRS item 5/6. The 
participants also rated their “ability to speak” on a visual analogue scale (VAS). 
In-between the OFF-DBS and ON-DBS recording, the participants filled out a 
questionnaire about self-perceived speech difficulties including communicative 
participation (“Self-perceived acquired speech disorders”, Hartelius, 2015), 
which is a revised and shortened version of Living with Dysarthria, LwD 
(Hartelius, Elmberg, Holm, Lövberg, & Nikolaidis, 2008). The entire procedure 
(illustrated in Figure 7) lasted for approximately 2 hours. 

 

Figure 7. Recording- and stimulation adjustment procedure in studies II-V.   

As illustrated in Figure 7, the stimulation conditions were always applied in the 
same order. From a methodological point of view, it would, of course, have been 
preferable if the conditions had been randomised. However, randomising was 
not considered feasible after ethical considerations and with respect to wash 
in/out times of tremor suppression and adverse effects (Perera et al., 2015). 
More specifically, to ensure that we did not induce any sudden, unpleasant side 
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effects in the participants, the amplitude had to be increased gradually. The 
amount of stimulation that a person can handle varies and probably depends 
both on DBS settings, individual anatomy and the spread of stimulation within 
the brain, as well as on personality traits and experiences. Furthermore, to 
ensure that we could collect all speech material in a single session and still 
account for DBS wash-in/out times, the participants turned their DBS off one 
hour before the recordings began. Had we randomised the stimulation 
conditions, we would have had to pause for an hour, at a random point in time, 
before recording the participant in the off state, which was not considered 
practicable. 

Measurements and analyses 
An overview of the methods and materials used in this thesis is presented in 
Table 1. All statistical analyses were performed using IBM/SPSS Statistics 24. In 
the following sections, I will provide more detailed information about the 
measurements and analyses that were made in the individual sub-studies. 

Study I 
Long-term effects of unilateral deep brain stimulation on voice tremor in patients with essential 
tremor 

We retrospectively analysed ETRS (item 3) assessments of voice tremor made 
preoperatively and on and off stimulation at scheduled follow-ups 1, 3, and 5 
years after surgery. Three of the 19 patients had bilateral DBS, and they were 
evaluated for the hand-dominant side only (the right side in all three cases). All 
bilaterally operated patients were thus evaluated with the left electrode active, 
and the right turned off. Differences in voice tremor severity off and on 
stimulation at each follow-up were compared using Wilcoxon signed-rank tests 
with Holm-Bonferroni’s correction. The pattern of voice tremor development 
over time was identified by comparing voice tremor scores off stimulation, from 
baseline (before surgery) up to the last follow-up (3 or 5 years after surgery) for 
each patient. 

Study II  
Voice Tremor Response to Deep Brain Stimulation in Relation to Electrode Location in the 
Posterior Subthalamic Area 

Voice tremor was assessed from sustained productions of the vowel /a/, two 
vowels per stimulation condition. The vowel productions were cut down to a 3-s 
duration in Praat (Boersma & Weenink, 2010) before auditory-perceptual 
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assessment, discarding the initial second to minimise the effects of high-
amplitude phonation on the evaluation.  

Two listeners made individual assessments of voice tremor using the Visual Sort 
and Rate (VISOR) method (Granqvist, 2003). In the rating procedure, all vowels 
produced by a participant were represented by small, identical icons on a 
computer screen, and the listener positioned the vowel recordings by order of 
perceived voice tremor severity on a horizontal VAS ranging from 0 to 1000. 
The listeners could listen to the vowels in any order and as many times as they 
wanted, and they were at all times blinded to the specific stimulation condition 
of the individual vowels. Two anchor stimuli, positioned at 150 and 650 on the 
scale, were used to represent mild and moderate-severe voice tremor, 
respectively. An empty anchor, positioned at 100 on the scale, was also used to 
mark the boundary for voice tremor presence. Interrater reliability between the 
two listeners was assessed using a 2-way mixed, absolute agreement, average 
measures intraclass correlation coefficient (ICC) (McGraw & Wong, 1996). 
Interrater reliability was good, ICC = 0.78, with a moderate to good 95% 
confidence interval for the ICC (0.63–0.85) (Koo & Li, 2016). 

All statistical analyses and comparisons were based on the mean voice tremor 
rating for each participant and stimulation condition. If the average rating was 
less than 100 (i.e. to the left of the empty reference anchor), voice tremor was 
considered to be absent. Participants with voice tremor OFF-DBS, or in at least 
two of the stimulation conditions ON+, were included in the subsequent 
evaluation of the effects of ON+ stimulation on voice tremor. Individual 
outcomes ON+ were categorized as either: (1) Efficient, (2) Moderate, or (3) 
Poor. To be included in the efficient group, voice tremor had to subside with 
ON+ stimulation, either at the habitual amplitude level or below the same. If 
voice tremor was reduced but never resolved, or required high-amplitude 
stimulation for complete suppression (i.e. above the habitual level), the 
participant was included in the moderate response group. And finally, in cases 
where ON+ stimulation was found to have negligible or inconsistent effects on 
voice tremor, the participant was categorised as having a poor outcome. 
Differences between the three subgroups regarding clinical demographics were 
compared with Kruskal-Wallis tests and post-hoc tests (Dunn’s test with Holm-
Bonferroni correction). Differences in anatomical location between contacts 
yielding an efficient voice tremor response and contacts yielding a poor 
response were compared with Mann-Whitney U tests.  
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Table 1. Overview of the method and material used in the sub-studies of this thesis. 

 Study I Study II Study III Study IV Study V 

Design Longitudinal Cross-sectional: on/off DBS and  
experimental stimulation procedure 

Participants n = 19 n = 37 n = 7 n = 35 n = 14 

Speech/  
voice 
parameter 

Voice tremor Voice tremor Voice tremor Speech 
intelligibility 

Speech 
function 
a. Overall 
function 

b. Articulation 

c. Voice quality 

Material Clinical ETRS-
assessment 

Vowels /a/ 
(n=2) 

Vowels /a/ 
(n=2) 

STI-sentences 
(n=10) 

Controlled 
sentences 
(n=3) 

Measurement 
scale 

0–4 
 

0–1000 0–1000 % Words 
correctly 
transcribed 

0–1000 

Measurement 
tool 

ETRS, item 3 
 

VISOR VISOR STI VISOR 

 Assessors DBS nurse Two listeners  
(undersigned and main 

supervisor) 

Two SLP 
students 

Two SLPs 
(consensus 
ratings) 

Main 
outcome 

(i) DBS on 
compared with 
off: 1, 3, and 5 
years after 
surgery 

(ii) Voice 
tremor 
progression: 
from baseline 
up to 5 years 
after surgery 

Voice tremor 
response to 
unilateral 
stimulation at 
increasing 
amplitudes in 
relation to 
electrode 
location 

Voice tremor 
improvement 
during 
bilateral, 
habitual DBS 
compared with 
unilateral 
stimulation at 
increasing 
amplitudes 

(i) DBS on 
compared with 
off 

(ii) Response 
to unilateral 
stimulation at 
increasing 
amplitudes 

(i) DBS on 
compared with 
off 

(ii) Response 
to unilateral 
stimulation at 
increasing 
amplitudes 

Note. ETRS (item 3), voice tremor ratings according to the essential tremor rating scale; VISOR, 
visual sort and rate method; STI, Swedish test of intelligibility; SLP, speech-language pathologist. 

  



 

25 

Study III  

Unilateral Left Deep Brain Stimulation of the Caudal Zona Incerta Is Equally Effective on Voice 
Tremor as Bilateral Stimulation: Evidence from 7 Patients with Essential Tremor 

A subset of the voice tremor ratings from study II was used to compare the 
effects of unilateral versus bilateral stimulation (Figure 6). Interrater reliability 
for this data subset was assessed using a 2-way mixed, absolute agreement, 
average measures ICC (McGraw & Wong, 1996). The resulting ICC was good 
(0.79), and the 95% confidence interval (0.60–0.87) indicated that the 
reliability of assessments was in the range between moderate and good (Koo & 
Li, 2016). Voice tremor outcomes ON-DBS (i.e. at bilateral stimulation) and at 
ON+ stimulation was compared on a descriptive level.  

Study IV  
The Effects of Deep Brain Stimulation on Speech Intelligibility in Persons with Essential Tremor 

Speech intelligibility was evaluated from listener transcriptions of nonsense 
sentences obtained from the Swedish Test of Intelligibility (STI). The STI-
sentences are syntactically correct, but the lack of contextual clues makes these 
sentences less predictable than normal, semantically plausible sentences. As 
such, the STI is considered to be more sensitive to mild speech impairments. At 
each stimulation condition, the participants read a list of 10 computer-
generated STI-sentences. No STI-list was ever repeated. Altogether, the material 
consisted of 2 784 unique STI sentences.  

Two speech-language pathology students (aged 23 and 25, with self-reported 
normal hearing, and in their final year on the program) individually transcribed 
all recorded sentences orthographically using a computer software program, 
Alvin (Hillenbrand & Gayvert, 2005). The recordings were anonymised and 
presented in a randomised order. The listeners were instructed to repeat 
sentences only if there were technical problems, disturbing external factors, or 
factors related to their own memory function, and the computer software kept a 
record of how many times each sentence was played. Reliability between the two 
listeners was assessed using a 2-way mixed, absolute agreement, average 
measures ICC (McGraw & Wong, 1996), and the mean interrater reliability 
between the two listeners was good, ICC = 0.76, with a moderate to good 95% 
confidence interval for the ICC (0.55 – 0.85) (Koo & Li, 2016). 

For each participant and stimulation condition, a mean speech intelligibility 
score was computed as follows: total number of correctly transcribed words in 
the STI-list/total number of words in the STI-list x 100 (Hartelius, 2015). To 
evaluate the effect of habitual DBS on speech intelligibility, the scores OFF-DBS 
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and ON-DBS were aggregated across the 35 participants, and the difference was 
compared using the Wilcoxon signed-rank test. The difference in speech 
intelligibility outcome between participants with bilateral and unilateral 
habitual DBS was compared using a Mann-Whitney U test. The Mann-Whitney 
U test was also used to investigate whether the participants’ average LwD score 
differed from that of healthy age-and sex-matched controls.  

Next, to evaluate how speech intelligibility was affected by unilateral, high-
amplitude stimulation, the participants were grouped according to incidences of 
deterioration during stimulation in the ON+ condition. Deterioration of speech 
intelligibility was defined as a 5.0% reduction, or more, at any time during ON+ 
stimulation compared with speech intelligibility score OFF-DBS. A cut-off of 
5.0% was chosen based on the assumption that this threshold value would be 
low enough to detect relevant differences, yet high enough to avoid signalling 
too small differences. Differences between the group demonstrating 
deterioration in speech intelligibility and the group that did not were compared 
by Mann-Whitney U tests.  

Study V 
Speech function following deep brain stimulation of the caudal Zona incerta: effects of habitual 
and high-amplitude stimulation 

Overall speech function, articulation, and voice quality were assessed from 
recordings of three 16-word sentences (33–39 syllables), which the participants 
repeated at each stimulation setting. The three sentences were designed to elicit 
a variety of articulatory movements, including cardinal vowels in combination 
with voiceless plosives, consonant clusters, and vowel-fricative-vowel 
combinations.  

Two speech-language pathologists made consensus ratings using VISOR 
(Granqvist, 2003). The VISOR tool was previously described in the method 
section of study II; however, in the context of the present study, it is of note that 
VISOR is a particularly suitable method for detecting subtle changes as it allows 
listeners to compare recorded stimuli with one another, without any limitations 
in either order or number of repetitions. In the present study, the two assessors 
listened to all recordings from a participant at a time, and rated and sorted the 
stimuli according to the perceived degree of functional deviance. Speech 
function across stimulation conditions was thus compared within the individual 
participant. The three investigated speech parameters (i.e. overall speech 
function, articulation, and voice quality) received separate ratings.  
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DBS effects on speech function were evaluated from three stimulation 
conditions: OFF-DBS, ON-DBS, and ON+ at the individual maximal amplitude 
level (MAX-ON+). Ratings of function at the three DBS conditions were 
compared with Friedman nonparametric tests and Dunn’s pairwise post hoc 
tests. For further analyses, individual outcomes for each speech parameter were 
categorised as either positive, negative, or no change. We used a cut-off value of 
±8 on the VAS to indicate that there was a change in rated function from OFF-
DBS (+8 indicated an increase in severity, and -8 a decrease in severity). The ±8 
cut-off was considered appropriate, because at this distance there was minimal 
overlap of the icons used to represent the stimuli in VISOR on the computer 
screen. The listeners confirmed that a distance of ±8 was representative of a 
perceptually relevant difference. Differences between participants with negative 
effects of stimulation and those without were compared on the group-level using 
Mann-Whitney U tests. Lastly, the effects of bilateral vs. unilateral stimulation 
were analysed at the descriptive level, using a within-subjects approach in which 
only participants treated with bilateral, habitual cZi-DBS were included.  

Comparative analyses 
Towards the aims of this thesis, I have added analyses that are not included in 
any of the sub-studies. To complete the description of how habitual cZi-DBS 
affects voice and speech, an analysis of voice tremor outcomes ON-DBS was 
added. To give an account of the effects of high-amplitude stimulation, I report 
results for each investigated parameter and participant during the maximal 
amplitude stimulation level (i.e. MAX-ON+). Finally, to provide a more 
comprehensive picture of the overall effects, the results for each investigated 
parameter and participant are combined into an overall outcome during the 
stimulation conditions ON-DBS and MAX-ON+. 

Voice tremor outcome with habitual cZi-DBS 
Voice tremor severity OFF-DBS and ON-DBS was compared with a Wilcoxon 
signed-rank test. The difference in voice tremor improvement ON-DBS between 
the group with bilateral and the group with unilateral DBS was compared with a 
Mann-Whitney U test. At the individual level, the effects of habitual cZi-DBS on 
voice tremor were categorised as follows: (1) Excellent effect: complete 
resolution of voice tremor, (2) Moderate effect: > 25% reduction, and (3) Poor 
effect: ≤ 25% reduction. Differences between subgroups based on voice tremor 
outcome ON-DBS were compared using Kruskal-Wallis tests. 
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Effect of maximal amplitude stimulation on voice tremor and 
speech  
The cut-offs indicating positive and negative effects of MAX-ON+ stimulation 
(as compared to OFF-DBS) were the same as previously stated (i.e., voice 
tremor: excellent = complete resolution, moderate > 25% reduction, poor ≤ 25% 
reduction; speech intelligibility: deterioration ≥ 5.0% score reduction, 
improvement ≥ 5.0% score increase, no change < ± 5.0 score difference; overall 
speech function, articulation, and voice quality, respectively: negative effect ≥ 8 
score increase, positive effect ≥ 8 score decrease, no change < ± 8 score 
difference).  

Overall voice and speech outcome – putting it all together 
A total of 35 individuals were included in the supplementary analysis of DBS 
overall effect on voice tremor and speech production (the two participants with 
severe reading disabilities excluded in study IV were also excluded here). 
Individual overall outcomes ON-DBS and at MAX-ON+ stimulation were 
labelled as follows: (1) Optimal: no persisting or induced voice tremor and no 
indications of stimulation-induced adverse effects on speech production, (2) 
Affected speech: signs of stimulation-induced adverse effect on speech 
production, with or without accompanying voice tremor, and (3) Persisting 
voice tremor: persisting voice tremor without indications of affected speech. 
Kruskal-Wallis tests were conducted to compare whether subgroups based on 
overall voice and speech outcomes differed regarding demographics.  
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Results 

Study I 
Long-term effects of unilateral deep brain stimulation on voice tremor in patients with essential 
tremor 

Unilateral stimulation significantly reduced voice tremor at all three follow-ups: 
one year after surgery by 40%, (Z = −2.333, p = .020, r = .38); three years after 
surgery by 58%, (Z = −2.919, p = .004, r = .47); and five years after surgery by 
67%, (Z = −2.220, p = .026, r = .44).  

 

Figure 8. Voice tremor scores (y-axis) for subgroups based on voice tremor development off 
stimulation at four time-points (x-axis). Pre, before surgery; 1y, 1 year post-surgery; 3y, 3 years post-
surgery; 5y, 5 years post-surgery; ON, on unilateral DBS; OFF, off DBS. 

The way in which voice tremor developed over time differed among patients and 
four patterns could be identified: (1) Six patients had a progressive increase in 
symptom severity over time, (2) Five patients had stable voice tremor symptoms 
off stimulation that remained at the preoperative level, (3) Four patients had no 
voice tremor at any of the postoperative evaluations, and (4) Four patients had 
fluctuating symptoms off stimulation which were either absent or mild (i.e. a 
score of 1 on ETRS item 3). The treatment effect was maintained long-term for 
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patients with progressing voice tremor (Figure 8). The group of patients with 
stable voice tremor appeared to show a waning effect at the 5-year follow-up 
(Figure 8); however, this result was based on only two patients. The four 
subgroups were similar in terms of age at onset of ET, age at surgery, and 
baseline voice- and hand tremor (Table 2). 

Table 2. Demographics for subgroups based on voice tremor development over time. 

 

Voice tremor development  

Progressive Stable Fluctuating Absent 

Sex, female/male 3/3 3/2 2/2 1/3 

Bilateral/unilateral DBS 3/3 0/5 0/4 0/4 

Age at onset of ET, years 26 ± 22 (7-63) 31 ± 30 (10-69) 51 ± 3 (47-55) 50 ± 24 (15-69) 

Age at surgery, years 64 ± 11 (48-77) 72 ± 8 (60-78) 68 ± 8 (57-76) 72 ± 10 (58-79) 

Duration of disease at 
surgery, years 38 ± 25 (5-62) 40 ± 31 (5-68) 17 ± 8 (7-26) 22 ± 15 (10-43) 

Voice tremor at baseline, 
ETRS item 3 1.3 ± 0.5 (1-2) 1.8 ± 0.8 (1-3) 1.0 ± 0.0 (1-1) 1.0 ± 0.0 (1-1) 

Hand tremor (contralateral) 
at baseline, ETRS item 5/6 5.8 ± 1.2 (4-7) 7.0 ± 2.9 (3-11) 8.3 ± 1.2 (7-10) 5.8 ± 1.7 (4-8) 

Follow-up: 1 y 3 y 5 y 1 y 3 y 5 y 1 y 3 y 5 y 1 y 3 y 5 y 

Voice tremor resolved (n) 2 2 2 0 0 0 0 2 2 - - - 

Persisting voice tremor (n) 4 4 2 5 5 2 1 0 1 - - - 

No voice tremor off 
stimulation (n) - - - - - - 3 2 1 4 4 3 

Patients at follow-up (n) 6 6 4 5 5 2 4 4 4 4 4 3 

Note. ETRS, Essential tremor rating scale; y, year. 

Study II 
Voice Tremor Response to Deep Brain Stimulation in Relation to Electrode Location in the 
Posterior Subthalamic Area 

Twenty-seven of the 37 participants had voice tremor OFF-DBS or in at least 
two of the ON+ evaluations. Out of the 27 individuals with voice tremor, 10 had 
an efficient voice tremor outcome with ON+ stimulation, nine had a moderate 
response, and six had a poor outcome (Table 3). An additional two individuals, 
who were otherwise voice tremor free, devloped voice tremor as a result of high-
amplitude stimulation. High-amplitude stimulation also worsened voice tremor 
in seven participants with otherwise efficient (n = 5) or moderate (n = 2) 
treatment effect at lower stimulation amplitudes.  



 

31 

Statistical testing indicated that voice tremor severity OFF-DBS differed 
between the efficient, moderate, and poor response groups, χ2(2) = 9.021, p = 
.011.  Post hoc tests showed that the moderate response group had more severe 
voice tremor OFF-DBS (Mdn = 658, range: 347-746), both compared with the 
efficient (Mdn = 213, range: 70-796), Z = 9.39, p = .005, and the poor response 
group (Mdn = 207, range: 169-675), Z = 8.89, p = .022. No other significant 
differences were found between the groups (Table 3).  

Table 3. Demographics and statistical testing of differences between subgroups based on voice 
tremor response to unilateral stimulation at increasing amplitudes (ON+). 

 

Voice tremor response to ON+ stimulation 
 

Efficient Moderate Poor p-value a 

Sex, female/male 5/5 5/4 1/5  

Bilateral/unilateral 
DBS-treatment 

7/3 2/7 0/6  

Side of 
stimulation ON+, 

left/right 

10/0 7/2 6/0  

Age at evaluation, 
years 

65 ± 10 (52–79) 72 ± 8 (62–83) 75 ± 8 (65–85) 0.077 

Age at onset of 
ET, years 

35 ± 19 (13–67) 35 ± 25 (7–67) 45 ± 24 (15–69) 0.421 

Disease duration, 
years 

31 ± 17 (10–50) 33 ± 24 (12–76) 30 ± 18 (11–53) 0.969 

Time since 
surgery, months 

56 ± 41 (13–120) 74 ± 42 (12–131) 46 ± 38 (12–112) 0.325 

Maximum 
amplitude ON+, 

volts 

3.0 ± 0.7 (2.0–4.5) 2.8 ± 1.1 (1.0–4.5) 3.7 ± 1.1 (2.0–4.5) 0.354 

Voice tremor 
OFF-DBS 

287 ± 225 (70–796) 577 ± 160 (348–746) 283 ± 195 (169–675) 0.011 

Participants B03, B04, B05, B06, 
B07, B09, B11, L03, 

L07, L19 

B02, B08, L05, L09, 
L10, L14, L17, R01, 

R03 

L01, L11, L16, L18, 
L20, L21 

 

Note. aKruskal-Wallis test. 

The distribution of active contacts for the efficient and poor response groups is 
illustrated in Figure 9. Mann-Whitney U tests indicated that contacts yielding 
an efficient response were, on average, deeper than poor contacts relative to the 
MCP (Efficient: Mdn = -3.2, range = -5.7 – -0.1 vs. Poor: Mdn = -1.0, range = -
2.6 – 1.3), p = .042. The average efficient contact was also in a more posterior 
location relative to the pSTN (Efficient: Mdn = -0.3, range = -1.4 – 1.3; vs. Poor: 
Mdn = 1.0, range = -0.1 – 1.8), p = .011.  
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Figure 9. A plot of efficient and poor contacts. Poor contacts are denoted by participant Id. MCP, 
midcommissural point; Rn, red nucleus; pSTN, posterior tip of the subthalamic nucleus. 

Study III 
Unilateral Left Deep Brain Stimulation of the Caudal Zona Incerta Is Equally Effective on Voice 
Tremor as Bilateral Stimulation: Evidence from 7 Patients with Essential Tremor 

Unilateral cZi-stimulation improved voice tremor for all participants with 
bilateral implants. Furthermore, unilateral stimulation achieved comparable or 
better results than bilateral DBS for six out of the seven participants (Figure 10). 
For the seventh participant (B02), an equivalent voice tremor reduction was 
obtained with unilateral stimulation; however, a slightly higher amplitude level 
was required to achieve that effect (i.e. + 0.4V compared to the amplitude level 
used for the left electrode during habitual, bilateral DBS). Apart from these 
positive effects, we also noted cases in which voice tremor worsened during 
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high-amplitude stimulation. These stimulation-induced adverse effects were 
most evident in participants B02, B07, and B09 (Figure 10). 

 

Figure 10. Voice tremor score (y-axis) during unilateral left stimulation at increasing stimulation 
amplitudes (x-axis) and at bilateral stimulation (circle). The circle’s position on the x-axis 
corresponds to the amplitude level of the left electrode during habitual bilateral DBS. The dotted 
horizontal line marks the boundary for voice tremor.  

Study IV 
The Effects of Deep Brain Stimulation on Speech Intelligibility in Persons with Essential Tremor 

Average speech intelligibility was not affected by habitual cZi-DBS (ON-DBS: 
Mdn = 95.3%, range: 81.4–100.0 vs. OFF-DBS: Mdn = 95.0%, range: 84.9–
100), Z = -.241, p = .809. There was no difference in speech intelligibility 
outcome between individuals with unilateral cZi-DBS and individuals with 
bilateral cZi-DBS (unilateral: Mdn = -.75%, range: -11.6–4.6; bilateral: Mdn = 
1.64%, range: -10.3–11.9), U = 88.00, p = .118. Participants’ self-ratings of 
communicative participation was high overall (Mdn = .19, range: 0–1.47) and 
did not differ from the average score of healthy controls (Mdn = .28, range: 0–
1.08), U = 480.00, p = .408.  
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Nine participants had incidences of deteriorated speech intelligibility with 
stimulation in the ON+ condition (Table 4). One participant (L11) was excluded 
from the ON+ analysis owing to the fact that speech intelligibility scores for this 
individual fluctuated without a discernible pattern in the ON+ condition, but 
was unaffected by habitual stimulation (i.e. ON-DBS).  

Table 4. Descriptive data and statistical testing of differences between subgroups based on the 
incidence of speech intelligibility deterioration during unilateral stimulation at increasing 
amplitude levels (ON+) compared with baseline speech intelligibility (off stimulation).  

 
Speech intelligibility outcome with ON+ stimulation 

 Deterioration No deterioration p-valuea 
Sex, female/male 4/5 11/14  

Bilateral/unilateral DBS 0/9 11/14  

Side of stimulation at ON+, 
left/right 

8/1 23/2  

Age at evaluation, years 77 ± 5 (68–85) 67 ± 10 (39–81) 0.002 

Age at onset of ET, years 38 ± 22 (7–67) 35 ± 21 (7–61) 0.597 

Disease duration, years 39 ± 21 (14–76) 32 ± 18 (10–65) 0.339 

Time since surgery, months 47 ± 30 (12–112) 62 ± 40 (12–131) 0.392 

Maximal amplitude ON+, volts 3.0 ± 1.2 (1.5–4.5) 3.0 ± 0.9 (1.0–4.5) 0.774 

Baseline speech intelligibility score  
(off stimulation) 

94 ± 4 (87–98) 95 ± 4 (85–100) 0.392 

Contact relative  
MCP 

x 12.5 ± 1.2   (10.5–14.4) 12.0 ± 1.5   (9.3–14.4) 0.370 
y -6.8 ± 0.8   (-7.9–-5.3) -6.9 ± 1.1   (-9.0–-5.0) 0.840 
z -0.9 ± 1.4   (-3.2–1.2) -2.5 ± 1.7   (-5.7–1.3) 0.036 

Contact relative  
Rn 

x 7.3 ± 1.0   (5.8–8.5) 6.5 ± 1.2   (4.3–8.9) 0.113 
y 0.6 ± 0.8   (-1.0–1.5) 0.3 ± 0.8   (-1.2–1.7) 0.413 
z 3.0 ± 1.3   (0.8–4.8) 1.6 ± 1.4   (-0.8–4.3) 0.020 

Contact relative  
pSTN 

x 2.0 ± 0.8   (1.4–3.5) 2.4 ± 1.0   (0.4–4.7) 0.275 
y 0.1 ± 1.2   (-1.3–1.8) -0.2 ± 0.8   (-2.1–1.2) 0.482 
z 3.0 ± 1.3   (0.8–4.8) 1.6 ± 1.4   (-0.8–4.3) 0.020 

Participants L01, L02, L05, L08, L13, 
L16, L19, L22, R02 

B01, B02, B03, B04, B05, 
B06, B07, B08, B09, B10, 
B11, L03, L04, L07, L09, 
L10, L12, L14, L15, L17, 
L18, L20, L21, R01, R03 

 

Note. aMann-Whitney U test; MCP, midcommissural point; Rn, red nucleus; pSTN, posterior tip of 
the subthalamic nucleus. 

Individuals with incidences of deteriorated speech intelligibility were older 
(Mdn = 76) than participants without negative effects of stimulation (Mdn = 
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68), U = 35.5, p = .002. They also had more superior contacts active during the 
ON+ evaluation, both relative to the MCP, (U = 59, p = .036), and the Rn/pSTN, 
(U = 53.5, p = .020) compared with the unaffected group (Table 4).  

Study V 
Speech function following deep brain stimulation of the caudal Zona incerta: effects of habitual 
and high-amplitude stimulation 

DBS effects on overall speech function, articulation, and voice quality were 
generally small (Figure 11). Statistical testing indicated that ratings of 
articulatory function differed depending on DBS condition [χ2(2, n = 14) = 
8.909, p = .012]. Subsequent pairwise comparisons showed that articulation 
was rated as worse at MAX-ON+ stimulation (Mdn = 128, range = 38–511) 
compared with OFF-DBS (Mdn = 116, range = 38–510), p = .024. Other 
pairwise comparisons were non-significant (OFF-DBS vs. ON-DBS: p = .558, 
ON-DBS vs. MAX-ON+: p = .558). There was no significant effect of DBS 
condition on ratings of voice quality [χ2(2, n = 14) = 1.273, p = .529], and overall 
speech function, [χ2(2, n = 14) = 5.733, p = .057]. In fact, overall speech function 
and voice improved with stimulation for some. However, most effects, both 
positive and negative, were predominantly small (Figure 12).  

 

Figure 11. Individual ratings of overall speech function, articulation, and voice (y-axis) at three 
stimulation conditions (x-axis). A higher rating indicates more impaired function. OFF, off 
stimulation; ON, on habitual stimulation; MAX-ON+, unilateral stimulation at the maximum 
amplitude level. 

With regards to articulation, no positive effects of stimulation were seen in any 
of the participants. Altogether, articulatory function worsened for 8/14 
participants at MAX-ON+ compared with OFF-DBS. One individual (L16), who 
had affected articulation at ON-DBS but not at MAX-ON+, was, after careful 
consideration, included among those with worsened articulation at MAX-ON+. 
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The reason we made this decision was that the habitual amplitude level ON-DBS 
for L16 was higher (+0.6V) than the maximal amplitude level MAX-ON+. Since 
both stimulation conditions stimulated from the same contact, we considered 
that it would be more appropriate to include L16 in the group with affected 
articulation at high-amplitude stimulation than to leave him out. Statistical 
testing of group differences between participants with affected articulation at 
MAX-ON+ (n = 9) and participants without (n = 5) showed significant 
differences in the laterality of the active contact, both relative to the MCP (p = 
.021) and relative to the Rn (p = .017), suggesting that stimulation originating 
for a more medial location may be worse for speech (Table 5).  

 

Figure 12. Distribution of differences in rated severity from off stimulation. Positive values 
indicate a worsening, and negative values indicate an improvement with stimulation. The boxes 
span from the 25% to the 75% quartile. The whiskers of the box span indicate the range of values. 
The median is displayed as a line inside the box. Outliers are denoted by their patient id in this 
thesis. DBS-ON, on habitual stimulation; MAX-ON+, unilateral stimulation at maximum amplitude 
level. 

With regards to bilateral versus unilateral stimulation, we found that the two 
stimulation conditions had comparable effects on voice and speech (Figure 13). 
There were only a few cases in which bilateral stimulation was indicated to be 
worse than unilateral stimulation at the corresponding amplitude level (i.e. see 
B01 and B10 in Figure 13). In these cases, unilateral stimulation was found to 
give an equivalent negative effect, but at higher amplitude levels. 
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Table 5. Demographics and statistical testing of differences between subgroups based on the 
effects of unilateral stimulation at maximum amplitude (MAX-ON+) on articulatory function. 

 

Articulatory function with MAX-ON+ stimulation 

p-valuea Negatively affected Not affected 

Sex, female/male 3/6 1/4  

Side of stimulation at ON+, left/right 9/0 4/1  

Age at evaluation, years 67 ± 12 (39–85) 72 ± 7 (62–79) 0.347 

Age at onset of ET, years 34 ± 20 (10–60) 40 ± 22 (15–61) 0.674 

Disease duration, years 28 ± 16 (11–55) 28 ± 20 (11–54) 0.699 

Time since surgery, months 51 ± 43 (12–119) 53 ± 41 (12–120) 0.827 

Maximum amplitude ON+, volts 3.4 ± 1.0 (2.0–4.5) 3.1 ± 1.3 (1.5–4.5) 0.622 

Articulatory function OFF-DBS 172 ± 162 (38–510) 197 ± 183 (39–494) 0.898 

Contact relative 
MCP 

x 11.7 ± 1.4   (9.3–13.6) 13.5 ± 0.7   (12.7–14.4) 0.021 

y -6.8 ± 0.9   (-8.3–-5.3) -7.0 ± 0.6   (-7.5–-6.2) 0.874 

z -1.4 ± 2.3   (-5.7–1.3) -1.8 ± 1.4   (-3.2–-0.3) 0.582 

Contact relative 
Rn 

x 6.7 ± 1.0   (4.9–7.9) 8.1 ± 0.8   (6.9–8.9) 0.017 

y 0.6 ± 0.8   (-0.5–1.7) 0.3 ± 0.8   (-0.9–1.3) 0.606 

z 2.6 ± 1.9   (-0.7–4.8) 2.1 ± 1.4   (0.5–3.4) 0.898 

Contact relative 
pSTN 

x 2.6 ± 1.6   (1.5–4.7) 1.7 ± 0.6   (1.0–2.5) 0.157 

y 0.2 ± 1.1   (-1.4–1.8) -1.0 ± 0.8   (-2.1–-0.3) 0.056 

z 2.6 ± 1.9   (-0.7–4.8) 2.1 ± 1.4   (0.5–3.4) 0.898 

Participants B01, B06, B09, B10, L01, 
L04, L16, L20, L22 

B08, L08, L13, L15, R02  

Note. aMann-Whitney U test; MCP, midcommissural point; Rn, red nucleus; pSTN, posterior tip of 
the subthalamic nucleus. 
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Figure 13. Ratings (y-axis) of overall speech function, articulation, and voice quality during 
unilateral left stimulation at increasing stimulation amplitudes (x-axis) and at bilateral, habitual 
cZi-DBS (flower). The flower’s position on the x-axis corresponds to the amplitude level of the left 
electrode during bilateral, habitual cZi-DBS. Participant Id is indicated in the upper-right corners. 



 

39 

Comparative results 

Voice tremor outcomes with habitual cZi-DBS  
Twenty-three participants had voice tremor OFF-DBS, and voice tremor was 
significantly reduced with habitual cZi-DBS for the group as a whole: (ON-DBS: 
Mdn = 112, range: 26–524; OFF-DBS: Mdn = 350, range: 167–796), Z = -4.167, 
p < .001, r = .61. The size of voice tremor improvement ON-DBS did not differ 
statistically between unilateral and bilateral habitual DBS (unilateral: Mdn = 
48%, range: -6–93; bilateral: Mdn = 78%, range: 41–95), U = 32.00, p = .118.  
On an individual level, nine out of the 23 participants had an excellent effect on 
voice tremor; another nine individuals had a moderate effect, whereas five had a 
poor effect. The excellent, moderate, and poor effect subgroups had similar 
demographics (Table 6).  

Table 6. Demographics and statistical testing of differences between subgroups based on voice 
tremor outcome with the habitual DBS settings optimized to treat hand tremor (ON-DBS). 

 

Voice tremor outcome ON-DBS 

p-valuea Excellent Moderate Poor 

Sex, female/male 5/4 4/5 1/4  

Bilateral/unilateral DBS 4/5 3/6 0/5  

Age at evaluation, years 70 ± 9 (54–81) 70 ± 10 (52–83) 73 ± 8 (65–85) 0.829 

Age at onset of ET, years 37 ± 23 (7–67) 43 ± 22 (7–69) 42 ± 19 (15–60) 0.919 

Disease duration, years 33 ± 18 (12–63) 27 ± 23 (10–76) 31 ± 16 (14–50) 0.452 

Voice tremor OFF-DBS 368 ± 220 (167–698) 472 ± 236 (202–796) 413 ± 244 (177–680) 0.517 

Time since surgery, 
months 71 ± 41 (13–120) 55 ± 35 (12–129) 59 ± 58 (12–131) 0.668 

Clinical amplitude (V) 2.2 ± 0.7 (1.2–3.7) 2.2 ± 0.5 (1.6–3.2) 2.0 ± 0.5 (1.4–2.6) 0.797 

Note. aKruskal-Wallis test. 

Overall voice and speech outcomes: studies II – V combined 
Individual voice and speech outcomes with habitual cZi-DBS (ON-DBS) and 
with unilateral stimulation at the maximal amplitude level (MAX-ON+) are 
presented in Figure 14. Apart from illustrating the findings from the individual 
sub-studies, Figure 14 also includes the supplementary analysis of voice tremor 
outcomes ON-DBS. Hand tremor outcomes ON-DBS and MAX-ON+ have been 
added to enable evaluations of the effect of stimulation on the cardinal symptom 
of ET for the interested reader. 
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Figure 14. The effect of stimulation on voice tremor and speech production compared with off 
stimulation. ON-DBS, habitual stimulation; MAX-ON+, maximal amplitude stimulation; Max, 
maximal amplitude level (in volts); Diff, difference in amplitude level between MAX-ON+ and ON-
DBS; ¶, different contact settings used ON-DBS compared with MAX-ON+ (multiple contacts or a 
different single contact ON-DBS); *, voice tremor worsened at MAX-ON+; §, no voice tremor off 
stimulation but marked voice tremor at lower amplitudes (from 0.5V and above); X, excluded.  
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Summaries of overall voice and speech outcomes together with statistical 
comparisons of between-group differences are presented in Table 7 (ON-DBS), 
and Table 8 (MAX-ON+), respectively. As evident in Table 7 and Table 8, the 
subgroups were similar in demographics.  

Table 7. Demographics and statistical testing of differences between subgroups based on overall 
voice and speech voice outcome with the habitual DBS settings optimized to treat hand tremor 
(ON-DBS). 

 Overall voice and speech outcome ON-DBS  

Optimal 
(46%) 

Affected speech  
(with or without 

voice tremor) 
(17%) 

Persisting voice 
tremor 

(without affected 
speech) 
(37%) 

p-valuea 

Sex, female/male 8/8 2/4 5/8  

Bilateral/unilateral DBS 4/12 3/3 4/9  

Age at evaluation, years 72 ± 8 (54–81) 67 ± 15 (39–85) 69 ± 9 (52–83) 0.569 

Age at onset of ET, years 37 ± 24 (7–67) 34 ± 20 (15–60) 38 ± 21 (7–69) 0.999 

Disease duration, years 35 ± 20 (12–65) 33 ± 15 (14–53) 31 ± 21 (10–76) 0.530 

Time since surgery, 
months 

52 ± 42 (13–120) 82 ± 45 (12–120) 55 ± 39 (12–131) 0.418 

Clinical amplitude (V) 2.1 ± 0.6 (1.2–3.7) 2.0 ± 0.5 (1.5–2.6) 2.0 ± 0.6 (1.0–3.2) 0.917 

Participants B02, B03, B06, B11, 
L02, L03, L04, L07, 
L08, L10, L12, L13, 
L17, L20, L22, R02 

B01, B09, B10, L01, 
L15, L16 

B04, B05, B07, B08, 
L05, L09, L11, L14, 
L18, L19, L21, R01, 

R03 

 

Note. aKruskal-Wallis test. 

To reiterate from previous results, the effects of stimulation on speech function, 
including articulation and voice, were generally small and did not affect speech 
intelligibility for the majority of the participants (Figure 14). However, one 
individual (L01) differed from all the others by having more noticeable adverse 
effects with stimulation. Articulation worsened by +82 ON-DBS for L01, and by 
+107 MAX-ON+ compared with OFF-DBS (Figure 12). In addition, speech 
intelligibility deteriorated by 22% at MAX-ON+ stimulation. Conversely, both 
overall speech function and voice quality improved in L01 with stimulation: 
overall speech function by -82 ON-DBS, and by -11 at MAX-ON+; voice quality 
by -46 ON-DBS and by -80 at MAX-ON+ (Figure 12). 
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Table 8. Demographics and statistical testing of differences between subgroups based on overall 
voice and speech voice outcome with unilateral stimulation at the maximal amplitude setting 
(MAX-ON+). 

 Overall voice and speech outcome MAX-ON+  

Optimal 
(20%) 

Affected speech  
(with or without voice 

tremor) 
(40%) 

Persisting voice 
tremor * 

(without affected 
speech) 
(40%) 

p-valuea 

Sex, female/male 5/2 4/10 6/8  

left/right stimulation 
ON+ 

7/0 13/1 12/2  

Age at evaluation, 
years 

69 ± 9 (54–79) 69 ± 11 (39–85) 70 ± 10 (52–83) 0.980 

Age at onset of ET, 
years 

37 ± 25 (8–67) 35 ± 20 (10–61) 38 ± 23 (7–69) 0.979 

Disease duration, years 32 ± 21 (10–65) 35 ± 17 (12–58) 32 ± 21 (11–76) 0.741 

Time since surgery, 
months 

64 ± 34 (20–120) 52 ± 41 (12–120) 62 ± 38 (12–131) 0.476 

Maximal amplitude 
ON+ 

2.9 ± 0.5 (2.0–3.5) 3.2 ± 1.0 (1.5–4.5) 2.9 ± 1.1 (1.0–4.5) 0.757 

Participants B03, B05, L03, 
L07, L10, L12, L14 

B01, B06, B09, B10, 
L01, L04, L08, L13, 
L15, L16, L19, L20, 

L22, R02 

B02, B04, B07, B08, 
B11, L02, L05, L09, 
L11, L17, L18, L21, 

R01, R03 

 

Note. aKruskal-Wallis test; * Including five individuals for whom voice tremor resolved when 
stimulating at lower amplitude levels (participants B02, B04, B07, B11, and L09). 

Overall voice and speech outcomes ON+ in relation to electrode locations  
Electrode contact location was found to affect the outcome ON+, both for voice 
tremor (study II), speech intelligibility (study IV), and articulation (study V). 
Figure 15 shows the location of all active contacts in the ON+ condition labelled 
by participant id, with the x-coordinate given relative to the Rn, the y-
coordinate relative to the pSTN, and the z-coordinate relative to the MCP.  

As apparent in Figure 15, most contacts were close to one another anatomically. 
However, it is noteworthy that L01, who had the most pronounced negative 
effects on articulation and speech intelligibility, also had a contact located in the 
more superior, anterior, and medial part of the target area. Recall that results 
from our sub-studies indicated an association between: (i) medial contacts and 
worsened articulatory function (study V); (ii) superior contacts and deteriorated 
speech intelligibility (study IV) as well as a poor voice tremor outcome (study 
II); and (iii) anterior contacts and poor voice tremor outcomes (study II). 
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Figure 15. Location of the contacts active during unilateral stimulation at increasing amplitudes. 
MCP, midcommissural point; Rn, red nucleus; pSTN, posterior tip of the subthalamic nucleus.   

Self-rated speech function 
The participants’ self-ratings of their “ability to speak” confirmed that adverse 
effects on speech were more common with high-amplitude stimulation 
compared with habitual stimulation (Table 9). The structure most frequently 
reported as adversely affected by maximal stimulation was the tongue along 
with a sensation of feeling unfocused and unconcentrated, which one 
participant described affected the entire brain. 
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Table 9. Self-reported stimulation-induced adverse effects affecting the ability to speak.  

  ON-DBS MAX-ON+ 

Affected structure N events VAS (0-10) 
M (range) 

N events VAS (0-10) 
M (range) 

Tongue 2 3.0 
(2.3–3.6) 

6 3.0 
(0–5.7) 

Jaw 1 2.7 2 1.9 
(1.0–2.7) 

Respiration -  2 6.7 
(5.7–7.7) 

“The brain” 
(feeling unfocused, difficulty concentrating) 

-  6 4.8 
(2.7–8.2) 

Total 3 
(3 individuals)* 

2.9 
(2.3–3.6) 

16 
(12 individuals) 

4.0 
(0–8.2) 

Note. * = 1 unilateral-left, 1 unilateral-right, 1 bilateral. ON-DBS = with chronic stimulation. MAX-
ON+ = unilateral stimulation at the individual maximal amplitude level. 

Self-reported adverse effects at maximal amplitude stimulation 
Disabling adverse effects at MAX-ON+ are reported in Table 10. The most 
common side effect was a general feeling of being unconcentrated, unfocused, 
and dizzy, which many described as a similar feeling of being intoxicated. Most 
disabling adverse effects occurred at amplitude levels around 3.0V. Two patients 
never experienced any disabling side effects up to the maximum level of 4.5V. 

Table 10. Reasons for discontinuing the ON+ evaluation with unilateral stimulation at increasing 
stimulation amplitude.  

Side effect Number of reported 
incidents 

Amplitude level  
when side effect occurred 

M ± SD (range) 
Disturbed concentration, feeling unfocused, 

“drunk feeling”, dizziness 
18 3.1V ± 0.8 

(1.5–4.5) 
Paraesthesia 6 2.8V ± 1.3 

(1.0–4.5) 
Muscular affection 6 3.0V ± 0.7 

(2.0–4.0) 
Hyperhidrosis 4 3.0V ± 0.4 

(2.5–3.5) 
Diplopia/ blurred vision 3 3.0V ± 0 

Fatigue 2 2.3V ± 0.4 
(2.0–2.5) 

Severe discomfort inside the mouth, unspecified 1 2.0V 

Tired of the evaluation or concerned about the 
amount of time spent 

5 2.4V ± 1.1 
(1.0–4.0) 

No reported side effect of stimulation up to 4.5 V 2 4.5V ± 0 
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Discussion 
This thesis focuses on the ways that cZi-DBS affects voice tremor and speech 
production in persons with ET. Voice tremor and speech production were 
investigated at habitual cZi-DBS (with the individualised clinical stimulation 
settings optimized to treat the motor symptoms of ET) and during unilateral 
stimulation at increasing amplitudes. Factors possibly influencing the outcome 
have also been explored.  

The discussion will be organised around the three overall purposes of this 
thesis. The primary findings of individual sub-studies will be presented and 
discussed jointly in relation to each of these purposes. This will be followed by a 
general discussion of methodological choices and limitations, as well as a 
summative paragraph of the broader clinical implications.   

Overall purpose 1 
(1) To describe how voice tremor and speech production are affected by habitual cZi-DBS 
optimized to treat the symptoms of ET 

For the group as a whole, habitual cZi-DBS had no significant effect on speech 
production, including speech intelligibility. Furthermore, voice tremor 
improved with stimulation, both in the short-term and over time. Thus, it 
appears as adverse effects on speech are uncommon during habitual cZi-
stimulation, and also, that positive effects in the form of reduced voice tremor 
can be expected. 

However, a typical pattern among people treated with DBS is a high degree of 
variability in voice and speech outcomes (e.g., Aldridge, Theodoros, Angwin, & 
Vogel, 2016; Mücke et al., 2018; Tsuboi et al., 2015; Vogel et al., 2015). 
Reporting results on an individual level is therefore not only interesting, but it 
should also be the standard procedure when evaluating the consequences of 
DBS. In our cohort consisting of 35 patients, I found that 16 individuals (46%) 
had an optimal voice and speech outcome with habitual DBS, that is, no voice 
tremor and no signs of stimulation-induced dysarthria. Another 13 individuals 
(37%) had persisting voice tremor without affected speech, and six individuals 
(17%) showed signs of affected speech production, with or without additional 
voice tremor (Figure 14).  

Looking at the distribution of overall outcomes above, it may seem a little 
discouraging that over half of the participants in our cohort had a suboptimal 
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voice and speech result. In this respect, however, it is relevant to note that the 
majority with unsatisfactory voice and speech outcome had persisting voice 
tremor as the only indicator. Persisting voice tremor is not necessarily the same 
as having a poor or negligible effect of stimulation; it only indicates that there 
are residual symptoms. Indeed, most of our participants with residual voice 
tremor still improved with DBS, and sometimes even considerable so. Thus, one 
might suspect that many of those with persisting voice tremor would not agree 
that they had a suboptimal treatment outcome.  

Another aspect to take into consideration when evaluating the overall results is 
that adverse effects on speech production were predominantly mild (Figure 12), 
and it is uncertain to what extent they would interfere with speech and 
communication in everyday life. In effect, when listening to the participants 
themselves and their responses to questions about self-perceived speech 
difficulties with DBS, the vast majority indicated that the treatment had no 
negative effects on speech and communication. Consequently, even though 54% 
of the participants had a suboptimal voice and speech outcome when stimulated 
with their habitual DBS settings, it seems reasonable to assume that this was of 
minor concern to most of them.  

The distribution of speech and voice outcomes reported above is almost 
identical to the one reported by Matsumoto et al. (2016), who found normal 
speech in 44%, persisting voice tremor in 35%, and dysarthria in 22% out of 18 
patients treated with bilateral Vim-DBS. Based on the similarities in outcome 
distributions, one might assume that cZi-DBS and Vim-DBS will affect speech 
and voice to an equal extent. However, a direct comparison between the two 
targets based on the collective results of this thesis and the study of Matsumoto 
et al. (2016) is not feasible due to methodological differences and considering 
the limited number of participants in each study. To elucidate whether one 
specific target is better than the other regarding treatment and adverse effects, 
one would need to make a head-to-head comparison of targets, preferably 
within the same patients, and using the same evaluation methods. Such an 
evaluation of 14 individuals with ET was done by Barbe and colleagues, who 
demonstrated that PSA-DBS was at least as effective on tremor as Vim-DBS, but 
at lower amplitude-levels (Barbe et al., 2018). Unfortunately, the authors did 
not report voice tremor scores separately and, therefore, it is unclear whether 
the effect and efficacy on voice tremor also differed between the two targets. 
Regarding side effects, the physicians reported no difference between PSA-DBS 
and Vim-DBS; however, according to the patients themselves, their speech was 
less affected by PSA-DBS. Following these results, Barbe and colleagues 
concluded that it is no longer justified to only target the Vim without advancing 
with the electrode deeper into the PSA. Whether the PSA/cZi target should be 
preferred over the Vim by virtue of being the better target for voice and speech 
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is a question that may be a little premature to answer but, based on the findings 
reported in this thesis, the results in Barbe et al. (2018), and the existing 
literature (Alomar et al., 2017; Becker et al., 2017; Matsumoto et al., 2016; 
Mücke et al., 2014; 2018; Plaha et al., 2011; Xie et al., 2012), it can safely be 
argued that PSA/cZi-stimulation is at least no worse for voice and speech than 
Vim-stimulation.  

Most of the literature on DBS for ET only discusses stimulation-induced adverse 
effects on speech (e.g., Becker et al., 2017; Matsumoto et al., 2016; Mücke et al., 
2014; 2018); there are few indications that the stimulation could affect speech 
in a positive way. However, in the sub-studies included in this thesis, there were 
several cases where habitual cZi-DBS improved overall speech and voice 
function. As a matter of fact, results in study V indicate that positive effects on 
overall speech function may be just as commonly encountered as negative 
effects following cZi-DBS (Figure 14). The magnitude of these positive effects 
was, however, generally small, and it is unclear whether these small 
improvements in function had any significance for the individual. An obvious 
limitation to study V, which is worth noting in this context, is that the study did 
not contain any detailed information on how speech production changed with 
cZi-stimulation. As such, study V should be considered more of a preliminary 
evaluation. A more in-depth investigation, in which different speech production 
parameters are evaluated separately, could perhaps elucidate how individual 
sub-functions are affected more specifically by cZi-DBS. Such information 
would not only help guide treating physicians in what changes to expect 
regarding individual patients’ speech, but it would also further our 
understanding of speech production more generally. 

In summary, the combined results from the studies included in this thesis 
indicate that the cZi is a relatively safe target for speech. Habitual stimulation 
within this area does not inflict severe speech impairment in general; in fact, 
speech function might even improve with stimulation for some. Furthermore, 
one can expect substantial improvements in voice tremor for a majority of 
patients treated with cZi-DBS and that this positive treatment effect can be 
maintained over time. However, more research is still needed on how DBS 
affects speech production in persons with ET: what specific functions might be 
affected, in what ways, and to what extent? Such questions are of particular 
interest given that DBS for PD has been shown not only to exacerbate the 
hypokinetic symptoms caused by the disease but also to introduce other 
symptoms that are perceptually distinct from typical hypokinetic dysarthria, 
such as strained voice quality and dysarthria of a more spastic nature (Tsuboi et 
al., 2015; 2017). 
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Overall purpose 2 
(2) To investigate how voice tremor and speech production are affected by unilateral cZi-
stimulation at increasing amplitudes, with a particular focus on the effects of stimulation at the 
maximal amplitude level 

Adverse effects on voice and speech were more frequently observed during 
unilateral high-amplitude stimulation than with habitual cZi-DBS. Not only 
were there more incidences of adverse effects on speech production, but high-
amplitude stimulation also aggravated, and even induced, voice tremor in some 
cases. At maximal amplitude stimulation, only seven individuals (20%) had an 
optimal voice and speech outcome, 14 individuals (40%) had persisting voice 
tremor, and another 14 participants (40%) had affected speech production. 
When examining how individual participants’ speech profiles changed from 
habitual- to maximal stimulation (Figure 14), I found that 11 individuals who 
had an optimal outcome with habitual cZi-DBS now experienced negative 
effects, either in the form of persisting voice tremor (n = 4) or affected speech (n 
= 7). Furthermore, most of the positive effects observed during habitual DBS 
were lost at maximal stimulation. The participants themselves, as a group, 
reported more adverse effects on their ability to speak at maximal stimulation. 
These self-reported side effects differed both in qualitatively and quantitatively 
from those reported during habitual cZi-DBS (Table 9), suggesting that high-
amplitude stimulation in the cZi area may affect more structures relevant to 
speech production and cause more widespread loss of function. Clearly, the 
combined results above demonstrate that high-amplitude stimulation in the cZi 
area increases the risk of inducing unwanted speech-related effects. In this 
context, however, it should be noted that the maximal amplitude was for many 
participants at a very high level that is not likely to be used for habitual cZi-DBS. 
Therefore, we would not expect such a high incidence of adverse effects on 
speech in a clinical population. It should also be noted that the negative effects 
induced by high-amplitude stimulation were predominantly small. 

One of the reasons for subjecting the participants to the experimental procedure 
of increasing stimulation amplitudes was to put stress on the speech production 
system and indeed provoke adverse effects on speech. There is evidence in the 
literature to suggest that stimulation spreading to the cerebellothalamic fibres 
may be the cause of stimulation-induced dysarthria in persons with PD treated 
with STN-DBS (Åström et al., 2010; Fenoy et al., 2017; Mahlknecht et al., 2017). 
Given that the cerebellothalamic tract is the very structure that is targeted by 
cZi-DBS, we expected to induce adverse effects on speech also in persons with 
ET when stimulating them with high amplitudes in this area. In this regard, it 
was somewhat surprising that we did not elicit more dramatic responses. Of 
course, the fact that 40% of our participants had a suboptimal speech outcome 
with high-amplitude stimulation may seem striking; however, as mentioned 
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previously, the stimulation-induced adverse effects on speech were generally 
mild (Figure 12) and did for the most part not affect speech intelligibility (Figure 
14). Furthermore, for the group as a whole, maximal amplitude stimulation had 
no significant negative effect on either voice quality, overall speech function, or 
speech intelligibility. In fact, a few individuals even improved in these domains. 
The only speech dimension with a more consistent, albeit small, negative 
response to maximal amplitude stimulation was articulation.  

With that said, response to high-amplitude stimulation was not uniform across 
participants. Particularly one of our participants (L01) distinguished herself 
from the rest by having more extensive adverse effects on speech production as 
we had anticipated. At a stimulation level of 4.5V, speech intelligibility was 
substantially impaired in L01, as was articulation. L01 reported tongue 
paraesthesia at 4.5V, which she considered had a moderate effect on her ability 
to speak (i.e. a score of 4.5 on the VAS ranging from 0-10). L01 was, however, 
also the only individual with lasting improvements in voice- and overall speech 
function at maximal stimulation. The improvement in voice function was even 
more pronounced at 4.5V than at habitual DBS. Hence, from the results 
presented here, it appears that speech response to cZi-stimulation can be 
heterogeneous and patient-specific, a finding that confirms the results of a 
previous report on PSA-stimulation (Vogel et al., 2015). 

Our overall results, which showed variable and somewhat unexpected small 
effects of high-amplitude cZi-stimulation, are, however, in good agreement with 
the clinical experience at Umeå University Hospital. According to the treating 
clinicians in Umeå, patients with ET who suffer from stimulation-induced 
dysarthria have often been experiencing a waning effect of DBS on hand tremor 
prior to developing dysarthria. Dysarthria risks developing when one 
compensates for this loss of treatment effect by gradually increasing the 
stimulation parameters over time, thus ending up stimulating the patient at 
supra-threshold levels. With this in mind, it is perhaps not that surprising that 
we did not find more notable effects on speech during our experimental 
procedure. In our evaluation, we measured the immediate effect of stimulation, 
and each setting was applied for only 5-10 minutes. But if stimulation-induced 
dysarthria typically develops over a period of days or months, it might not be 
possible to induce such effects in a matter of minutes. Similarly, dysarthria is 
also a much less commonly encountered side-effect than, for example, 
paraesthesia and dizziness when screening for stimulation-induced side effects 
in a procedure similar to the one used in this thesis (e.g., Dembek et al., 2017; 
Fytagoridis et al., 2013). 

Another methodological choice that may have led to us finding less prominent 
speech impairments than anticipated relates to the speech elicitation method 
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used, especially in the light of the nature of self-reported side effects. In all 
evaluations of speech in this thesis, we used overt reading tasks, and while this 
ensured that we had comparable speech material across stimulation conditions, 
reading aloud does not place the same demands on planning and structuring as 
natural speech does. That all evaluations of speech were based on formal 
reading tasks becomes somewhat problematic considering that almost half of 
the participants reported feeling unfocused and dizzy at maximal stimulation, 
an adverse effect that six of the participants also described affected their ability 
to speak. It is possible and perhaps even likely that we would have observed 
more noticeable negative effects on speech had we evaluated and analysed the 
participants’ spontaneous speech productions. 

In summary, aside from a small but consistent negative effect on articulation, 
high-amplitude cZi-stimulation did not cause systematic deteriorations in 
speech production, at least not in the immediate phase. Instead, the overall 
pattern of speech outcomes reported here could best be described as one of 
inter-individual variability. Some participants demonstrated no adverse effects 
on speech, even when stimulated at very high amplitudes, whereas others had 
predominantly small negative effects of stimulation, affecting one or several 
speech domains. Yet, single individuals are at risk of developing more severe 
dysarthria as a result of high-amplitude stimulation, as was evident in one of 
our participants (i.e. L01). With regards to voice tremor, it improved with 
unilateral cZi-stimulation for the vast majority; however, both the size of 
improvement and the amplitude required to achieve that improvement varied 
between participants. There were also cases where voice tremor worsened 
during stimulation with higher amplitudes. Therefore, an important aspect to 
consider in the postoperative management of the DBS treatment is that 
increasing the stimulation amplitude not only increases the risk of inducing 
negative effects on speech, it can also prove counterproductive and actually 
aggravate the patient’s voice tremor. 

Overall purpose 3 
(3). To explore the extent to which patient characteristics and DBS related factors such as electrode 
location and stimulation settings, influenced the outcome. 

As discussed above, voice and speech outcomes with cZi-stimulation were found 
to be highly variable, especially during stimulation with high amplitudes. In the 
following sections, I will address factors that seemed to have an impact on the 
outcome. These factors can broadly be grouped into two categories: patient-
specific characteristics and DBS-related factors. 
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Patient-specific characteristics 

The influence of age on voice tremor and speech outcomes 
With regards to voice tremor, we found no indication that participants’ age 
affected the results, neither during habitual cZi-DBS nor at unilateral 
stimulation at increasing amplitudes. Recently, voice tremor was reported to 
persist in older patients (Matsumoto et al., 2016), but these results were hence 
not replicated here. Instead, our findings suggest that the potential of DBS to 
reduce voice tremor is independent of the patient’s age.  

Age did, however, turn out to be a factor to consider when contemplating the 
effects of DBS on speech intelligibility. Specifically, we found that individuals 
with incidences of deteriorated speech intelligibility during the procedure with 
increasing stimulation amplitudes were, on average, older compared to 
individuals without adverse effects. Why speech production in the elderly would 
be more sensitive to changes in stimulation settings is difficult to explain; 
however, it is well-known that normal ageing will affect voice and speech, also in 
the healthy population. For example, with increasing age, changes in anatomy 
and speech physiology can result in a breathy or harsh voice quality, imprecise 
articulation, and slower speech rates. It is unclear whether this general slowing 
down of speech is a result of neuromuscular degeneration or an adaptive 
strategy to maintain a clear and distinct speech (Fletcher, McAuliffe, Lansford, 
& Liss, 2015). So if I was to elaborate on possible explanations as to why speech 
intelligibility of older people might be more affected by DBS, it could be that the 
speech production system of the elderly may be more vulnerable and less prone 
to adapt quickly to changing circumstances, such as rapid changes in 
stimulation parameter settings. 

The influence of baseline voice tremor and speech on the outcome 
With regards to baseline voice tremor and its influence on the outcome with 
DBS, the findings presented in this thesis appear contradictory. Specifically, the 
individual sub-studies suggested that DBS may be both more effective on severe 
voice tremor (study I), as well as less effective (study II). Moreover, when 
analysing voice tremor outcomes with habitual cZi-DBS (comparative analysis), 
we found no indication that baseline voice tremor severity contributed to the 
outcome at all. Previous accounts of DBS effects on voice tremor have also 
reported inconsistent findings, where some studies have demonstrated larger 
improvements in individuals with more severe voice tremor (Carpenter et al., 
1998; Putzke et al., 2005), while others have found no association between the 
degree of voice tremor and the subsequent treatment result (Hägglund et al., 
2016; Matsumoto et al., 2016). Incidentally, perhaps it is not the level of severity 
itself that is relevant for the outcome, but rather which speech structures are 
affected by tremor. It would be interesting in future studies to investigate how 
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the source of voice tremor may influence the treatment outcome and whether 
there are indications that DBS is more effective in alleviating tremor in one 
structure than in another. Here, fiberoptic nasolaryngoscopy would be useful for 
visualizing tremor in vocal tract musculature, which could then be assessed by, 
for example, the Vocal Tremor Scoring System (VTSS) (Bové et al., 2006). 

As for the primary outcomes for speech production (speech intelligibility, 
overall speech function, articulation, and voice quality), there was a substantial 
between-individual variation when the participants were in the off-stimulation 
state (e.g., Table 4, Figure 11). However, we found no indications that baseline 
speech production influenced the outcome with DBS. Or, in other words, 
adverse speech effects with DBS were not more common among individuals 
with indications of already affected speech without stimulation. This finding is 
important since it suggests that baseline speech production in people with ET 
may not be a good predictor for voice and speech outcomes with DBS. 
Conversely, for PD, it has been shown that preoperative speech intelligibility 
may be a prognostic factor as to whether a patient will experience impaired 
speech intelligibility with DBS one year after surgery (Tripoliti et al., 2014). In 
the light of these findings, it is, however, relevant to remind the reader that we 
did not evaluate our participants before surgery, nor did we follow these 
individuals over time. As such, we do not know if participants with signs of 
impaired speech production in the off-stimulation state exhibited this as a result 
of disease progression, the DBS surgery itself, or both. Considering that persons 
with ET have been found to demonstrate more signs of dysarthric speech 
compared with controls (Kronenbuerger et al., 2009; Mücke et al., 2014; 2018), 
an interesting line of research would be to explore to what extent speech is 
affected by the disease itself. Some questions for future investigations to answer 
are whether the characteristics of stimulation-induced dysarthria are “DBS 
specific” or whether the stimulation exacerbates already pre-existing speech 
problems, and to what extent preoperative speech production can predict 
speech outcomes with DBS. 

DBS-related factors 

The influence of side of stimulation on voice tremor and speech outcomes 
Bilateral stimulation has been considered a prerequisite for improving voice 
tremor, but also to be more harmful to speech. However, none of these claims is 
supported by the findings in this thesis.  

As for voice tremor, the results presented in this thesis have demonstrated that 
unilateral cZi-stimulation can successfully reduce the symptom (study I-III), 
and also that unilateral stimulation often is as effective as bilateral (study II and 
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comparative analysis). Others have reached the same conclusion (Avecillas-
Chasin et al., 2018; Huss et al., 2015; Kundu et al., 2017). Thus, it appears as 
though bilateral stimulation may contribute less to voice tremor reduction than 
what has been suggested in the past. However, before drawing any conclusions 
regarding the effectiveness of unilateral stimulation on voice tremor in general, 
it should be emphasized that we, for the most part, investigated the effect of left-
sided stimulation. Only three patients in our cohort were evaluated during 
right-sided stimulation. Whether voice tremor improvement is mainly 
attributable to stimulation of the left electrode is not possible to further 
elaborate on here, but should be investigated in future studies.  

A surprising finding of this thesis was the lack of association between bilateral 
stimulation and adverse effects on speech. Overall, negative effects on speech 
were as (in)-frequent with bilateral as with unilateral DBS at habitual 
stimulation settings, both in between-subjects (Figure 14, Table 7) and within-
subjects (Figure 13) comparisons. Instead, our results suggest that stimulation-
induced adverse effects on speech likely result from high-amplitude stimulation 
per se and that it is possible to induce such effects using just one electrode (the 
left in most of our cases).  

While these findings seem to contradict most of the published results for ET, 
which describe more impaired speech with bilateral Vim-DBS (Alomar et al., 
2017; Baizabal-Carvallo et al., 2014; Becker et al., 2017), they find support in 
studies of STN-DBS for PD, who have demonstrated that higher stimulation 
settings (Dayal et al., 2018; Törnqvist et al., 2005; Tripoliti et al., 2011), 
particularly for the left electrode (Tripoliti et al., 2011) increase the risk of 
inducing dysarthria and impair speech intelligibility. In fact, the use of lower 
habitual stimulation settings could be one explanation as to why we were unable 
to reproduce similar adverse effects of bilateral DBS as previously shown for ET. 
Because if we compare our stimulation settings (i.e., amplitude, pulse width, 
and frequency) with those reported by others for ET (e.g., Baizabal-Carvallo et 
al., 2014; Becker et al., 2017; Pahwa et al., 2006; Putzke et al., 2005), ours were 
generally much lower. One possible interpretation, therefore, may be that some 
persons with ET who exhibit dysarthria with bilateral stimulation do so 
primarily because they have high stimulation settings overall, not because they 
have bilateral implants. Another possible explanation would be that 
stimulation-induced adverse effects on speech are less common with bilateral 
cZi-DBS than with bilateral Vim-DBS. 

The influence of electrode location on voice tremor and speech outcomes 
The location of the electrode is essential for the success of DBS treatment, but 
the optimal electrode location for ET is presently unknown. In this thesis, I have 
explored to what extent electrode location within the cZi affected the three 
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primary outcomes, which were: (1) voice tremor, (2) speech intelligibility, and 
(3) speech function. All active contacts were shown to be close to each other in 
relation to their anatomical landmarks (MCP, Rn, and pSTN) (Figure 15). Yet 
there were indications that the specific origin of stimulation affected the 
outcomes.  

For voice tremor, a deeper and more posterior stimulation origin was found to 
yield the most efficient reduction in the form of complete symptom suppression 
at relatively low amplitudes (study II). As far as I know, this is the first study to 
explore voice tremor outcomes in relation to stimulation location within the 
PSA/cZi. Previous investigations into the effects of Vim-DBS have emphasized 
the importance of electrode location for effective voice tremor control, and have 
further suggested that one of the reasons as to why voice tremor is more difficult 
to treat than hand tremor is that it may require more precise stimulation within 
the target (Avecillas-Chasin et al., 2018; Kundu et al., 2017; Matsumoto et al., 
2016). We too found indications that voice tremor requires focused stimulation 
and that an increase in stimulation amplitude, which causes more extensive 
stimulation spread, can have the opposite effect and actually worsen the 
symptom. Thus, our results support the idea that there are stimulation locations 
that are optimal for voice tremor and that the success of the DBS treatment in 
reducing voice tremor depends on precise stimulation of one (or more) of these 
locations.  

For speech intelligibility (study IV), we found an association between 
deterioration during the experimental stimulation procedure and more superior 
contacts. This finding, which suggests that the depth of stimulation origin also 
might influence speech intelligibility outcomes, was unexpected and has not 
been reported in the literature before. The only available study on speech 
intelligibility and ET (Becker et al., 2017) found no effects of electrode location 
within the Vim, and studies of STN-DBS for PD has mainly emphasized the 
laterality as important for speech (e.g., Åström et al., 2010; Fenoy et al., 2017; 
Mahlknecht et al., 2017; Tripoliti et al., 2014). Our results regarding the 
contribution of stimulation depth must, however, be interpreted with caution 
considering that they are based on few individuals with incidents of deteriorated 
speech intelligibility, who also turned out to be older on average compared to 
the other participants. 

Of the three outcome measures of speech function (overall speech function, 
articulation, and voice quality), articulation had the most negative response to 
stimulation, and it was also the only speech dimension that was adversely 
affected by maximal amplitude stimulation on the group level. Affected 
articulation was associated with stimulation of more medial contacts, that is, 
closer to the Rn (and the MCP). This observation fits well with the hypothesis 
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that medial stimulation of the cerebellothalamic fibres may be the cause of 
speech deterioration, also for ET. However, one important difference between 
stimulation of the cerebellothalamic fibres medially to the STN and direct 
stimulation of the cZi is that medial stimulation from the STN often entails 
stimulation of the zona incerta in its anterior part, not in the caudal part, which 
is the target used by our group. Interestingly, Plaha (2006) also found that 
direct stimulation of the cZi did not cause speech deterioration in patients with 
PD, whereas stimulation medially to the STN did. Hence, differences in 
stimulation location may be one of the reasons why we did not encounter such 
deleterious effects as those previously shown for patients with PD and 
stimulation-induced “medial speech” (Supplementary Information, audio 
sample 1 in Mahlknecht et al., 2017). Another reason is, of course, that baseline 
speech production differs between PD and ET, in that persons with PD often 
experience hypokinetic dysarthria as a consequence the disease itself.  

A general problem when evaluating speech production in patients with DBS is 
that there might be a delayed onset of stimulation-induced dysarthria. However, 
we did not observe any systematic adverse effects on speech with chronic, 
habitual cZi-stimulation, but only during maximal amplitude stimulation. 
Strong stimulation at so-called suprathreshold levels can induce ataxia in 
patients with ET, possibly due to involvement of the cerebello-rubrospinal 
system (Groppa et al., 2014). Therefore, one interpretation of our results could 
be that stimulation-induced dysarthria is not caused by cZi-stimulation per se, 
but rather by stimulation affecting the Rn and its connections. 

Methodological considerations and limitations 
There are several limitations to the methods used in this thesis, some of which 
have already been addressed. Those that have not will be discussed in more 
detail in this section. But first, I will reflect upon some of the challenges that we 
encountered when designing and conducting the initial assessment of speech 
function (i.e. for study V).  

A note on auditory-perceptual assessments – challenges and limitations 
One of the original aims of this thesis was to investigate the specific 
characteristics of stimulation-induced dysarthria and describe in detail what 
aspects of speech function are affected by DBS. Since the clinical evaluation of 
stimulation-induced dysarthria is seldom based on acoustic measures of speech, 
but rather on what a listener perceives, we decided to base the evaluation on 
auditory-perceptual measures. The main goal was to aid clinicians in their 
assessment of patients and to find possible neuroanatomical correlates to 
adverse effects on speech, which could help improve the treatment.  
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We originally developed an assessment tool in which listeners assessed speech 
function in a detailed manner and categorized deviations from normal function 
according to the nomenclature of perceptually distinct characteristics of 
dysarthric speech developed by Darley, Aronson, and Brown, and adopted by 
Duffy (2013). The assessment tool was thus designed to be both general in terms 
of area affected, and specific in terms of what changed in the person’s speech. 

However, one of the inherent problems with perceptual assessments is that they 
often suffer from poor interrater reliability, and the more detailed the 
evaluation, the worse the interrater agreement (Wannberg et al., 2015). 
Interrater reliability may be improved by using experienced and trained 
listeners, but even so, listeners can differ in what they observe and what they 
consider as deviant, no matter how experienced they are.  

Unfortunately, we found that the interrater reliability using the original 
assessment tool was too low to continue processing the results. Furthermore, 
the listeners indicated the ordinal scale was too coarse. We, therefore, chose to 
proceed with more global measurements of speech function using the visual sort 
and rate method (VISOR, Granqvist, 2003). This is a method that allows the 
listener to compare stimuli with each other and sort them on a VAS. The results 
are presented in paper V, and participant inclusion was based on the results 
from the original, more detailed assessment tool.  

Further limitations 
An obvious limitation to our analyses of electrode location contribution is that 
we did not account for the spread of stimulation within the brain. Considering 
the high density of axons in the cZi, stimulation within this area can be expected 
to spread far. Here, evaluations of the volume of tissue activation and 
tractography could have elucidated how far the stimulation might have spread 
and further helped shed light on the origin of adverse effects on speech. 
Nevertheless, one strength to our analyses is that we calculated contact 
coordinates based on anatomical reference points that are closer to the intended 
target than the traditional reference point (i.e. the MCP). Thereby, some of the 
inter-individual differences in anatomy may have been minimised. 

Another limitation, which I touched upon earlier in the method section, 
concerns the fixed order of stimulation conditions. It is conceivable that 
conditions later on in the procedure were either favoured or disadvantaged by 
being among the last ones performed (e.g. due to factors such as learning and 
fatigue). Also, since each stimulation setting was applied only for a short time, 
we do not know to what extent voice and speech would have been affected by 
these settings in the long run. 
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The fact that few individuals demonstrated impaired speech production and 
poor effects on voice tremor with cZi-stimulation is, of course, encouraging, but 
it can also be considered a limitation as far as finding out what factors could 
account for suboptimal voice and speech results with DBS. The only solution to 
such problems relating to low statistical power is to have a larger population 
sample. 

Finally, we did not have access to information on whether any of our 
participants had additional cerebellar symptoms preoperatively. It might be 
informative to register such information in the future, not only because of the 
new consensus statement separating “pure ET” from “ET plus”, but also, as a 
speech-language pathologist, it would be interesting to investigate whether 
there are differences in speech profiles between patients with cerebellar 
symptoms and those without; both before DBS surgery and subsequently, 
postoperatively on stimulation.  

Clinical implications and future research 
Taken together, the results from this thesis suggest that the cZi is a relatively 
safe target in the sense that adverse effects on speech are rarely seen during 
stimulation with the clinical settings. Furthermore, voice tremor can be 
expected to improve, although not always to such an extent that the symptom is 
alleviated completely. All in all, and somewhat surprisingly, we found no 
evidence that bilateral DBS would be particularly harmful to speech, nor that it 
would be especially advantageous for voice tremor. By contrast, by increasing 
the amplitude level beyond the level required to suppress the symptoms of ET 
on just one electrode contact, one increases the risk of inducing unwanted 
speech-related effects. Unilateral high-amplitude stimulation also increases the 
risk of worsening voice tremor. Thus, it seems that the challenge in the 
postoperative management of the DBS treatment lies in maintaining the 
therapeutic effect while still keeping the stimulation amplitude at a low level.  

As for the optimal stimulation location, we found that the best voice and speech 
outcomes were associated with stimulation of contacts in the posterior-inferior 
part of the cZi, whereas medial stimulation, closer to the Rn, may cause small 
(yet perceivable) deterioration on articulatory function. The fact that deeper 
stimulation was found to be most efficient for voice tremor is intriguing 
considering the current Vim versus PSA debate. Given that PSA-DBS has proven 
to be more efficient on hand tremor than Vim-DBS (Barbe et al., 2018), an 
interesting question to pursue would be whether the PSA/cZi is a better target 
also for voice tremor. 
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That being said, the results of this thesis also demonstrate that voice and speech 
response to stimulation can be very heterogeneous. The location of the electrode 
and the spread of the stimulation field are probably not the only factors 
explaining why some persons experience speech deterioration with DBS. More 
likely, adverse effects following DBS are multifaceted and dependent on 
complex relationships between stimulation, disease-related factors, and other 
individual-specific characteristics. In this regard, I welcome more investigations 
shedding light on how speech production might be affected by ET in itself, 
whether DBS aggravates already existing speech dysfunction, or whether it 
induces other, more DBS-specific effects. Such information, combined with the 
new and improved imaging technology, would not only help us understand 
more about the origins of stimulation-induced dysarthria and which patients are 
at risk, but it might also enhance our knowledge about speech production in 
general. 
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Conclusions 

• Habitual cZi-DBS does not cause any systematic adverse effects on 
speech production. 

• Voice tremor improves with habitual cZi-DBS, but the size of reduction 
varies considerably between individuals. 

• Unilateral (left) cZi-DBS can suffice to treat voice tremor. 

• Voice and speech response to unilateral, high-amplitude cZi-stimulation 
is often heterogeneous and patient-specific. 

• High-amplitude unilateral cZi-stimulation increases the risk of inducing 
adverse effects on speech production. However, the effects are generally 
mild. 

• High-amplitude unilateral cZi-stimulation can worsen voice tremor that 
is improved at lower stimulation amplitudes. 

• The best stimulation location for voice tremor within the cZi might be 
its posterior-inferior parts, whereas more medial high-amplitude 
stimulation can induce adverse effects on articulation. 
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Appendix A 
Table 1. Participants in studies II-V and their demographics at the time of recording.  

       

Chronic stimulation settings at 
the time of evaluation (ON-

DBS)a 

 
 

PID Sex Age Time 
since  

surgery 
(months) 

Age at  
onset 

(years) 

Disease  
dura-
tion 

(years) 

Side of 
stimu-
lation 

Contact Ampli-
tude 
(V) 

Pulse 
width
(µs) 

Freque-
ncy 
(Hz) 

ON+ 
contact 

In study 

B01 F 39 86 16 23 B 1-, 2- 
 10-, 11- 

1.1, 1.9 
1.3, 1.5 

90 125 1 II, IV, V 

B02 F 70 62 7 63 B 3- 
 10-, 11- 

2.1 
1.7 

60 150 2 II, III, IV 

B03 F 54 75 15 39 B 3- 
 10- 

2.2 
2.1 

60 160 3 II, III, IV 

B04 F 59 47 13 46 B 2-, 3- 
 10- 

1.0 
1.7 

60 130 2 II, IV 

B05 F 65 20 55 10 B 1- 
9- 

1.6 
1.9 

60 140 1 II, III, IV 

B06 M 61 13 40 21 B 1- 
 9- 

1.2 
1.7 

60 140 1 II, III, IV, 
V 

B07 M 52 50 40 12 B 1-, 2+ 
 8+, 9- 

2.5 
3.6 

60 140 1 II, III, IV 

B08 M 62 12 50 12 B 2- 
 10- 

3.2 
2.0 

60 160 2 II, III, IV, 
V 

B09 M 68 119 20 48 B 0-, 1-, 2+ 
8- 

2.5 
2.8 

60 160 0 II, III, IV, 
V 

B10 M 68 44 35 33 B 2- 
 10- 

1.6 
0.8 

60 140 2 II, IV, V 

B11 M 57 24 17 50 B 1- 
9- 

2.3 
2.0 

60 160 1 II, IV 

L01 F 74 12 60 14 L 3- 2.3 60 140 3 II, IV, V 

L02 F 81 60 50 31 L 2- 2.4 60 140 2 II, IV 

L03 F 79 78 67 13 L 1- 2.2 60 150 1 II, IV 

L04 F 70 16 58 12 L 1- 1.7 60 140 1 II, IV, V 

L05 F 83 55 7 76 L 1-, 2-, 3+ 1.9 60 140 2 II, IV 

L06 F 89 117 59 30 L 2- 1.3 60 135 1 II 

L07 F 77 120 51 26 L 1- 1.5 60 145 1 II, IV 

L08 F 79 40 61 18 L 1-, 2- 1.2 60 160 1 II, IV, V 

L09 F 72 47 47 25 L 1- 2.1 60 160 1 II, IV 

L10 F 76 40 55 21 L 1-, 2- 2.6 60 140 2 II, IV 



 

2 

L11 M 80 72 69 11 L 0-, 1-, 2+ 2.4 90 140 1 II, IV 

L12 M 75 36 10 65 L 1- 2.8 90 120 1 II, IV 

L13 M 75 59 55 20 L 2- 2.2 60 160 2 II, IV, V 

L14 M 62 79 8 54 L 0-, 1- 1.8 60 170 1 II, IV 

L15 M 68 120 15 53 L 1- 1.5 60 160 1 II, IV, V 

L16 M 85 112 55 30 L 2- 2.6 60 160 2 II, IV, V 

L17 M 81 113 67 14 L 1-, 2+ 3.7 60 140 1 II, IV 

L18 M 78 35 55 23 L 1- 1.6 60 140 1 II, IV 

L19 M 76 13 30 46 L 2-, 3- 1.7 60 140 2 II, IV 

L20 M 68 20 15 53 L 3- 1.8 60 160 3 II, IV, V 

L21 M 65 26 15 50 L 0-, 1- 2.0 60 160 1 II, IV 

L22 M 68 39 10 58 L 1-, 2- 1.7 60 160 2 II, IV, V 

L23 F 82 130 50 32 L 1-, 2- 1.7 60 140 1 II 

R01 F 75 129 58 17 R 1- 2.8 60 160 1 II, IV 

R02 M 75 36 18 57 R 2- 2.3 60 130 2 II, IV, V 

R03 M 68 131 56 12 R 1- 1.4 60 130 1 II, IV 

Note. B = bilateral. L = unilateral left. R = unilateral right. ON+ contact = the active contact during 
unilateral stimulation at increasing amplitude levels. aDBS electrode 3389 (Medtronic, Minneapolis, 
MN, USA)  

 

 


