CHALLENGING SPEECH TRAINING
IN NEUROLOGICAL PATIENTS BY
INTERACTIVE GAMING

o

MARIO SEBASTIAAN GANZEBOOM Radboud

Dissertation
Series



Challenging Speech Training in
Neurological Patients by Interactive
Gaming

Mario Sebastiaan Ganzeboom



The research in this thesis was funded by the Dutch Research Council

(NWO) under the grant with Ref. no. 314-99-101 (CHASING). AR'A .4

Challenging Speech Training in Neurological Patients by Interactive Gaming

Mario Sebastiaan Ganzeboom

Radboud Dissertation Series
ISSN: 2950-2772 (Online); 2950-2780 (Print)

Published by RADBOUD UNIVERSITY PRESS
Postbus 9100, 6500 HA Nijmegen, The Netherlands

www.radbouduniversitypress.nl

Design: Mario Sebastiaan Ganzeboom
Cover: Proefschrift AIO | Guntra Laivacuma
Printing: DPN Rikken/Pumbo

ISBN: 9789465152097
DOI: 10.54195/9789465152097
Free download at: https://doi.org/10.54195/9789465152097

© 2025 Mario Sebastiaan Ganzeboom

RADBOUD
UNIVERSITY
PRESS

This is an Open Access book published under the terms of Creative Commons Attribution-
Noncommercial-NoDerivatives International license (CC BY-NC-ND 4.0). This license
allows reusers to copy and distribute the material in any medium or format in unadapted
form only, for noncommercial purposes only, and only so long as attribution is given to the

creator, see http://creativecommons.org/licenses/by-nc-nd/4.0/.



Challenging Speech Training in
Neurological Patients by Interactive
Gaming

Proefschrift ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen
op gezag van de rector magnificus prof. dr. J.M. Sanders,
volgens besluit van het college voor promoties
in het openbaar te verdedigen op

vrijdag 30 januari 2026
om 12:30 uur precies

door
Mario Sebastiaan Ganzeboom
geboren op 5 augustus 1984
te Olst



Promotor:
Dr. W.A.J. Strik

Copromotor:

Prof. dr. A.C.M. Rietveld

Manuscriptcommissie:

Prof. dr. H.H.J. Das

Prof. dr. H. Christensen (University of Sheffield, Verenigd Koninkrijk)

Prof. dr. ing. E. Noth (Friedrich-Alexander-Universitat Erlangen-Niirnberg, Duits-
land)

Prof. dr. P. Santens (Universiteit Gent, Belgié)

Dr. E. Janse



Contents

I. Introduction 1
Chapter 1 General Introduction 3
1.1. Background . . . . . .. ... 5
1.2. Types of dysarthria: causes, speech characteristics and commonalities 7
1.3. Serious gaming and rehabilitation . . . . . . ... ... 10
1.4. Measurement of speech intelligibility in dysarthric speech . . . . . . . 11
1.5. Speech technology for speech rehabilitation . . . . . . . . ... .. .. 14
1.5.1. ASR for dysarthric speech . . . . . . . ... .. ... ... .. 15
1.5.2. ASR-based evaluation of dysarthric speech . . . . . . . .. .. 20

1.6. CHASING: CHAllenging Speech training In Neurological patients by
interactive Gaming . . . . . ... ... 21
1.6.1. CHASING rationale . . . .. ... ... ... ... ... ... 21
1.6.2. Research in CHASING . . . . . ... ... ... ... . ... 22
1.7. Thesisoutline . . . . . . . .. ... 24

Il. Developing speech technology in a serious game for speech

training 27
Chapter 2 Intelligibility of Disordered Speech: Global and Detailed Scores 29
2.1. Imtroduction . . . . . . ... 31
2.2. Method . . . . . . . 33
2.2.1. Speakers and speech material . . . . . ... ... ... ... .. 33
222, Raters . . . . . . 34
2.2.3. Procedure . . . .. ..o 34
2.2.4. Calculating intelligibility scores . . . . . . . . ... ... ... 35

2.3. Results . . . . . oo 36
2.3.1. Reliability . . . . . ... 36
2.3.2. Intelligibility scores and correlations . . . . . . . ... ... .. 36

2.4. Discussion . . . . . ..o 37
2.4.1. Feasibility and reliability of subword scoring . . . . . . .. .. 37
2.4.2. Comparisons between scores at different levels of granularity . 38
2.4.3. Phoneme vs. grapheme scoring . . . . . ... ... ... ... 38

2.5. Conclusions . . . . . . .. 39



Contents

Chapter 3 Combining non-pathological data of different language varieties

to improve DNN-HMM performance on pathological speech 41
3.1. Introduction . . . . . . ... 43
3.2. Related work . . . . . .. 44
3.3. Speech corpora selection . . . . .. ... oo L 45
3.4. Training DNNs for Dysarthric Speech . . . . . . . . . ... ... ... 46

3.4.1. Fundamentals of DNN-based ASR . . . . . . . ... ... ... 46

3.4.2. Tuning DNNs on Flemish Speech . . . . ... ... ... ... 47
3.5. Experimental Setup . . . . . . .. ... 48

3.5.1. Databases . . . . . . ... 48

3.5.2. Implementation Details . . . . . .. ... ... .. 0. 48
3.6. Results and Discussion . . . . . . . ... ... 49
3.7. Conclusions . . . . . . .. 50

Chapter 4 Multi-stage DNN training for automatic recognition of dysarthric

speech 53
4.1. Introduction . . . . . . . . ... 55
4.2. Multi-stage DNN training . . . . ... ... ... L. 56
4.3. Speech corpora selection . . . . . ... ... ... ... 57
4.4. Experimental Setup . . . . ... ..o 58

4.4.1. Database details . . . . ... ... ... 0. 58

4.4.2. Implementation Details . . . . . . . ... ... ... ... ... 59
4.5. Results and Discussion . . . . . . . .. .. ... 59
4.6. Conclusions . . . . . . . . . .. 62

I1l. Designing a serious game for speech training and explor-

ing its efficacy 65
Chapter 5 Lessons learned from the design, development, and use of a

serious game for speech training in older adults 67
5.1. Introduction . . . . . . . ... 69
5.2. Related work . . . . . ... 70
5.2.1. Gaming for speech training . . . . ... ... ... ... 70
5.2.2. Game design for older adults . . . . . .. ... ... ... ... 72
5.2.3. Game design approach for serious games . . . . . ... .. .. 72

5.3. Methodology . . . . . . . . 73
5.3.1. Getting to know the target users . . . . ... ... ... ... 74
5.3.2. Determining game principles . . . . . .. ... ..o 74
5.3.3. Designing game concepts . . . . . . . ... 75
5.3.4. Prototyping game concepts. . . . . . .. ... 75
5.3.5. Game development . . . . . ... ..o 76
5.3.6. Leveldesign . . . . . .. .. ... ... 76

ii



Contents

54. Results . . . . . o oo 7
5.4.1. Getting to know target users . . . . . . . ... ... ... 7
5.4.2. Determining game principles . . . . . . . ..o 78
5.4.3. Designing game concepts . . . . . . ... 79
5.4.4. Prototyping game concepts . . . . . . . ... 81
5.4.5. Game development . . . . . .. ... ... ... ... ... .. 82
54.6. Level design . . . . . .. . . .. ... 84

5.5. Discussion . . . . ... 86
5.5.1. Gameconcept . . . . . . .. ... 86
5.5.2. Speech production . . . . ... ... L 86
5.5.3. Feedback onspeech . . . . . ... ... oo 86
5.5.4. Game introduction and navigation . . .. ... ... ... .. 87
5.5.5. Design methods . . . . .. .. ... ..o oL 87

5.6. Conclusions . . . . . .. . ... 88

Appendix 5A Example of anonymized user portrait . . . . . . .. ... .. 89

Appendix 5B List Of Game Goals . . . . . . . . ... ... .. ... .... 93

Chapter 6 Speech training for neurological patients using a serious game 97

6.1. Introduction . . . . . . ... .o 99

6.2. Methods and materials . . . . . . .. ... ... oL 100
6.2.1. Design . . .. . . 100
6.2.2. Participants . . . . . .. ... Lo 100
6.2.3. Speech training interventions . . . . .. ... ... L. 101
6.2.4. Measurement instruments . . . . . ... ... 104
6.2.5. Dataanalysis . . . ... ... ... ... L. 107

6.3. Results . . . . . . . . 107
6.3.1. Imtelligibility . . . . . . . .. . ... 107
6.3.2. User satisfaction and preference . . . . . .. .. ... ... .. 108
6.3.3. Summary of results . . . . ... ... 109

6.4. Discussion . . . . . . ... 109

6.5. Conclusions . . . . . . ... 111

Appendix 6A Literature overview on serious games for non-speech rehabil-

itation in patients with Parkinson’s Disease or stroke . . . . . . . .. 113

Appendix 6B Treasure Hunters: a summary of the game development process116

Chapter 7 A serious game for speech training in dysarthric speakers with
Parkinson’s disease: Exploring therapeutic efficacy and patient satis-

faction 123
7.1. Introduction . . . . . . . ... 125
7.2. Treasure Hunters 2 . . . . . . .. .. ... 127
7.2.1. Gamedesign . .. ..o 128
7.2.2. Feedback on voice loudness and pitch . . . . .. ... 128
7.2.3. Feedback on pronunciation . . . . . . ... ... ... ... .. 129

iii



Contents

7.3. Materials and Methods . . . . . . . ... ..o 130
7.3.1. Design . . ..o 130

7.3.2. Participants . . . ... ..o oo 130

7.3.3. Speech training intervention . . . . . ... ... 132

7.4. Measurement instruments . . . . .. .. .. ... 132
7.4.1. Speech materials . . . . . ... ... . ... ... ... ..., 132

7.4.2. Measuring the effect on speech intelligibility . . . . . .. . .. 133

7.4.3. User satisfaction . . . . ... ... ... ... 134

7.4.4. User appreciation of feedback . . . . .. ... ... ... ... 134

7.4.5. User preference . . . . . . .. ... L 135

7.5. Dataanalysis . . . . . ... 135
7.6. Results . . . . . . . . 137
7.6.1. The effect of the intervention on speech intelligibility . . . . . 137

7.6.2. User satisfaction . . . . . ... ... ... ... ... 138

7.7. User appreciation of feedback . . . . . .. ... ... ... ... ... 139
7.8. User preference . . . . . . . ... 139
7.9. Discussion . . . . ... 139
7.10. Conclusions . . . . . . ... 141
Appendix TA User satisfaction questionnaire . . . . . . . . . ... ... .. 143
IV. Discussion 147
Chapter 8 General Discussion 149
8.1. Speech intelligibility measures . . . . . . . ... ... ... .. 152
8.2. ASR technology in speech rehabilitation . . . . . .. ... ... ... 154
8.3. Serious game design for speech rehabilitation . . . . . . . ... ... 158
8.4. Efficacy of game-based speech training . . . . . ... ... ... ... 161
8.5. User satisfaction and preference . . . . . . . .. ... ... ... ... 163
8.6. Conclusions . . . . . .. . ... 164
Bibliography 167
Research Data Management 195
Existing and collected data . . . . . . ... ... L. 195
Informed consent . . . . . . ... 196
Protection of participants’ privacy . . . . . . ... ... ... 196
Data storage in the context of scientific integrity . . . . . . . . .. . .. .. 197
Giving access tothe data . . . . . . . . ... oL 197
Summary 199
Samenvatting (Summary in Dutch) 203
Contributions 207

iv



Contents

Curiculum Vitae

List of publications
Journal articles . . . . . ...
Conference papers . . . . . . . . . ...
Poster presentations . . . . .. ...
Oral presentations . . . . . . . . . ...
Research lectures . . . . . . . .. ..

Datasets

Dankwoord

209

211
211
211
212
212
212
213

215






Part |I.

Introduction






Chapter 1

General Introduction






Chapter 1 General Introduction

1.1. Background

As populations around the world are ageing, the group of patients with acquired
neurological disorders such as Parkinson’s disease (PD), Cerebral Vascular Acci-
dent (CVA or stroke) and traumatic brain injury (TBI) is growing. Global, age-
standardized incidence rates of 12-15, 189-218 and 331-412 individuals per 100.000
residents were reported for PD, CVA and TBI, respectively in 2016 (Feigin et al.,
2020). Many of these patients have speech complaints (De Cock et al., 2020; Gandhi
et al., 2020; Moya-Galé & Levy, 2019).

Neurological disorders are often complex and affect a person’s life in multiple ways.
The World Health Organization (WHO) has developed the International Classifica-
tion of Functioning, Disability and Health (ICF) (World Health Organization, 2001),
a universal framework for the description of how an individual is affected by health-
related conditions. The ICF provides three components for classification: the body
component (e.g. organs, limbs and their components), activities and participation
(individual and societal range of functioning), and environmental factors (external
factors influencing an individual’s functioning).

Patients with a neurological disorder are often affected in all three of the ICF com-
ponents. Among them are patients with dysarthria due to PD, CVA and TBI and
other neurological disorders such as cerebral palsy (CP), amyotrophic lateral sclerosis
(ALS) and multiple sclerosis (MS). Duffy (2019) defined dysarthria as a "neurologic
speech disorder that reflects abnormalities in strength, speed, steadiness, tone or ac-
curacy of movements required for the breathing, phonatory, resonatory, articulatory
or prosodic aspects of speech production" (Duffy, 2019). The underlying physiologi-
cal systems responsible for these aspects include: the respiratory system (breathing),
larynx (phonation, prosody), velum and nasal cavities (resonance), tongue and lips
(articulation). Due to the diminished functioning and coordination of muscles in
these systems, speech rate, articulation, prosody and voice quality often change, the
speech becomes less intelligible, and patients are thus impaired in their communi-
cation (Kent & Kim, 2003). For example, simple daily communication activities
like inviting one’s partner for a cup of coffee can become difficult for the partner to
understand. Similarly, asking a shop assistant where to find a product in a store can
require substantial effort. The patient could loose contact with friends or acquain-
tances, as they might not be prepared to adjust to new ways of communication.
As a result, patients might enter into a depression due to isolation and loneliness.
Obviously, dysarthria type and severity are of influence.

Two main fields of research have aimed at improving the communicative abilities of
individuals with dysarthria: Augmentative and Alternative Communication (AAC)
and speech rehabilitation. AAC research aims to augment existing communicative
abilities or provide means of alternative communication. Speech rehabilitation, on
the other hand, aims to improve intelligibility by restoring as much as possible of
the functioning of the speech subsystems affected by dysarthria or other speech and
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voice disorders. The current thesis will focus on speech rehabilitation, but it is
possible that the technology and the algorithms developed in this context will turn
out to be useful for AAC as well.

Speech rehabilitation is normally provided by speech therapists, but the need for in-
tensive therapy and the growing number of patients make it difficult for therapists to
cope with the demand. Therefore, there is a growing attention for telerehabilitation:
the delivery of healthcare services remotely using information and communication
technologies (Scott et al., 2024). Attempts have been made at finding solutions to
provide telerehabilitation through speech technology applications (Beijer, 2012; Bei-
jer et al., 2014; A. E. Halpern et al., 2012). The results obtained so far are promising.
Patients that participated in corresponding effect studies (Beijer, 2012; Beijer et al.,
2014) described being able to follow the training program, but having increasing
difficulty adhering to its repetitive ’drill-and-practice’ nature and not experiencing
beneficial effects in daily-life communication. The first key point of feedback indi-
cates that the nature of the speech training exercises may not have contributed to
participants’ motivation to follow the training program. Additionally, the second key
point of feedback indicates a poor ecological validity of the application. Exploring
different approaches to remote and independent speech training potentially provides
valuable insights on these topics. Interactive gaming is one such approach with the
goal to leverage its entertainment and enjoyment properties for a ’serious’ purpose,
hence the term ’serious gaming’ For that reason, the current thesis explores the use
of serious gaming for the purpose of remote and independent speech training.

To start the exploration of using serious gaming for speech training, the present
chapter reviews past and current research on four main topics. The first topic, in
section 1.2, provides a detailed overview of dysarthria types to give an idea of how
they affect speech intelligibility and which challenges they pose to processing by
means of speech technology.

In section 1.3, the second main topic of the current thesis is introduced. It pro-
vides an overview of research relevant to serious gaming and healthcare with speech
rehabilitation in particular. The purpose of this section is to identify how serious
gaming can be relevant to speech rehabilitation and what has already been done in
this area.

After having examined the literature on dysarthria types including their effects on
speech intelligibility and how serious gaming can be relevant to speech rehabilitation,
the third main research topic is introduced: methods that measure the effects of a
speech rehabilitation program on intelligibility. In section 1.4 an overview of such
literature is provided by reviewing subjective and objective measures. The results of
that review will inform the method and experiment design for measuring the effects
of a speech rehabilitation program using serious gaming.

Next, the current thesis explains how speech technology has so far been employed
for the purpose of speech rehabilitation (section 1.5), paying special attention to
Automatic Speech Recognition (ASR) technology, the fourth main research topic in
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the current thesis. The introductory section provides a brief overview of approaches
to ASR systems in general. Subsequently, in subsection 1.5.1 research is reviewed
on how the various ASR systems have been adapted and optimized to maximally
cope with the deviations in dysarthric speech identified. Research on how ASR has
been employed for assessing the quality of dysarthric speech and identifying possible
problematic areas is discussed in subsection 1.5.2.

This chapter then introduces the research project underlying the current thesis in
section 1.6 and the last section of this chapter (section 1.7) provides the research
questions the current thesis addresses as well as an outline of the remaining chapters
of the current thesis.

1.2. Types of dysarthria: causes, speech
characteristics and commonalities

Darley et al. (1969a, 1969b) were among the first to study how speech was affected
by dysarthria with respect to its different etiologies. Their studies also analyzed
to what extent these aspects correlate with speech intelligibility. They conducted
a large scale study including considerable number of patients and published their
results in two companion papers. In this large scale study, 32 speech samples of
at least 30 patients per neurologic group were recorded. Recordings were made of
seven neurologic groups: pseudobulbar palsy, bulbar palsy, amyotrophic lateral scle-
rosis, cerebellar lesions, parkinsonism, dystonia and choreoathetosis. The speech
samples were perceptually rated by the three authors independently on 38 dimen-
sions of speech and voice using a 7-point scale of severity. Analysis of these ratings
showed that there are multiple types of dysarthria, each reflecting a different kind of
abnormality in neuroanatomy or neurophysiology of the speech production system.
These types of dysarthria sound different and can therefore be differentiated by the
38 dimensions of speech and voice (see appendix in Darley et al., 1969a, 1969b) and
the varying degree of severity in which they occur. Seven types of dysarthria were
distinguished: spastic, flaccid, mixed spastic-flaccid, ataxic, hypokinetic, hyperki-
netic in chorea and hyperkinetic in dystonia. To illustrate these dysarthria types
and their effects on speech, Table 1.1 provides a summary of their perceptual char-
acteristics, the five dimensions that on average show the largest deviation and the
ones that correlate strongly with speech intelligibility. For details, see Darley et al.
(1969b).

Common deviating speech dimensions across dysarthrias

Reflecting on the results mentioned in the previous paragraphs, Darley et al. (1969b)
found that most dysarthrias had multiple speech dimensions in common on which
speech deviations were observed. Noticeable was that ‘Imprecise Consonants’ ranked
first in almost all dysarthrias, except flaccid (second) and hypokinetic dysarthria
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(fourth). The dimensions that follow were found to be common to multiple dysarthrias
and deviated with a mean of 1.5 or above, 1 representing normal (neurologically
healthy) speech and 7 representing very severe deviation from normal. ‘Imprecise
Consonants’, ‘Monopitch’, ‘Monoloudness’ and ‘Harsh Voice” were found in all seven
dysarthrias. This shows that all dysarthrias seem to have at least one dysfunction in
the neurologic groups of articulatory inaccuracy, prosodic insufficiency and phona-
tory stenosis as described by Darley et al. (1969a). In five dysarthrias ‘Vowels
Distorted’; ‘Phrases Short” and ‘Reduced Stress’ were found. Dimensions occurring
in four of seven dysarthrias were ‘Breathy Voice (Continuous)’, ‘Strained-Strangled
Voice’, ‘Hypernasality’, ‘Slow Rate’, ‘Intervals Prolonged’, ‘Inappropriate Silences’,
‘Excess and Equal Stress’ and ‘Phonemes Prolonged’. See Darley et al. (1969b) for
additional details.
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Dysarthria type Causes

Intelligibility

Symptoms .
et correlation

Deviating dimensions

CVA (or Stroke),

Spastic (or TBI, CP of
pseudobulbar infancy, extensive
palsy) brain tumors,

encephalitis, MS

TBI, viral

Flaccid (or bulbar X X
infections,

palsy;
subclassification by
affected cranial
nerves)

Myasthenia gravis,
extensive brain
tumors,
encephalitis, MS

Mixed
spastic-flaccid

ALS

Brain tumours,
TBI, MS, CVA,
progressive

Imprecise Consonants
Slow and limited range of lip P

ovement. rapid alternati Imprecise Consonants Monopitch
movement, rapi rnatin,
" P | d and € Reduced Stress Reduced Stress
movements slowed an -
Vowels Distorted Harsh Voice

effortful, difficulties swallowing,
short outburst of laughing and
crying without affect

Monopitch Monoloudness
Monoloudness
11. Vowels Distorted
Hypernasality
Imprecise Consonants
Breathy Voice
(Continuous)
Monopitch

Imprecise Consonants
Vowels Distorted
All subtypes: weakness of Hypernasality
muscles (flaccidity) Nasal Emission
Slow Rate

Phrases Short

Nasal Emission

9. Monoloudness
Imprecise Consonants
Vowels Distorted
Phrases Short
Monoloudness
Low Pitch

Imprecise Consonants
Hypernasality
Harsh Voice

Slow Rate
Monopitch

Similar symptoms of both
spastic and flaccid dysarthria

8. Monopitch

. Irregular Articulatory
Imprecise Consonants

Breakd
Excess and Equal Stress reakdown

Errors of varying degrees in Imprecise Consonants

Ataxia

Hypokinetic

Hyperkinetic in
chorea

Hyperkinetic in
dystonia

degeneration,
alcoholic excess,
congenital
conditions

PD

Huntington's
disease, Sydenham,
poststroke chorea

PD, Huntington's
disease, Wilson's
disease, stroke,
TBI, intoxication
of heavy metals or
carbon monoxide

L Irregular Articulatory
timing, force, range and

L Breakdown
direction of movement i )
Vowels Distorted
Harsh Voice’
Rigidity of muscles, tremor at
rest, movements are slow, .
Monopitch

limited i d f¢ f
imited in range and force o Reduced Stress,

contraction, movements may Monoloud
onoloudness

become arrested, reduced i
K ) Imprecise Consonants
range of rapid successive . )
i Inappropriate Silences
movements becoming

progressively smaller

Imprecise Consonants
Quick, overactive and irregular
movements being random,
unpatterned and
nonfunctional, uncontrollable

Intervals Prolonged
Variable Rate
Monopitch
Harsh Voice

muscle contractions
7. Vowels Distorted

Imprecise Consonants
Vowels Distorted

Muscle contractions slowly Harsh Voice
build up, hold there contracted Irregular Articulatory
posture for a while and then Breakdown
slowly relax Strained-Strangled
Voice
Monopitch

Vowels Distorted
Monopitch
Nasal Emission
Monoloudness

Imprecise Consonants

Short Rushes
Reduced Stress
Variable Rate
Monoloudness

Vowels Distorted

Imprecise Consonants
Strained-Strangled

Voice
Phrases short
Monopitch

10. Monoloudness

Imprecise Consonants

Vowels Distorted
Monoloudness

Table 1.1.: Summary of dysarthria types and their speech characteristics as described by Darley et al.
(1969b). The fore last column lists the top five deviating speech dimensions and the last
column the top 5 dimensions correlating with intelligibility.
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From the four deviant speech dimensions found in all dysarthrias, two or more also
significantly correlate with speech intelligibility in almost all dysarthrias (flaccid
dysarthria only correlates with one). Put differently, ‘Monopitch’, ‘Monoloudness’,
‘Harsh Voice” and ‘Imprecise Consonants’ affect the speech of the studied patients in
such a way that their speech becomes less intelligible for the listener. The dimensions
‘Phrases Short’, ‘Reduced Stress’ and ‘Vowels Distorted’” also have this effect, but
to a lesser extent.

1.3. Serious gaming and rehabilitation

Digital games started out as a form of leisure activity providing entertaining and
engaging activities. Research into digital games received increased attention in the
first half of the 2000s, primarily due to the increased availability of more violent
games and their negative effects on aggression and addiction (Connolly et al., 2012).
Later research also found that playing games was associated with increased visual
spatial abilities and eye-hand coordination (C. J. Ferguson, 2007). In combination
with the motivating characteristics of digital games, new studies were started in the
second half of the 2000s that researched the ability and usefulness of digital games to
provide a novel method of learning (Connolly et al., 2012). At first, research focused
on how commercial-off-the-shelf games could be used for learning. Later on, that
focus also started to include games-based learning, games especially designed for
learning. Due to this widening of focus, interest in serious games (Stanfield, 2008)
and persuasive games (Bogost, 2007) was renewed. A widely accepted definition
of serious games is: 'games that do not have entertainment, enjoyment, or fun as
their primary purpose’ (Laamarti et al., 2014). They have been used for learning
or changing behaviours in the areas of education, training and health. Persuasive
games have often been used to inform and change attitudes in the areas of politics,
public policy and advertising. At around the same time, the concept of gamification
was introduced by the digital media industry (Al-Rayes et al., 2022). There seems
to be no clear definition of gamification. However, it is widely accepted as "referring
to the process of using game design elements and experience to improve individu-
als’ engagement and motivation in non-game processes' (Al-Rayes et al., 2022, p.
2). This immediately provides a clear distinction with serious games, which are
considered to be full games that model an entire learning or behavioural change
process, whereas gamification only adds game design elements (e.g. earning points,
badges, or other reward system) to improve such a process. Interest in research for
using serious games and gamification in health increased at the beginning of the
2010s (Lister et al., 2014; Nghr & Aarts, 2010). For the latest developments in seri-
ous games for healthcare, Damasevi¢ius et al. (2023) and Pakarinen and Salanteri
(2020) provide comprehensive overviews. Al-Rayes et al. (2022) have done the same
for gamification and healthcare in general. Koivisto and Malik (2022), focus specif-
ically on gamification for elderly, which is relevant to the current thesis as patients

10
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affected by stroke, PD or TBI are predominant in this group (Feigin et al., 2020).

In the 2010s, researchers in the field of rehabilitation (e.g. physical, cognitive,
psychological, etc.) also started researching whether serious games and gamification
could be applied to increase patients’ engagement and motivation with the often
repetitive nature of therapy exercises (Burke et al., 2009, 2010; G. N. Lewis et al.,
2011; Lépez-Rodriguez & Garcia-Linares, 2013). Serious games and gamification are
both used to this end. However, given the available body of literature, the current
thesis observed that gamification is applied moreover to games for health and well-
being. They implement the idea of staying physically fit by engaging in exercise,
encouraging a healthy diet, and assist in medicine or chronic disease management
(Al-Rayes et al., 2022). These types of games also better suit the definition of
gamification, as they do not require to model an entire learning or behavioural
change process. However, that is the case in the context of rehabilitation. By
definition, serious games are better suited for modelling such a process, as they can
provide an immersive experience to engage and motivate the player for rehabilitation
over a longer period. A large body of literature on rehabilitation that includes
serious gaming focuses on training motor and cognitive functions (Ong et al., 2021).
Serious gaming for the rehabilitation of elderly patients with stroke, PD or TBI, is
a part of that (de Oliveira et al., 2021; Mubin et al., 2022). Specifically, for speech
rehabilitation in this group, research including serious gaming is limited (Baranyi
et al., 2024; Hajesmaeel-Gohari et al., 2023; Krause et al., 2013; Mihlhaus et al.,
2017, Weber, 2025). However, they do show that serious games’ immersive and
engaging nature can be beneficial to the motivation and enjoyment of intensive
speech training. As a result, these benefits can increase therapy adherence and
improve dysarthric speakers’ speech intelligibility.

1.4. Measurement of speech intelligibility in
dysarthric speech

As the current thesis focuses on speech rehabilitation, its aim is to improve dysarthric
speakers’ speech intelligibility using a novel method of speech therapy. Multiple
definitions of intelligibility in speech rehabilitation have been presented in the past
(Duffy, 2019; Hustad, 2008; Kent, 1992; Olmstead et al., 2020). Intelligibility of
speech has not only been studied in speech rehabilitation. Other fields like second
language (L2) pronunciation (Levis & Silpachai, 2022), speech perception (Smiljanic,
2021), telecommunication (Tomassi et al., 2023), and speech synthesis evaluation
(B. M. Halpern et al., 2021) have also studied this topic from different perspectives.
A widely adopted definition of intelligibility in the field of speech rehabilitation and
used in the current thesis is the one proposed by Hustad (2008): "Intelligibility refers
to how well a speaker’s acoustic signal can be accurately recovered by a listener".
Methods to measure speech intelligibility are necessary to determine whether and
how speech intelligibility improves during speech rehabilitation.
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1.4 Measurement of speech intelligibility in dysarthric speech

A common category of methods for the measurement of dysarthric speech intelligibil-
ity is that of subjective measurement methods. Publications in this category started
in the 1960s (Darley et al., 1969b; Speaks et al., 1972; Tikofsky, 1970; Yorkston &
Beukelman, 1978). Subjective measurement methods commonly rely on judgements
by human raters who listen to recorded speech samples. Traditional approaches
ask raters to indicate the degree of intelligibility on one or more scales. Common
scales that have been employed are equal-appearing interval scales like a Likert scale
(Haderlein et al., 2011; Moya-Galé et al., 2018; Yorkston & Beukelman, 1978) or
a Visual Analog Scale in which a point on a horizontal line indicates the degree of
intelligibility (Abur et al., 2019; Finizia et al., 1998; Rietveld, 2021; Van Nuffelen
et al., 2010). Measures based on orthographic transcriptions have also been studied
in the past (Beijer et al., 2012; Ishikawa et al., 2017; Yorkston & Beukelman, 1978).
For these measures listeners are asked to write down what they heard. Afterwards,
the percentage of correctly transcribed words is usually employed as a measure of
intelligibility. However, what the historic review by Kent et al. (1989) already de-
scribes, "...intelligibility is not an absolute quantity but rather is a function of such
parameters as test material, personnel, training, test procedures, and state of the
speaker." Following that, the outcome of measures of intelligibility can differ when
any of these parameters are altered. Thus, the context in which these measures are
determined plays a pivotal role and must be kept equal over measurement sessions
(e.g. when measuring the effects of speech rehabilitation). Later research has shown
that the degree of intelligibility measured varies between different types of speech
material (Beverly et al., 2010; Hustad, 2007; Kempler & Lancker, 2002). Severity of
dysarthria was also found to play a role (Hustad, 2007), as well as the type of listeners
being either expert or naive or older or younger adult listeners (Dagenais & Wilson,
2012; Pennington & Miller, 2007; Walshe et al., 2008). Testing procedures must
also take listeners’ familiarity with the rated speakers into account (D’Innocenzo
et al., 2006; Pennington & Miller, 2007; Tjaden & Liss, 1995). This prevents skewed
ratings as familiarity increases after having heard more of a particular speaker.

Criticism has been expressed towards scale-based measures as they lacked a ground
truth, meaning that listeners rated dysarthric speech samples with their own im-
pressions of speech with low and high intelligibility. This was addressed by the
introduction of different methods in which one or more reference samples were pre-
sented to the listeners at the start of the listening experiment (Kent et al., 1989;
Schiavetti, 1992; Weismer & Laures, 2002). Those reference samples showed what
was considered intelligible and unintelligible speech. Another point of criticism is
that with scale-based measures, it is not clear on what listeners base their percep-
tions and to what extent they include speech dimensions relevant to intelligibility.
Previous research has shown that the reliability of some of these measures is too
low to enable firm conclusions (Miller, 2013; Schiavetti, 1992). However, measures
based on VAS have shown to be reliable for research purposes (Kent & Kim, 2011;
Van Nuffelen et al., 2010). In chapter 2 of the current thesis, research has also been
reported on this topic.
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Different from scale-based measures, orthographic transcription-based measures rely
on the amount of information listeners accurately perceived. They are considered as
reliable (Bunton et al., 2001; Miller, 2013; Tjaden & Wilding, 2011). In chapter 2,
the current thesis provides its results on the reliability of transcription-based mea-
sures. In contrast to scale-based measures, transcription-based measures tend to be
more laborious and time-consuming. Listeners require more effort as they are asked
to key in the transcription, which is prone to spelling errors and typos. It may
also be more difficult to perform for less computer-literate listeners. Additionally,
researchers need to process the transcriptions before being able to calculate mean-
ingful measures. Scale-based measures do not have these disadvantages. Clicking
on a scale or slider tends to be easier and provides scores that require almost no
post-processing. The role of contextual information in the used speech materials
also needs to be taken into account when employing transcription-based measures.
This may unintentionally facilitate the listener in recognizing the words that were
uttered. Previous research introduced Semantically Unpredictable Sentences to cir-
cumvent this problem (Beijer, 2012; Benoit et al., 1996). The SUS are syntactically
correct, but semantically incoherent. In chapter 2 these sentences are also used in
the current thesis research on intelligibility measures.

Given the advantages and disadvantages of both types of measures, it makes sense
that both are used in the assessment of dysarthric speakers intelligibility. Arguably,
these measures can complement each other as orthographic transcription-based mea-
sures tend to be more suitable for brief utterances (i.e. isolated sentences, word lists,
and isolated words) and scale-based measures for longer utterances (i.e. passages of
read text, and brief conversations). How these measures actually relate to each other
is still a topic of research. Some studies found that transcription-based measures
showed higher intelligibility scores for the same speech samples than scale-based
ones (Hustad, 2006). Similar research was conducted and described in chapter 2 of
the current thesis. Other studies found that the transcription-based measures highly
correlated with VAS scores (Abur et al., 2019; Ishikawa et al., 2021; Schiavetti, 1992;
Stipancic et al., 2016) and were comparable to percentage estimates (Yorkston &
Beukelman, 1978).

As noted previously, the current thesis’ chapter 2, adapted from a previous pub-
lication, has also contributed to the research of transcription-based measures for
intelligibility by investigating them at different levels of granularity including how
they relate to scale-based measures. Since then, research into these different levels,
their interrater reliability, and validity has continued (Xue, Van Hout, Boogmans,
et al., 2021; Xue, Van Hout, Cucchiarini, & Strik, 2021). The contribution of sub-
word, phoneme-level transcription-based measures to the assessment of dysarthric
speech intelligibility has also been researched (Xue et al., 2023). In addition to
transcription-based measures, research has also focused on factors that influence
listeners perceptions of dysarthric speech (Lehner & Ziegler, 2021; McAuliffe et al.,
2017; Patel et al., 2014). A novel view on speech intelligibility that includes not
only speaker and listener, but also their joint contributions in communication is
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introduced by Olmstead et al. (Olmstead et al., 2020). They argue that for ad-
vancing clinical interventions, it is important to research how speech intelligibility
evolves during communicative interactions. In addition to speech intelligibility, re-
cent research has also found that perceived listening effort plays a distinct role in
the communication of dysarthric speakers (Van der Bruggen et al., 2023).

In reflection, research into subjective measures has already resulted in a large body
of literature and continues in multiple directions. However, subjective measures have
not only been the topic of research in measuring speech intelligibility. Publication of
studies into objective measures started around the same time (i.e. the 1960s, Hardy,
1967; Lehiste et al., 1961). Objective methods rely on measures that are calculated
directly from acoustic signals produced by the vocal tract. One of the reasons that
researchers started studying objective methods is that subjective methods rely on
scores provided by human judges. In a way, these judgements remain a subjective
interpretation of a score in which judges may have used slightly different mental
models for scoring. In other words, the process judges use for scoring remains a
black box. Objective methods do not have these disadvantages, as measurements
are made directly on the acoustics of the recorded speech signal or articulatory move-
ments. Studies showed that acoustic measures based on pitch (Feenaughty et al.,
2014; Tjaden & Wilding, 2010; Tjaden & Wilding, 2004), intensity (Bunton et al.,
2000; Cannito et al., 2012; Feenaughty et al., 2014; Holmes et al., 2000; Tjaden &
Wilding, 2004), and formant frequencies (Tjaden & Wilding, 2010; Tjaden & Wild-
ing, 2004; Weismer et al., 2000) are related to speech intelligibility and that they can
contribute to measuring changes therein as part of a speech rehabilitation program.
Studies into the acoustics of consonant articulation have also shown relation with
speech intelligibility (Ackermann & Ziegler, 1991; Johansson et al., 2023; H. Kim
& Gurevich, 2023). Many of the previous studies also show that the calculation of
objective measures can often be automated.

From the previous literature overview the current thesis considers that, for its pur-
poses, subjective and objective measurement methods can both be used for detecting
changes in speech intelligibility as a consequence of speech training. In particular,
objective measures appear to be suited for gaming contexts where immediate auto-
mated feedback is preferred.

1.5. Speech technology for speech rehabilitation

Multiple types of treatments for speech rehabilitation exists. In addition to treat-
ments involving intensive speech training, which is the topic of this thesis, other
invasive surgical treatments followed by therapy may also be resorted to in speech
rehabilitation (Swinnen et al., 2023). Other non-invasive cortical and peripheral
stimulation treatments are also being researched (Balzan et al., 2022). However,
recently published research shows that speech-language therapists around the world
still primarily rely on the assessment of an individual’s speech followed by a speech
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therapy program based on the result of the assessment (Balzan et al., 2023). In
speech therapy, speech exercises are selected depending on the characteristics of the
dysarthria to optimally target the impaired speech subsystems. Previous research
has shown that intensive speech therapy can be effective in increasing voice inten-
sity (i.e. loudness) for adequate communication (De Swart et al., 2003; Ramig et
al., 2001). However, the intensiveness of the therapy and the growing number of
patients make it difficult for therapists to provide sufficient treatment to everyone.
Recent initiatives to address this problem by further intensifying speech therapy in
the patient’s home environment have proven beneficial (Beijer et al., 2014; Mendoza
Ramos et al., 2021; Orozco-Arroyave et al., 2020). These initiatives have come from
the field of telerehabilitation, referring to the delivery of medical rehabilitation in
the home (Rosen, 1999). Telerehabilitation allows patients to train their speech at
home, potentially reducing the number of visits to rehabilitation centres, which may
be difficult due to possible physical disability.

Speech analysis and speech technology, i.e. Automatic Speech Recognition (ASR),
can be applied to provide speech telerehabilitation. The advantage of using ASR and
related algorithms in addition to speech analysis is that the content of the utterances
produced by the patients can be controlled for to make sure that analyses are carried
out on the relevant aspects of the patient’s speech and that feedback is provided on
the features that need to be improved.

In speech rehabilitation, ASR technology can be applied for assessing the patient’s
speech and for detecting deviations on individual utterances, words and speech
sounds with a view to providing feedback and therapy. In principle, both tasks
can be carried out offline by first analysing samples of the patient’s speech and
then providing delayed feedback either in the form of a score in the case of assess-
ment or as information about the utterances, words and speech sounds that need
to be improved in the case of therapy. In the latter case, however, it is prefer-
able to provide instantaneous, online feedback on individual utterances, words or
problematic realisations of a speech sound when these are still available in working
memory and the patient can more easily try to improve them. As will become clear
in subsection 1.5.1, this poses considerable challenges to ASR technology.

In the following subsection (subsection 1.5.1), the first paragraphs review research
on the different types of ASR systems that have been developed in recent history.
Subsequent paragraphs and subsubsections describe how these types of ASR sys-
tems have been adapted and optimized to maximally cope with the deviations in
dysarthric speech identified in section 1.2. Finally, subsection 1.5.2 will introduce
research on ASR-based evaluation of dysarthric speech.

1.5.1. ASR for dysarthric speech

Research into the first major approach to ASR systems started in the 1970s (Baker,
1975; Reddy et al., 1973) and remained state-of-the-art until the end of the 2000s.



1.5 Speech technology for speech rehabilitation

These, now classical ASR systems, are generally composed of three ‘knowledge
sources’: a language model, lexicon and acoustic models. The language model con-
tains probabilities of words and strings of words from which the prior probability
is calculated on large text corpora. Acoustic models contain probabilities on the
way sounds (phones) are pronounced. Many classical ASR systems use Gaussian
Mixture Model-based Hidden Markov Models (GMM-HMMSs) as acoustic models.
The lexicon contains a list of words that maps the way they are written (strings
of graphemes), and the way they are pronounced (strings of phones). Variation in
pronunciation due to speaker characteristics (Strik & Cucchiarini, 1999), but also
due to neurological disorders (Mengistu & Rudzicz, 2011) makes the ASR process
additionally challenging. As classical ASR systems cannot perform speech recogni-
tion on the raw audio signal well, the extraction of features that represent the speech
in the audio signal is required in an audio preprocessing stage. For more details on
the basics of classical ASR, see Rabiner (1989) and Jurafsky and Martin (2024).

The focus gradually moved to deep learning technology in the early 2010s (Dahl
et al., 2012; Hinton et al., 2012; Mohamed et al., 2009; Sainath et al., 2013; Seide
et al., 2011). In non-dysarthric ASR research, deep learning networks were intro-
duced in a so-called hybrid ASR approach (Dahl et al., 2011, 2012; Seide et al.,
2011; Zavaliagkos et al., 1993). In this approach, Deep learning Neural Networks
(DNNs) are interfaced with traditional HMMs (i.e. DNN-HMMSs), replacing the clas-
sic Gaussian mixture distributions. The hybrid approach became widely adopted as
a consequence of that the discriminative power of densely connected networks with
many hidden layers was now available due to advances in efficiently training those
networks (Dahl et al., 2011; Hinton et al., 2006). Similar to the classical approach,
the hybrid approach still required the three knowledge sources. For an extensive
overview of research into DNN-HMMs and its variants, see O’Shaughnessy (2024)
and Jurafsky and Martin (2024).

After having recognized deep learning’s potential, research into the end-to-end (E2E)
ASR approach was introduced to simplify hybrid non-dysarthric ASR systems and
reduce the often laborious work of obtaining the three knowledge sources they re-
quire. This approach follows the idea of sequence-to-sequence processing using a
single, integrated ASR model, in which an input sequence (e.g. acoustic speech
signal) is directly mapped into an output sequence (e.g. string of words, Perero-
Codosero et al., 2022). The integrated model removes the requirement for the three
separate knowledge sources from the hybrid approach. It also supports generali-
sation of the entire training process (Prabhavalkar et al., 2023), making it more
efficient. However, at present, E2E systems tend to need larger amounts of training
data than Hybrid DNN-HMM systems before reaching acceptable levels of perfor-
mance Prabhavalkar et al. (2023). For more on the details of E2E technology and
its advantages/disadvantages, see J. Li (2022) and Prabhavalkar et al. (2023).

Trends in dysarthric ASR research often follow those in non-dysarthric ASR, as the
remainder of this section will show. However, some previous studies have deviated
from these trends. For example, Raghavendra et al. (2001) studied the performance
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of dysarthric speakers using two commercial ASR systems. They found that sys-
tems could not perform well for severely dysarthric speakers and recognition scores
of dysarthric speech were generally lower than those of non-dysarthric speech. A
similar, more recent evaluation incorporating ASR based on deep learning technol-
ogy claimed that recognition improvement was only limited in the best-case scenario
(Jaddoh et al., 2023).

Mustafa et al. (2015) pointed out, that the trends in dysarthric ASR research show
strong resemblances with the research for ASR in general. Similar to non-dysarthric
ASR, research focused on more general factors like speech mode (e.g. isolated words,
continuous speech), speaker mode (e.g. dependent, independent, adaptive), and vo-
cabulary size. The next two paragraphs continue by describing research on these
factors. Afterwards, this subsection continues by describing research on topics sup-
porting the recognition improvement.

Acoustic modelling technology

Following the field of non-dysarthric ASR, research into acoustic modelling of dysarthric
speech started in the 1990s with discrete Hidden Markov Models ({HMMs, Deller
Jr. et al.,, 1991) and Artificial Neural Networks (ANNs F. Chen and Kostov, 1997;
Jayaram and Abdelhamied, 1995). Later research studied the application of contin-
uous (density) Hidden Markov Models using a mixture of Gaussian distributions (i.e.
GMM-HMM Green et al., 2003; Hawley, Enderby, Green, Cunningham, Brownsell,
et al., 2006; Hawley, Enderby, Green, Cunningham, and Palmer, 2006; Hawley et
al., 2005; Sharma et al., 2009). Dysarthric ASR researchers recognized the poten-
tial of this, now classical, GMM-HMM approach which became the state-of-the-art
in the field. All the previous cited research primarily describes speaker-dependent,
isolated-word recognition with whole-word models. Arguments for using word-level
acoustic models in dysarthric speech are that reliable phone-level units cannot be de-
fined due to the high abnormality of speech at the phonetic level, which is influenced
by the type of dysarthria and its severity. An additional argument is the application
of the dysarthric ASR system. For example, Hawley, Enderby, Green, Cunningham,
Brownsell, et al. (2006) and Mulfari et al. (2022) researched a dysarthric ASR sys-
tem for assistive purposes, enabling control of devices in the home environment via
speech. Such an application only requires the recognition of a single word or com-
mand string. A disadvantage of word-level acoustic models is that they result in
less flexible ASR systems, because an acoustic model needs to be trained for every
word before it can be recognized. Systems with phone-level acoustic models can
generally recognize any word provided that the word and its phone transcription
are added to the lexicon. Multiple studies researching phone-level acoustic models
using the classical GMM-HMMs have been conducted in the past (Rudzicz, 2011;
E. Sanders et al., 2002; Sharma et al., 2009, ch. 5.3.2). In addition, some other
acoustic modelling technologies for recognizing dysarthric speech have been studied
(Rudzicz, 2011; Shahamiri & Salim, 2014; Wan & Carmichael, 2005).

Following the introduction of deep learning technologies, one of the first studies
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that researched their effects on dysarthric ASR recognition accuracy was Chris-
tensen et al. (2013). Later research included multiple variants of hybrid DNN-
HMM approaches (Espana-Bonet & Fonollosa, 2016; Hahm et al., 2015; Hermann &
Magimai-Doss, 2020; Hu et al., 2022; Joy & Umesh, 2018; Joy et al., 2017; Nakashika
et al., 2014; Sidi Yakoub et al., 2020; J. Yu et al., 2018; Zaidi et al., 2021). All these
studies included comparisons to classical GMM-HMM approaches and showed that
hybrid deep learning acoustic models provided significant improvements in recogni-
tion performance. Research on this topic has also been conducted for the current
thesis in chapter 3 and chapter 4. For more details on the advancements in deep
learning technologies for dysarthric ASR, see Qian et al. (2023) and Pophale and
Chavan (2023).

Recently, researchers started to investigate end-to-end (E2E) ASR systems for the
recognition of dysarthric speech (Takashima, Takiguchi, & Ariki, 2019). As de-
scribed in the introductory section, the main challenge is to obtain a large amount
of training data to reach acceptable performance levels. Collecting large amounts
of dysarthric speech data is complex due to the highly variable nature of dysarthric
speech and its heterogeneous group of speakers. For that reason, research has
been conducted mostly on methods that reach acceptable levels with only a lim-
ited amount of data. For example, restructuring the layers of the trained acoustic
DNN (Lin, Wang, Dang, et al., 2020), making more efficient use of the available data
(Lin, Wang, Li, et al., 2020), or combining multiple methods using novel E2E mod-
elling, data augmentation, and transfer learning (Almadhor et al., 2023; Shahamiri
et al., 2023).

Training data

Most of the previous technologies require segmented speech recordings to train the
acoustic models. The amount of data (i.e. speech recordings) required depends
mainly on: the type of speech to be recognized (e.g. isolated words or continuous
speech), the type of acoustic unit used (e.g. words, phones, or subphones), the size of
the vocabulary (e.g. 50, 5000, or 25000 words), and the speaker mode (e.g. speaker-
dependent, independent or adaptive). For example, the context that requires the
most data is speaker-independent recognition of large-vocabulary continuous speech
by using subphones. This is because many subphones need to be trained that must
generalize over the variation in speech of many speakers. Research into dysarthric
ASR is commonly conducted on dysarthric speech databases. These databases are
not abundantly available, as it is complex to record dysarthric speakers due to their
physical and cognitive impairments. For the same reason, it is often not possible
to record large amounts of speech from a single dysarthric speaker. Consequently,
the dysarthric speech databases that have become available remain small in com-
parison to those of non-dysarthric speech. For example, commonly used databases
for English dysarthric speech are Nemours (approx. 3 hours, Menéndez-Pidal et
al., 1996), UASpeech (47.8 hours, H. Kim et al., 2008), and TORGO (approx. 15
hours, Rudzicz et al., 2012). The COPAS database (3 hours, Middag, 2012) has
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been made available containing dysarthric speech for the Flemish variety of Dutch
(in Belgium). For the northern variety of Dutch (in The Netherlands), The Nether-
landic Dutch dysarthric speech database (6 hours, Yilmaz et al., 2016) has been
recorded as part of the current thesis’ project. This is a large difference when com-
paring to the hundreds or even thousands of hours in the English (Cieri et al., 2004)
and Dutch speech databases (Oostdijk et al., 2002) for non-dysarthric speech. Con-
sequently, other methods to improve recognition accuracy and compensate for the
lack of training data had to be found.

Data augmentation

One of the methods that can compensate for the lack of training data, is data
augmentation in which variations of the original dysarthric speech are created using
signal processing techniques. Speed, tempo, and vocal tract length perturbation are
common manipulations and have been found to be effective in increasing recognition
accuracy (Vachhani et al., 2018; Xiong et al., 2019; Geng et al., 2020). Soleymanpour
et al. (2021) have found a data augmentation technique tailored to dysarthric speech
using prosodic transformation and masking. Other data augmentation techniques
that have been found effective are based on deep learning technology to modify non-
dysarthric speech spectra into those closer to dysarthric speech (Jin et al., 2021;
Bhat et al., 2022; Zheng et al., 2023; C.-J. Li et al., 2025) or text-to-speech (TTS)
synthesis (Soleymanpour et al., 2022, 2024; Wagner et al., 2025) in which a TTS
system is trained to synthesize dysarthric speech for acoustic model training.

Acoustic feature representation

Another method for improving dysarthric speech recognition accuracy is found in re-
searching the representation of acoustic features. Before the advent of deep learning
technologies, this was often part of the signal preprocessing and feature extrac-
tion stage of an ASR system. Different acoustic features may represent dysarthric
speech more effectively. In the past, studies included the analysis of deviant di-
mensions like speaking rate, frequencies of pauses, and articulation Magnuson and
Blomberg (2000). They also investigated correlations between the parameters and
measured fluency, intelligibility and articulation. Blaney and Wilson (2000) stud-
ied the acoustic differences between non-dysarthric, mild and moderate degrees of
ataxic dysarthria, and attempted to analyse what the impact is on acoustic features
and their variability on ASR. More successful feature sets have been proposed in lit-
erature of which Mel Frequency Cepstral Coefficients (MFCCs), Perceptual Linear
Prediction (PLP) Coefficients, and mel-scale filterbank features are commonly used
(M. Kim et al., 2016; Mathew et al., 2018). Recent efforts that included raw source
and filter components for acoustic modelling have also shown notable recognition
improvements (Yue, Loweimi, Christensen, et al., 2022). Including features from
speech modalities other than acoustics like articulatory features from Electromag-
netic Articulography (EMA) measurements (Rudzicz, 2011; Yilmaz et al., 2018; Yue,
Loweimi, Cvetkovic, et al., 2022) or video recordings (Liu et al., 2019; Miyamoto
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et al., 2010) have also been found to improve recognition accuracy. The introduction
of deep learning technologies saw the advent of representation learning. In this field
deep learning technologies are used to automatically learn and extract useful speech
features (Qian et al., 2023; Takashima et al., 2015, subsection 3.2.7).

Transfer learning

In chapter 3 of the current thesis, the effects of increasing RBM pre-trained DNN-
HMDMs training data by combining non-pathological data of different language vari-
eties are studied. This research is continued in chapter 4 by adding retraining of the
DNN-HMM model to the training process, which includes retraining on dysarthric
data only and in combination with elderly speech. These chapters are considered
early examples of transfer learning research applied to dysarthric ASR. Generally, in
this type of research, the knowledge acquired from a source task or dataset is utilized
to benefit a related target task or dataset. For dysarthric ASR this typically involves
transferring knowledge from the acoustic space of neurologically healthy speech to
the acoustic space of dysarthric speech. The following three very different examples
of transfer learning research show its diverse application in dysarthric speech fea-
ture enhancement (Vachhani et al., 2017), the inclusion of dysarthric speech from
a non-target language into pre-training on healthy speech from the target language
(Takashima, Takashima, et al., 2019), and an utterance-based data selection strat-
egy to more accurately select potentially beneficial out-of-domain data for retraining
(Xiong et al., 2020).

Finally, a more traditional method for improving the accuracy of dysarthric speech
recognition that the current thesis would like to note is: lexicon adaptation (Caballero-
Morales & Trujillo-Romero, 2014; Mengistu & Rudzicz, 2011; Sriranjani et al., 2015).

1.5.2. ASR-based evaluation of dysarthric speech

In the previous subsection, research was reviewed on how to optimize the various
ASR components to improve recognition of dysarthric speech. In order to use it for
speech rehabilitation purposes, however, in many cases the target of ASR technology
should not only be speech recognition, but should also be able to evaluate the qual-
ity of dysarthric speech and identify problematic areas. Research so far has mainly
addressed the evaluation aspect providing assessment instruments that appear to
correlate strongly with human ratings of dysarthric speech (Janbakhshi et al., 2019;
Joshy & Rajan, 2022; Middag et al., 2009, 2011, 2014). Although such instruments
are very valuable for speech therapy, more advanced technology that provides more
detailed information about the problematic aspects of dysarthric speech is needed.
This can then be used as a basis for providing immediate, automatic feedback on
the speech of individuals with dysarthria. Application of such technology in speech
training in a dysarthric individual’s home environment is also among the possibili-
ties. However, such technology has, to our knowledge, not yet been developed. In
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the past, studies were conducted on mispronunciation detection in children (Bunnell
et al., 2000; Yin et al., 2009), but these were limited to isolated words spoken by
children with developmental disabilities. Pronunciation error detection metrics have
received more attention in language learning research (Van Doremalen et al., 2013;
Laborde et al., 2016; Cucchiarini & Strik, 2017; Garcia et al., 2020; Bharati et al.,
2023; Thi-Nhu Ngo et al., 2024; Muzakki Bashori & Cucchiarini, 2024; Lounis et al.,
2024). Attempts have been made at investigating the application of one of these
metrics, Goodness of Pronunciation (GoP) (Witt, 1999), to mispronunciation detec-
tion in dysarthric speech (Laborde et al., 2016; Pellegrini et al., 2014, 2015). The
results were promising, but only recently a new study was published that researched
GoP using deep learning neural networks (Yeo et al., 2023). Other recent publi-
cations included the detection of mispronunciations at an articulatory level (Lin,
Wang, Dang, et al., 2020) and used utterance verification (Fritsch & Magimai-Doss,
2021). More research is still needed before these metrics can be used in a speech
therapy application.

1.6. CHASING: CHAIllenging Speech training In
Neurological patients by interactive Gaming

1.6.1. CHASING rationale

In the previous sections of this chapter, several research areas were described. The
introduction and first section described how dysarthria due to Parkinson’s disease,
stroke, and traumatic brain injury affects patients’ speech and, consequently, their
lives. It also addressed the growing incidence of these neurological disorders, which
places a high burden on healthcare. Existing healthcare resources may become
overstretched as there may not be enough speech therapists to match the increasing
demand.

Additionally, continuation of intensive speech training after initial rehabilitation
has shown to have positive effects on speech intelligibility (Beijer et al., 2014). For
progressive neurological disorders, like Parkinson’s disease it may prevent or at least
delay the decline in speech intelligibility. From this, it could be argued that patients
may need intensive speech training throughout their lives and that training programs
should perhaps be designed for lifelong provision. Consequently, this will place an
even higher burden on healthcare.

The CHASING project tried to determine whether there is a method which could
reduce that burden by providing intensive speech training in dysarthric speakers’
home environment. This way, such therapy is easy accessible as it does not require
travelling to a rehabilitation centre. It is provided in a, for the dysarthric speaker,
comfortable environment, but still under remote supervision of the speech therapist.
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The remote nature of such an application requires some form of feedback on dysarthric
speakers’ speech other than that a speech therapist provides in face-to-face sessions.

Dysarthric speakers’ partners or family members can provide feedback, but a more

objective method is preferred. Automatic feedback provided by speech analysis and

recognition algorithms as described in section 1.4 and section 1.5 respectively, are

suitable to perform this task.

Rehabilitation exercises often have a repetitive, 'drill-and-practice’ nature, which
does not contribute to a joyful experience when doing them. Results from the
E-learning based speech therapy (EST) project (Beijer, 2012; Beijer et al., 2014)
that included research into dysarthric speakers’ appreciation for web-based speech
training, indicated that the training program should be made more attractive and
motivating. They also indicated that it was difficult to transfer the skills learned
in the exercises to speech in daily situations. As described in section 1.3, making
use of interactive (or serious) gaming can improve patients’ motivation for training.
Also, games have a greater potential for simulating speech in daily situations due
to their design flexibility.

For the previous reasons, the current thesis goal is to combine intensive training
with automatic feedback and serious gaming in one device, enabling its potential to
improve dysarthric speakers’ speech intelligibility in their home environment in a
challenging and motivating way.

1.6.2. Research in CHASING

Multiple research disciplines should be involved in developing device applications
that provide intensive speech training from a home environment by integrating se-
rious gaming and automatic feedback on speech. For that reason, the CHASING
program should include research into unanswered questions in many of those re-
search disciplines.

One of these questions should address research into the characteristics of the target
group, as obviously, they are the ones who will be the end users. This includes
general characteristics like age, personal skills, and hobbies, but also physical as
well as cognitive capabilities and especially, game preferences.

Important in this research is also the remote nature of the training device. Dysarthric
speakers must be able to play the serious game independently to a large extent. Con-
sidering that many dysarthric speakers tend to experience motor, communicative
and cognitive disabilities, research into the prerequisites that dysarthric speakers
should meet in order to adequately play the game is warranted.

Another question addresses research into the properties of speech exercises. It in-
volves the identification of properties that contribute to increasing speech intelligi-
bility in patients’ with dysarthria due to Parkinson’s disease, stroke, and traumatic
brain injury. These properties should then be used to design speech exercises that
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integrate properly with game concepts and stories. Together, the exercises should
form a training program. To measure the efficacy of such a program, research into
suitable outcome measures is required. Given their expertise on these topics, the
St. Maartenskliniek rehabilitation centre! joined as a partner in the CHASING
program.

In addition to the properties of speech exercises, research into how automatic feed-
back can be included in these exercises should also be part of the program. It should
focus on identifying speech dimensions suitable for automatic feedback to improve
speech intelligibility. This research should also include how such feedback can tech-
nically be provided and visualized such that dysarthric speakers are able to process
it.

The research described in the previous paragraphs will result in criteria and con-
straints for the design of a serious game. Given those, how can a motivating seri-
ous game be designed and developed? To address this question, the potentials of
applying a user-centered design methodology combined with game concept design
research should be investigated. Waag Society’s Creative Care Lab 2 partnered in
the program to provide their expertise and cooperation on these topics.

As the previous paragraphs already imply, research in the CHASING program must
be interdisciplinary. Figure 1.1 provides a visual overview of the multiple disciplines
combined in the current thesis.

1The Sint Maartenskliniek rehabilitation centre, Ubbergen, The Netherlands, http://www.
maartenskliniek.nl, last accessed on October 28, 2024.

2Waag Society’s Creative Care Lab, Amsterdam, The Netherlands, https://www.waag.org/nl/
project/chasing, last accessed on October 28, 2024.
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1.7 Thesis outline
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Figure 1.1.: Overview of the disciplines involved in the CHASING research program (uninterrupted
boxes). The dotted boxes represent the research issues addressed in the current thesis.

1.7. Thesis outline

The current thesis addresses the use of serious gaming for speech training in pa-
tients with dysarthria due to Parkinson’s disease, stroke or traumatic brain injury.
Investigating its potentials for providing automatic feedback on speech is included.
Previous research on serious gaming for rehabilitation showed that serious gaming
could contribute to a more engaging and motivating physical therapy. In a similar
way, serious games could do the same for speech therapy and provide an intensive
speech training that also positively affects speech intelligibility. In this perspective,
the following research questions are addressed in the current thesis:

1. Can speech intelligibility measures be obtained that provide evaluations at
multiple levels of detail for the outcomes of different types of therapy?

2. What are ways to effectively improve the automatic recognition of dysarthric
speech due to Parkinson’s disease, stroke, and traumatic brain injury?

3. How can a serious game that provides automatic feedback on speech be de-
signed for a speech intervention at dysarthric speakers’ home environment?

4. How does game-based speech training compare to non-game computer-based
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speech training with respect to speech intelligibility outcomes and patient
satisfaction?

5. Can a game-based speech training positively affect speech intelligibility in
patients with dysarthria?

6. Do patients with dysarthria prefer game-based speech training to traditional
face-to-face training?

The current thesis consists of four main parts. The first part contains the cur-
rent chapter, as a general introduction to the current thesis. Part two (chapters
2 to 4), includes the studies that address research and development of technology
required for realizing a serious game that can provide and monitor a speech inter-
vention remotely. In chapter 2, addressing research question 1, research is reported
on objective measurements for the intelligibility of dysarthric speech. This chapter
discusses the need for more detailed measures in addition to the existing ones at
speaker and utterance level. Measures that include intelligibility ratings at three
levels of granularity are investigated. In chapter 3, addressing research question 2,
results are reported on a method to improve automatic recognition of dysarthric
speech in low-resourced languages by including non-disordered speech data of a dif-
ferent language variety. It is hypothesized that the acoustic models trained on the
increased variety of the target language will be beneficial to recognizing dysarthric
speech which also has a large variability due to the nature and severity of the dis-
orders. In chapter 4, also addressing research question 2, this research is continued
by reporting on an investigation into a multi-stage scheme for training the acoustic
models. First, a background model is trained on non-disordered speech with or with-
out data from language varieties and secondly, it is retrained with target dysarthric
speech data and data that potentially resembles it. The research into improving
dysarthric speech recognition is important to validly provide automatic feedback.

In the third part of the current thesis (chapters 5 to 7), research on the design
and development of serious game concepts for speech training is addressed. Also,
the efficacy of game-based speech training is explored. In chapter 5, that addresses
research question 3, the design of the game is described, the process that was fol-
lowed, and the lessons that were learned about designing games for speech training
including the target group. Subsequently, in chapter 6, the first version of the seri-
ous game "Treasure Hunters’ is part of a within-subjects experiment to compare the
serious game to a non-game computer-based speech training system on speech intel-
ligibility, user satisfaction, and user preference. The therapeutic efficacy and patient
satisfaction of a second, improved version of the serious game "Treasure Hunters’ are
explored in chapter 7. Both chapters 6 and 7 address research questions 4 to 6.

The fourth and last part of the current thesis, consisting of chapter 8, discusses the
results of the studies in the previous chapters with respect to the above-mentioned
research questions. In addition, the limitations of the current thesis’ research are
discussed and suggestions are given to resolve them. To conclude, directions for
future research are described.
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Chapter 2 Intelligibility of Disordered Speech: Global and Detailed Scores

2.1. Introduction

In the clinical practice of speech therapy it is often necessary to establish to what
degree a patient’s speech is intelligible. According to Hustad (2008) "Intelligibil-
ity refers to how well a speaker’s acoustic signal can be accurately recovered by
a listener'. Assessments of intelligibility can be used for diagnostic purposes, but
also to determine the degree of progress a patient has made. Similarly, in many
lines of research on pathological speech it is necessary to assess patients’ speech
intelligibility, for instance to gauge the effectiveness of a specific treatment. Speech
intelligibility has been studied not only in speech pathology research, but also in
many other fields, such as second language (L2) pronunciation (Munro & Derwing,
1995), speech synthesis evaluation (Benoit et al., 1996; Gibbon et al., 1998) and
speech perception in adverse conditions (Cooke et al., 2013; Cutler et al., 2008). In
spite of the considerable attention intelligibility scoring has received, many aspects
are still unclear. In this paper we try to gain more insight into speech intelligibility
scoring by investigating measures with different degrees of granularity.

Speech intelligibility is usually measured by collecting subjective judgements by
human raters. Because these are by definition subjective, they should preferably be
collected from multiple raters, after which average ratings and reliability measures
are calculated. Subjective ratings of intelligibility can take many different forms
(Barreto & Ortiz, 2008; Miller, 2013; Yorkston & Beukelman, 1978). A common
practice is to ask raters to indicate the degree of intelligibility on a scale, such
as an equal-appearing interval scale (or Likert scale; for example in Yorkston and
Beukelman (1978)), or a visual analogue scale (VAS), (placing a point on a horizontal
line to indicate the degree of intelligibility; for example in Finizia et al. (1998)).
Although this procedure may provide reliable ratings, it is not clear to what extent
these ratings are valid representations of intelligibility, because there is no ground
truth. Second, scale ratings are generally collected at the speaker or utterance level,
and thus provide relatively broad measures of intelligibility.

An alternative, and in a sense more valid procedure to measure intelligibility, con-
sists in asking subjects to make orthographic transcriptions, i.e. to listen to speech
fragments and write down what they hear (Hustad, 2006; Laures & Weismer, 1999;
Munro & Derwing, 1995). For this form of intelligibility measurement, different
types of speech material can be used, including isolated words or pseudowords, whole
sentences, and Semantically Unpredictable Sentences (SUS) Benoit et al. (1996).
All these types of materials have their own pros and cons. The advantage of using
isolated words and pseudowords is that in this case the effect of context can be mini-
mized. Isolated words and pseudowords have also been used to obtain more detailed
scores at the word and even the phoneme level, e.g. by having experts write down or
select the phoneme that was heard in a specific position in a certain (pseudo)word
(Kent et al., 1989; Van Nuffelen et al., 2009; Ziegler & Zierdt, 2008). However,
isolated words and pseudowords constitute a rather unnatural context, and it is un-
clear how the identification of specific phonemes in isolated (pseudo)words relates
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to speech intelligibility in a more natural context. In a sense, ratings of phonemes
in isolated (pseudo)words are comparable to phonemic or phonetic transcriptions,
where expert transcribers are supposed to indicate, as much as possible, how speech
sounds have been realized, thus approximating an articulatory description of the
sounds. However, it is questionable whether discrepancies observed between such
phonetic transcriptions of the realized utterances and the corresponding canonical
or reference transcriptions can be taken as measures of speech intelligibility, which
is supposed to indicate to what extent a given utterance has been understood by
a listener (Hustad, 2008). A similar discussion has been going on in the field of
L2 pronunciation instruction, where a distinction has been made between measures
of accentedness (as opposed to nativeness) and measures of intelligibility (Levis,
2005; Munro & Derwing, 1995). Although accentedness and intelligibility appear to
be related, they are distinct, partly independent dimensions. A relevant finding in
this respect is that speech that is rated as heavily accented can still be intelligible
(Munro & Derwing, 1995).

Having listeners orthographically transcribe whole sentences instead of isolated words,
seems preferable, because sentences constitute more natural speech material. Yet,

sentences have the disadvantage that the contextual information they contain may

facilitate comprehension. According to Yorkston and Beukelman (1978), in this

case we would be measuring comprehensibility instead of intelligibility. To circum-

vent this problem, Semantically Unpredictable Sentences (SUS) have been proposed,

which are syntactically correct, but semantically incoherent sentences (Beijer, 2012;

Benoit et al., 1996).

In general, orthographic transcriptions of regular or SUS sentences are scored at the
word level: each word is scored as either correct or incorrect (Hustad, 2006; Beijer,
2012). Yet, both Hustad et al. (Hustad, 2008) and Beijer et al. (Beijer et al., 2014)
argue that such word level scoring may still be quite broad, suggesting that it may
be necessary to also collect judgements at even finer levels of granularity, i.e. the
subword level. Intelligibility judgements on the subword level might indeed provide
more detailed information about specific speech errors and may be more sensitive
to changes within patients, enabling easier detection of treatment effects.

Next to human ratings of intelligibility, attempts have been made at developing
objective measures of intelligibility that do not rely on human judgements. Many
have employed ASR algorithms to obtain automatic measures of pathological speech
quality (Berisha et al., 2013; M. J. Kim et al., 2015; Middag et al., 2009; Pellegrini
et al., 2015; Schuster et al., 2006). It is, however, unclear to what extent such
ASR-based metrics are valid representations of intelligibility. Firstly, they are often
evaluated through comparison with benchmarks formed by human scale ratings or
phonemic annotations. As explained above, it is not clear whether these benchmarks
are themselves valid indicators of intelligibility. Secondly, while the automatic scor-
ing methods that have been proposed so far are very interesting from a research
point of view, they do not yet provide easy to use tools for clinical practice.
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To summarize, in spite of the large body of research that has addressed intelligibility
scoring of pathological speech, various issues still need clarification. The research
reported in this paper aimed to contribute to this debate by investigating intelli-
gibility measures with different degrees of granularity. We propose a procedure to
automatically derive subword level intelligibility scores, i.e. scores at the phoneme
and grapheme level, from orthographic transcriptions. The question we address is
to what extent these subword intelligibility scores are reliable and how they relate
to word level measures and utterance level ratings of intelligibility. In the following,
we describe the procedures we used in collecting intelligibility evaluations of patho-
logical speech on different levels of granularity (section 2.2), we present the results
(section 2.3) and we discuss our findings (section 2.4).

2.2. Method

An online listening experiment was set up to compare evaluations of speech intelli-
gibility of dysarthric speech on three different levels of granularity: utterance level,
word level, and subword level. Utterance level evaluations were obtained using sub-
jective rating scales (VAS and Likert scale); word and subword level evaluations
were obtained using orthographic transcriptions, which were scored on both word
and subword level.

2.2.1. Speakers and speech material

The speech material used in the study was selected from the recordings collected by
Beijer (2012), from dysarthric speakers prior to speech therapy. To avoid speaker fa-
miliarity influencing the evaluation procedure, materials from seven different speak-
ers were used. These were all male and suffered from hypokinetic dysarthria caused
by Parkinson’s disease. To investigate the different levels of granularity in intel-
ligibility evaluation for a broad range of speech material, four different types of
recordings were used: lists of single words, declarative SUS sentences, interrogative
SUS sentences, and regular sentences. All samples consisted of existing Dutch words.
The word lists contained three or five words, the SUS sentences all contained six
words, and the length of the regular sentences varied between five and eight words.
Table 2.1 provides an overview of types of speech material available per speaker.
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Type of speech material Speaker Speech fragments
S1 5 word lists (5 words each)
Word lists

S2 5 word lists (3 words each)

S3 6 sentences
Declarative SUS sentences

S4 6 sentences

S5 6 sentences
Interrogative SUS sentences

S6 6 sentences

S7 8 sentences

Regular sentences
S1 8 sentences

Table 2.1.: Overview of speech material used.

Speech fragments with different levels of intelligibility, from low to high, were se-
lected based on annotations by two listeners who did not participate in the current
experiment.

2.2.2. Raters

Participants were invited by email or via Facebook. They filled in a questionnaire
asking about mother tongue, gender, age, and familiarity with dysarthric speech. In
total 36 listeners participated, 8 male and 28 female (age range 19-73). All listeners
were native speakers of Dutch. Of the listeners, 31 had no experience with dysarthric
speech and 5 had had the opportunity of listening to dysarthric speech before.

2.2.3. Procedure

The listening experiment was set up as an online experiment using the LimeSurvey
application (LimeSurvey Project Team and C. Schmitz, 2015). Listeners could
participate by accessing the experiment through a link. At the beginning of the
experiment the listeners filled in a questionnaire (see subsection 2.2.2), and were
informed about the task and the types of speech material to be rated. In addition,
they were told that they would hear only real Dutch words. Then they had to rate
three example speech fragments, aimed to familiarize them with dysarthric speech
and the rating procedures. These examples were specially selected to contain low
and high intelligible speech, in order to give raters an idea of the intelligibility range
they could expect and to stimulate them to use the whole range of the rating scales.

The raters had to evaluate each of the 50 speech fragments in three different ways:
two subjective sentence level ratings — a Likert scale and a Visual Analogue Scale
(VAS) — and an orthographic transcription. Every screen presented to the listeners
contained one speech fragment and the accompanying three evaluation methods.
Orthographic transcription was done by typing in a textbox what was heard. The
Likert scale ranged from 1 (“very low intelligibility”) to 7 (“very high intelligibility”).
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The VAS was implemented as a slider that could be positioned on any number
between 0 (“very low intelligibility”) and 100 (“very high intelligibility”). The order
of the questions on the screen varied: for half of the fragments the orthographic
transcription task was placed at the top, for the other half of the fragments, the two
subjective rating scales were placed at the top. However, since all three scales were
presented simultaneously on one screen, they could be answered in any order.

The raters could listen to the speech fragments multiple times before scoring or
transcribing them. The 50 speech fragments (screens) were presented in a random
order. On average it took the raters 20 minutes to rate all the material.

2.2.4. Calculating intelligibility scores

This subsection describes how we calculated the intelligibility scores from the raw
judgements and transcriptions of the raters.

Intelligibility scores on utterance level

Intelligibility scores on utterance level were calculated as scores representing a per-
centage of intelligibility, ranging from 0 to 100. The VAS scores were already on
a 0-100 scale, and were left unchanged. The scores on the Likert scale, ranging
from 1 to 7, were transformed to percentage scores by first subtracting 1 and then
multiplying by 16.67 (i.e. 1=0%, 2=16.67%, 3=33%, ..., 7=100%).

Intelligibility scores on word level

The raters’ orthographic transcriptions were compared to the reference transcrip-
tions and the number of identical word matches was counted. Subsequently, a per-
centage correct score was calculated.

Intelligibility scores on subword level

Intelligibility scores at the grapheme and phoneme level were automatically obtained
from the orthographic transcriptions. For both the phoneme and grapheme level the
Algorithm for Dynamic Alignment of Phonetic Transcriptions (ADAPT) (Elffers et
al., 2005) was used. ADAPT computes the optimal alignment between two strings
of phonetic symbols using a matrix that contains distances between the individual
phonetic symbols. These distances are defined in terms of articulatory features and
result in a distance measure expressing the phonetic similarity between the aligned
transcriptions.

Listeners were instructed to not use any punctuation characters in their transcrip-
tions. The punctuation characters we did find were removed and numerals were
written out in words, which resulted in corrected orthographic transcriptions.

For the intelligibility scores on phoneme level, the orthographic transcriptions were
converted to their phonemic equivalent using the canonical pronunciation variants
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from the lexicon of the Spoken Dutch Corpus (Oostdijk, 2000). Words that were
not contained in the lexicon were manually added. As spelling errors complicated
the lookup in the lexicon, those that did not affect the phonemic transcription were
manually corrected. The resulting phonemic transcriptions were converted to the
ADAPT symbol set (see appendix A in Elffers et al. (2005)). The ADAPT alignment
algorithm and distance matrix were applied unchanged.

For the intelligibility scores on grapheme level, the phonetic symbols in the ADAPT
distance matrix were replaced by the Dutch graphemes. The values of the graphemes
‘articulatory feature’ columns were all set to 0.0 except for the diagonals, which were
set to 1.0. Using this matrix, the algorithm aligned the orthographic transcription
with the reference transcription and calculated the distance between them. Each
insertion and deletion was graded with distance 2.0 and substitution with distance
3.0.

2.3. Results

In total, five measures of intelligibility were collected for each speech fragment:
two scale ratings on utterance level (Likert scale and VAS), a word level scoring
of the orthographic transcription (OTW), and two subword level scorings of the
orthographic transcriptions, at phoneme level (OTP) and at grapheme level (OTG).
In this section we present the results regarding the reliability of these measures, and
their relations.

2.3.1. Reliability

The reliability of each of the five intelligibility measures was calculated using Intra-
class Correlation Coefficients (ICC) based on groups of raters, as we do not intend
to devise an intelligibility measure relying on the judgements of a single rater. The
ICC values for all 36 raters together were very high, ranging from .95 (OTP, OTG)
to .97 (Likert, VAS, OTW). As such a large number of raters may not always be
achievable, we also calculated ICCs based on smaller samples of raters, randomly
drawn from our sample of 36 (for each sample size 10 random samples were drawn,
and average ICCs were calculated). On average, for the utterance and word level
scorings sufficient reliability is obtained with four raters (resulting in mean ICC
values ranging from .79 to .84), while for subword scorings at least six raters are
required (resulting in mean ICC values ranging from .79 to .80).

2.3.2. Intelligibility scores and correlations

Intelligibility scores for each fragment were calculated by averaging over the 36
raters. Mean scores for the five intelligibility measures, and the correlations between
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them are shown in Table 2.2. Correlations between all measures were significant (p
< .01). The two utterance level measures were very highly correlated (r = .998),
and the correlation between the two subword level measures was also very high (r
= .954).

M (SD) Correlations (Pearson r)
VAS OTW OTP OTG
Likert |63.1 (21.1) .998 .733 -.763 -.773
VAS | 632 (19.0) 732 755 764
OTW | 78.3 (16.1) -805  -.869
OTP | 8.0 (6.5) 954
OTG | 8.9 (7.4)

Table 2.2.: Means (SDs) and correlations of the five intelligibility measures (n = 50 speech fragments).
VAS: Visual Analogue Scale,
OTW: Orthographic Transcription at Word level,
OTP: Orthographic Transcription at Phoneme level,
OTG: Orthographic Transcription at Grapheme level.
For Likert, VAS and OTW, higher scores correspond to higher intelligibility (higher per-
centage correct); for OTP and OTG higher scores correspond to lower intelligibility (higher
distance). All correlations were significant (p < .01).

To be able to directly compare subword level scores to word and utterance level
percentage scores, we transformed the subword scores to percentage correct scores
(phonemes or graphemes) in the utterance. Using an ANOVA with the five intelli-
gibility measures as a within subject factor and percentage score as the dependent
variable, we found significant differences between the different measures (F(4,46) =
80.57, p < .01). The percentage scores were significantly higher (p < .01) on the
word level (M = 78.3) than on the utterance level (Likert: M = 63.1, VAS: M =
63.2), while the percent correct scores on the subword level were significantly higher
(p < .01) than scores on the word level: 87.3 (SD = 10.2) for the phoneme level and
85.5 (SD = 11.8) the grapheme level. The differences between the Likert and VAS
scores were not significant (p > .05).

2.4. Discussion

2.4.1. Feasibility and reliability of subword scoring

In this paper, we calculated subword level scores by automatically processing the
orthographic transcriptions. The ADAPT algorithm (Elffers et al., 2005) used for
this purpose only requires two text files as input, i.e. all orthographic transcriptions
and the reference transcriptions. Both are formatted to contain a single transcription
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per line. The results of the alignments are stored in a comma-separated text file
that allows easy viewing and import into spreadsheet software, making it feasible
and relatively easy to use in clinical and research contexts.

Results showed that subword level intelligibility scorings are slightly less reliable
than scorings at the utterance or word level. This can be explained by the effect of
chance agreement (Tinsley & Weiss, 1975): since phoneme and grapheme scorings
have a higher level of detail, they allow for more variation. Yet, when using at least
six (inexperienced) raters, sufficiently reliable phoneme and grapheme scorings can
be obtained. A sample of six raters is quite feasible in most research, and the fact
that orthographic transcription tasks can easily be performed online makes it less
problematic to involve multiple raters. With expert raters (e.g., speech-language
pathologists), one would expect higher reliability, and the required number of raters
might be lower. This should be verified in future research.

2.4.2. Comparisons between scores at different levels of
granularity

The results show that intelligibility measures of different levels of granularity are
fairly highly correlated, which is a reassuring outcome. When comparing the per-
centage scores obtained for the different measures, results show, first, that word level
scoring produces higher intelligibility scores than utterance level scoring. This is in
line with earlier research of Hustad (2006) suggesting that when using subjective
rating scales, raters tend to underestimate the extent to which speakers are intelligi-
ble. A rater may, for example, understand every word, but still judge intelligibility
as less than perfect when higher-than-normal listening effort is required because of
articulatory irregularities. This again suggests that orthographic transcriptions may
be more objective or valid measures of intelligibility while subjective rating scales
indicate comprehensibility as defined by Munro and Derwing (1995): the difficulty
a listener experiences in understanding an utterance.

A second finding is that percentage scores obtained with subword scorings are higher
than those obtained with word level scoring. This is a natural consequence of the
fact that with subword scoring, words that are not understood correctly can still be
scored as partly correct: the transcription <stad> of the prompt <stap> would be
incorrect at word level while at subword level only 1 of the 4 graphemes would be
incorrect. In fact, subword level scores measure a different dimension of intelligibility,
focusing on intelligibility of parts of words (graphemes, phonemes) rather than entire
words.

2.4.3. Phoneme vs. grapheme scoring

We investigated two types of subword scorings, phoneme and grapheme scoring, in an
attempt to obtain a more fine-grained measure of intelligibility. Clearly, phoneme
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scoring can provide more accurate indications of specific articulation problems of
speakers, as phonemes directly represent speech sounds, whereas the connection
between graphemes and speech sounds is blurred by spelling conventions (e.g. when
two graphemes correspond to one phoneme, such as <oe> - /u/, <ng> - /n/).

However, phoneme scoring is less easily performed, as it requires that a grapheme
string is converted to a phoneme string, e.g. by means of a lexicon look-up (as
we did in the current study) or a grapheme-to-phoneme conversion algorithm. The
high correlation between the overall distance scores obtained from phoneme and
grapheme scorings suggests that, at least when focusing on intelligibility per se, and
not on specific articulation problems, grapheme scoring is a suitable alternative for
phoneme scoring in cases where phoneme scoring is less feasible.

2.5. Conclusions

We conclude that automatic scoring of orthographic transcriptions on the subword
level is a feasible way of obtaining a more fine-grained measure of intelligibility.
While scoring at the phoneme level is more informative with respect to identifying
specific articulation problems, scoring at the grapheme level is a reasonable alterna-
tive in cases where phoneme scoring is not possible, i.e. in clinical practice.

One can argue that utterance, word, and subword level scorings of intelligibility
each measure a different dimension of intelligibility, with subjective utterance level
ratings measuring comprehensibility as defined in Munro and Derwing (1995), word
level scorings of orthographic transcriptions measuring actual intelligibility of words,
and subword level scorings measuring intelligibility of parts of words. As each of
these dimensions of intelligibility are relevant in both clinical practice and research
contexts, we suggest the use of subword scorings as a supplement to utterance level
and word level scorings, not as a replacement. While subword scorings may require
a few extra raters to achieve reliable measures, they provide worthwhile information
at a finer level of granularity.!
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3.1. Introduction

Motor speech disorders including dysarthria caused by neuromuscular control prob-
lems (Duffy, 2019) lead to decreased speech intelligibility and communication im-
pairment (Kent & Kim, 2003). Consequently, the life quality of dysarthric patients
is negatively affected (Walshe & Miller, 2011) and they run the risk of losing contact
with friends and relatives and eventually becoming isolated from the society.

Research has shown that intensive therapy can be effective in (speech) motor reha-
bilitation (Bhogal et al., 2003; Kwakkel, 2006; Ramig et al., 2001; Rijntjes et al.,
2009), but various factors conspire to make intensive therapy expensive and difficult
to obtain. Recent developments show that therapy can be provided without resort-
ing to frequent face-to-face sessions with therapists by employing computer-assisted
speech training systems (Beijer & Rietveld, 2011). According to the outcomes of
the efficacy tests presented in (Beijer et al., 2014), the user satisfaction appears to
be quite high. However, most of these systems are not yet capable of automatically
detecting problems at the level of individual speech sounds, which are known to have
an impact on speech intelligibility (De Bodt et al., 2002; Popovici and Buica-Belciu,
2012; Van Nuffelen et al., 2009; Yunusova et al., 2005; chapter 2).

Despite long-lasting efforts to build speaker- and text-independent ASR system for
people with dysarthria (cf. section 3.2), the performance of state-of-the-art systems
is still much worse on this type of speech than on normal speech. One main reason
is the lack of pathological speech data to train automatic speech recognition systems
which can provide accurate enough recognition and speech assessment.

Training deep neural networks (DNN)-based acoustic models on large amount of
pathological data to capture the within- and between-speaker variation is generally
not feasible due to the limited size and structure of existing pathological speech
databases. The number of recordings in dysarthric speech databases is much smaller
compared to normal speech databases. Moreover, these databases contain mostly
very restricted speech tasks such as reading out word and sentence lists with varying
linguistic complexity.

As a remedy, combining in-domain and out-of-domain English speech data to train
DNNs used for feature extraction has been proposed in (Christensen et al., 2013).
In this chapter, we describe another such solution to train a better DNN-hidden
Markov model (HMM) system for the Dutch language which has fewer speakers and
resources compared to English. We investigate combining non-dysarthric speech
data from different varieties of the Dutch language to train more reliable acoustic
models for a DNN-HMM ASR system. The included varieties are Northern Dutch
and Flemish (Southern Dutch) which have the same phonetic alphabet and share
a large amount of vocabulary. Most prominent phonetic differences between these
varieties are diphthongized long vowels of Northern Dutch and articulation of several
consonants. This work has been done in the framework of the CHASING project!,

Thttps://www.helmer-strik.nl/chasing/, last accessed on October 28, 2025.
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in which a serious game employing ASR is being developed to provide additional
speech therapy to dysarthric patients.

The rest of the chapter is organized as follows. In section 3.2 previous relevant
work on ASR of dysarthric speech is described. In section 3.3 the rationale behind
the selection of speech corpora is explained. A summary of the fundamentals of
DNN-based ASR is provided in section 3.4. It also reports on the details of the
DNN training scheme applied in this chapter. The experimental setup is described
in section 3.5 and the recognition results are shown and discussed in section 3.6.
The final section of this chapter (section 3.7) presents our conclusions based on the
obtained results.

3.2. Related work

Several researchers have investigated ASR performance on pathological speech. In
a very recent work, T. Lee et al. (2016) has reported the ASR performance on Can-
tonese aphasic speech and disordered voice. A generic DNN-HMM system provided
significant improvements on disordered voice and minor improvements on aphasic
speech compared to a GMM-HMM system. Takashima et al. (2015) proposed a new
feature extraction scheme using convolutional bottleneck networks for dysarthric
speech recognition. They tested the proposed approach on a small test set con-
sisting of 3 repetitions of 216 words by a single male speaker with an articulation
disorder and reported some gains over a system using MFCC features.

Shahamiri and Salim (2014) proposed an artificial neural network-based system
trained on digit utterances from nine non-dysarthric and 13 dysarthric individu-
als affected by Cerebral Palsy (CP). They reported word recognition accuracies
of 74.7%, 67.4% and 51.7% on mild (66-99% speech intelligibility), moderate (33-
66% speech intelligibility) and high (less than 33% speech intelligibility) dysarthric
speaker as an independent test set. Christensen et al. (2012) trained their models
solely on 18 hours of speech of 15 dysarthric speakers due to CP leaving one speaker
out as test set. The different degrees of severity were reported through classes and
percent intelligibility scores from listening tests with unfamiliar listeners: ‘Very low
2-17%’, ‘Low 28-43%’, ‘Mid 58-62%’, and ‘High 86-95%’. There were 4, 3, 3, and 5
speakers in every class, respectively. Recognition results for ‘Very low’ ranged from
4.1-12.9%, ‘Low’ 7.0-22.2%, ‘Mid’ 30.3-50.2% , and ‘High’ 46.6-68.5%. This shows
that there is overlap between classes and that the recognition results do not always
exactly match the intelligibility scores given by listeners.

Rudzicz (2007) compared the performance of a speaker-dependent and a speaker-
adaptive GMM-HMM systems on the Nemours database (Menéndez-Pidal et al.,
1996). Their system was trained on the WSJ corpus. The test set consisted of
speech from 11 dysarthric speakers due to CP or head trauma. FEvery speaker
recorded 74 nonsense sentences. The recognizer provided recognition rates below
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10% on the speech of 4 speakers with severe dysarthria. For moderately and mildly
dysarthric speakers, recognition accuracy was between 11-30% and 31-60% respec-
tively. Seong et al. (2012) proposed a weighted finite state transducer (WSFT)-based
ASR correction technique applied to a recognition system trained also on the WSJ
corpus. They reported an average accuracy of 47.1% when recognizing the speech of
10 dysarthric speakers from the same dysarthric database. Similar work had been
proposed by Caballero-Morales and Cox (2009) previously.

Mengistu and Rudzicz (2011) combined dysarthric data of eight dysarthric speakers
with that of seven normal speakers, leaving one out as test set and obtained an av-
erage increase by 13.0% in comparison to models trained on non-dysarthric speech
only. They also noted that context-dependent HMMs showed little improvement
over context-independent ones. In one of the earliest work on Dutch pathological
speech by E. Sanders et al. (2002), a pilot study was presented on ASR of Dutch
dysarthric speech data obtained from two speakers with a birth defect and a cere-
brovascular accident. Both speakers were classified as mild dysarthric by a speech
pathologist.

From the previous descriptions, it appears that it is difficult to fully compare re-
sults between these publications due to the differences in types of speech materials,
types of dysarthria, reported severity, and dataset used for training and testing.
Additionally, dysarthric speech is highly variable in nature, not only due to its
various etiologies and degrees of severity, but also because of possible individually
deviating speech characteristics. This may negatively influence the capability of
speaker-independent systems to generalize over multiple dysarthric speakers.

Possible improvements may come from recent advances in DNN-based acoustic
model yielding impressive results in the field of non-dysarthric speech recogni-
tion (Hinton et al., 2012). These results show promising increases in the speaker-
independent recognition accuracies when compared to those obtained with tradi-
tional GMM-HMMs. Therefore, we investigate how the DNN-HMM system trained
on normal speech perform on the recognition of dysarthric speech with a focus on
the amount of available training data from different varieties of the Dutch language.

3.3. Speech corpora selection

Given the limited availability of dysarthric speech data, we investigate to what
extent already existing databases of Dutch normal speech can be employed to train
DNNs and optimize their performance on dysarthric speech. The ASR technology to
be developed in the CHASING project is primarily intended for dysarthric patients
who live in the Netherlands and speak the Northern Dutch variety. However, we
thought it would be interesting to also investigate the usability of speech databases of
the Southern variety of Dutch spoken in Flanders and also known as Flemish. First,
because these two varieties are mutually intelligible and their phonetic alphabets
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are arguably similar, apart from some well described phonological and phonetic
differences. Second, because using Flemish speech would open up the possibility of
adapting the game that is now been developed for patients in the Netherlands for
use by patients in Flanders.

Fortunately, there have been multiple Dutch-Flemish speech data collection efforts
(Cucchiarini et al., 2008; Oostdijk, 2000) which facilitate the integration of both
Dutch and Flemish data in the research reported in this chapter. For training pur-
poses, we used the CGN corpus (Oostdijk, 2000), which contains representative
collections of contemporary standard Dutch as spoken by adults in the Netherlands
and Flanders. The components with read speech, spontaneous conversations, in-
terviews and discussions are used for training the acoustic models in the present
experiments.

For testing purposes, we decided to use the largest collection of pathological speech
that is available for the Dutch language, the Flemish COPAS database (Middag,
2012). In the meantime, a database of Northern Dutch dysarthric speech has been
compiled (Yilmaz et al., 2016). In the course of the CHASING project, this collection
will be augmented with additional material and then used for further experiments
to optimize ASR back-end used in the developed serious game.

The COPAS corpus contains recordings from 122 Flemish normal speakers and 197
Flemish speakers with speech disorders such as dysarthria, cleft, voice disorders, la-
ryngectomy and glossectomy. The dysarthric speech component contains recordings
from 75 Flemish patients affected by Parkinson’s disease, traumatic brain injury,
cerebrovascular accident and multiple sclerosis who exhibit dysarthria at different
levels of severity.

The word reading tasks used in this chapter are taken from the Dutch Intelligibility
Assessment (DIA) (De Bodt et al., 2006) material which contains 35 versions of 50
consonant-vowel-consonant (CVC) words organized in 3 subgroups. Moreover, all
sentence reading tasks with annotations, namely 2 isolated sentence reading tasks,
11 text passages with reading level difficulty of AVI 7 and 8 and Text Marloes, are
also included in the test data.

3.4. Training DNNs for Dysarthric Speech

3.4.1. Fundamentals of DNN-based ASR

A single artificial neuron, which is the basic element of the DNN structure, receives
N input values v = [vg, vy, ..., vy—1] with weights w = [wp, w1, ..., wy_1] and an offset
value b. To compute the neuron output y, a non-linear function f is applied the
weighted sum z of all outputs of the previous layer and the offset, i.e., y = f(z) =
f(wTv +b). A DNN consists of L layers of M artificial neurons and the output of
the (I — 1) layer with M; ; neurons is the input of the I*! layer with M; neurons
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which is formulated as v; = f(z) = f(W;v,_1 + b)) where the dimensions of v,
W,, v, andb, are My, (M; x M;_1), M,y and M, respectively. M is the number
of neurons in the input layer which is equal to the dimension of the speech features.
The non-linear activation function f maps an M; ; vector to an M;_; vector. The
activation function applied at the output layer is the softmax function in order to
get output values in the range [0, 1] for the HMM state posterior probabilities
-

Vi1 = P(glo) = Mi1 (3.1)

> oL

m

where M is equal to the number of HMM states.

The DNN-HMM training is achieved in three main stages (Dahl et al., 2012; D. Yu
& Deng, 2015). Firstly, a GMM-HMM setup is trained to obtain the structure of
the DNN-HMM model, initial HMM transition probabilities and training labels of
the DNNs. Then, the pretraining algorithm described in Hinton (2010) is applied
to obtain a robust initialization for the DNN model. Finally, the back-propagation
algorithm (Hecht-Nielsen, 1989) is applied to train the DNN that will be used as
the emission distribution of the HMM states.

3.4.2. Tuning DNNs on Flemish Speech

The DNN training applied in this chapter is organized in two steps. In the first step,
the DNN training is performed on the combined speech data containing Flemish and
Northern Dutch normal speech. Both varieties sharing the phonetic alphabet, we
learn several hidden layers and an output layer on both varieties with the aim of
learning more reliable hidden layers. The amount of training data used during the
initial training phase can be increased by including more speech data from different
speech types such as elderly and children speech. In the scope of this work, we
only consider using normal speech to analyze the impact of the data merging on the
recognition performance.

In the second step, the softmax layer of this DNN is retrained only on the Flemish
data. Retraining the softmax layer achieves the fine-tuning of the DNN targets on
the target Flemish speech. This two-step training approach resembles the multilin-
gual DNN training scheme for cross-lingual knowledge transfer which is commonly
used for obtaining acoustic models for under-resourced languages (Swietojanski et
al., 2012; Huang et al., 2013). In these studies, considerable improvements have
been reported on both low- and high-resourced languages thanks to the hidden lay-
ers trained on multiple languages.
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3.5. Experimental Setup

3.5.1. Databases

The CGN components with read speech, spontaneous conversations, interviews and
discussions are used for acoustic model training. The duration of the normal Flemish
(FL) and northern Dutch (NL) speech data used training is 186.5 and 255 hours
respectively. The combined training data (FL+NL) contains 441.5 hours in total.

For testing the acoustic models, we have classified the speech material in the CO-
PAS database based on the type of the speaker (normal vs. pathological) and speech
material (word vs. sentence) resulting in 4 test sets. The speech segments in which
the speaker do not utter the target word are discarded to be able to evaluate the
recognizer errors only. There are 687 different words and 212 different sentences in
the test data. The test set containing the word tasks uttered by normal speakers
(WordNor) and speakers with disorders (WordDys) consists of 6154 and 8648 utter-
ances with a total duration of 1.5 and 2 hours, respectively. The test set containing
the sentence tasks uttered by normal speakers (SentNor) and speakers with disor-
ders (SentDys) consists of 1918 (15,149) and 1034 (8287) sentences (words) with a
total duration of 1.5 and 1 hour, respectively.

3.5.2. Implementation Details

The recognition experiments are performed using the Kaldi ASR toolkit (Povey
et al., 2011). A standard feature extraction scheme is used by applying Hamming
windowing with a frame length of 25 ms and frame shift of 10 ms. A conventional
context dependent GMM-HMM system with 40k Gaussians and 5925 triphone states
is trained on the 39-dimensional MFCC features including the deltas and delta-
deltas. This system is used to obtain the state alignments required for DNN training.
We also trained a GMM-HMM system on the LDA-MLLT features as a second
baseline system.

The DNNs with 6 hidden layers and 2048 sigmoid hidden units at each hidden
layer are trained on the 40-dimensional log-mel filterbank features with the deltas
and delta-deltas. The DNN training is done by mini-batch Stochastic Gradient
Descent with an initial learning rate of 0.008 and a minibatch size of 256. The time
context size is 11 frames achieved by concatenating +5 frames. A unigram (trigram)
language model trained on the target transcriptions of the word (sentence) tasks is
incorporated in the recognition of the word (sentence) tasks.
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3.6. Results and Discussion

We have performed ASR experiments using the speech data described in Section
subsection 3.5.1. The recognition results obtained on the word and sentence tasks
uttered by normal and pathological speakers from the COPAS database are pre-
sented in the columns of Table 3.1. The lowest WER for each column is marked
in bold. The recognition performance obtained on the sentence readings task is
more relevant compared to isolated word recognition in the context of the developed
CHASING serious game. We report results on both word and sentence task results
for completeness.

Acoustic models Training Data | WordDys WordNor | SentDys SentNor
GMM+MFCC FL 77.2 56.1 38.2 13.0
GMM+MFCC FL+NL 78.7 61.0 37.4 14.7
GMM+LDA-MLLT FL 74.4 50.9 37.4 11.3
GMM+LDA-MLLT FL+NL 74.9 55.0 37.0 125
DNN+FBANK FL 65.0 37.9 28.1 4.7
DNN-+FBANK (w/o retraining on FL) FL-+NL 64.9 38.4 26.8 4.7
DNN+FBANK (with retraining on FL) FL+NL 63.7 36.2 26.3 4.4

Table 3.1.: Word error rates in % obtained on the word and sentence COPAS test sets.

The conventional GMM-HMM trained on FL data using the MFCC features pro-
vides a WER of 38.2% on the dysarthric sentence utterances and a WER, of 77.2%
on the dysarthric word utterances. This large gap in recognition accuracy obtained
on the sentence and word recognition tasks is due to the very challenging nature
of recognizing phonetically similar, monosyllabic words and pseudowords in isola-
tion. The GMM-HMM system trained on FL+NL data reduces the normal speech
recognition from 13.0% WER to 14.7% in sentence reading tasks and from 56.1%
WER to 61.0% in word reading tasks, while increasing dysarthric sentence recogni-
tion accuracy from 38.2% to 37.4%. The performance reduction in normal speech
is comprehensible, since adding Northern Dutch data increases the mismatch be-
tween the training and testing conditions. Training GMM-HMM on the combined
data does not always improve dysarthric speech recognition with 0.8% decrease on
sentence tasks and 1.5% increase on word tasks in the WER.

Compared to MFCC features, using LDA-MLLT-transformed features considerably
reduces the WERs obtained on normal speech as expected. On the other hand, the
gains obtained on pathological speech by using these features are minimal. This
is due to the fact that there is a significant mismatch between the type of speech
on which the transformation is learned and applied to in the case of pathological
speech.
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The DNNs trained on FBANK features provide considerable improvements on all
speech types and reading tasks. These improvements are as large as 8.9% WER
on dysarthric sentence utterances and 9.9% WER on dysarthric word utterances.
Training the DNN-HMMs on FL+NL data improves the performance on dysarthric
sentence reading tasks with an absolute improvement of 1.3% without retraining the
softmax layer on Flemish data. The same system does not improve the recognition
accuracy of dysarthric word reading tasks. After the final step of applying softmax
layer retraining for tuning the DNN targets to Flemish phones, we can get an im-
proved recognition performance in all cases compared to the baseline DNN system
trained only on Flemish data. To be specific, the WER obtained on dysarthric
sentence reading task decreases from 28.1% to 26.3%, while the WER obtained on
dysarthric word reading task reduces from 65.0% to 63.7%.

It is relevant to point out that, although some of the above differences in WER
may be small, they do show that training DNN-HMM systems on training data
containing speech from different varieties of a language can improve the recognition
performance at moderate levels. Despite the large gap between the performance
on pathological and normal speech, the presented speaker-independent recognition
results obtained on different types of pathological speech at different severity levels
are encouraging. Building text- and speaker-independent ASR systems that can be
used in clinical applications appears to be within reach, even for languages with
more limited resources than English.

3.7. Conclusions

In this chapter, we have investigated combining speech data from different vari-
eties of a mid-sized language for training a DNN-HMM system. The DNN-based
acoustic models were trained on normal Flemish and Northern Dutch speech and
speaker-independent recognition experiments were performed on pathological Flem-
ish speech. The results have shown that the proposed data merging technique in
this context can improve the recognition of pathological speech, especially after a
second training phase in which the DNN targets are tuned to the phones of the
specific variety involved in the testing setup, Flemish in this case. These results are
promising for future work aiming to develop useful ASR-based pathological speech
applications for languages that are smaller in size and less resourced than English.
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4.1. Introduction

Speech disorders caused by neuromuscular control problems (Duffy, 2019) like dysarthria
can reduce speech intelligibility and cause communication impairment (Kent & Kim,
2003). This can negatively affect the life quality of dysarthric patients (Walshe &
Miller, 2011) who run the risk of losing social contact and eventually becoming
isolated from society. Recent research has shown that intensive therapy can be ef-
fective in (speech) motor rehabilitation (Bhogal et al., 2003; Kwakkel, 2006; Ramig
et al., 2001; Rijntjes et al., 2009). Conventional speech therapy provided by a
speech therapist is costly. Recent developments show that therapy can be provided
by employing computer-assisted speech training systems (Beijer & Rietveld, 2011).
According to the outcomes of efficacy research on computer-assisted speech training
systems (Beijer et al., 2014), user satisfaction towards such a system appears to be
quite high. However, most of these systems are not yet capable of automatically
detecting problems at the level of individual speech sounds, which are known to
have an impact on speech intelligibility (chapter 2, De Bodt et al., 2002; Popovici
and Buica-Belciu, 2012; Van Nuffelen et al., 2009; Yunusova et al., 2005). Our goal
is to develop more robust acoustic models for pathological speech and incorporate
automatic speech recognition (ASR) technology to detect these problems.

Despite long-lasting efforts to build speaker- and text-independent ASR systems for
people with dysarthria, the performance of state-of-the-art systems is still consider-
ably lower on this type of speech than on normal speech. Past ASR experiments on
dysarthric speech mostly included GMM-HMM systems (Christensen et al., 2012;
Menéndez-Pidal et al., 1996; Mengistu & Rudzicz, 2011; Rudzicz, 2007; E. Sanders
et al., 2002; Shahamiri & Salim, 2014). More recently T. Lee et al. (2016) reported
ASR performance on Cantonese aphasic speech and disordered voice. A generic
DNN-HMM system provided significant improvements on disordered voice and mi-
nor improvements on aphasic speech compared to a GMM-HMM system. Takashima
et al. (2015) proposed a new feature extraction scheme using convolutional bottle-
neck networks for dysarthric speech recognition.

Training robust deep neural networks (DNN)-based acoustic models to capture the
within- and between-speaker variation in dysarthric speech is generally not feasible
due to the limited size and structure of existing pathological speech databases. The
number of recordings in dysarthric speech databases is much smaller compared to
that in normal speech databases. Moreover, these databases mostly contain very
restricted speech tasks such as reading out word and sentence lists with varying
linguistic complexity.

To remedy the data scarcity problem, in-domain and out-of-domain English speech
data were combined to train DNNs for improved feature extraction (Christensen
et al., 2013). In chapter 3, we described a similar solution to train a better DNN-
hidden Markov model (HMM) system for the Dutch language, a language that has
fewer speakers and resources compared to English. In particular, we investigated
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combining non-dysarthric speech data from different varieties of the Dutch language
to train more reliable acoustic models for a DNN-HMM ASR system. This work
was conducted in the framework of the CHASING project!, in which a serious game
employing ASR is being developed to provide additional speech therapy to dysarthric
patients. In this research we employed a 6-hour Dutch dysarthric speech database
that had been collected in a previous project (E-learning-based Speech Training,
EST, Yilmaz et al., 2016). The serious game developed in the CHASING project
also serves as a useful data collection tool for pathological speech research. The
dysarthric speech material recently collected during the CHASING field studies,
which we refer to as the CHASINGO1 speech database, is used for testing, while the
EST database is employed for training purposes.

In the present work, we apply a multi-stage DNN training procedure using a large
amount of out-of-domain and a small amount of in-domain data. A two-stage version
of this training procedure has been applied to multilingual training of DNNs which
is commonly used to obtain acoustic models for under-resourced languages (Huang
et al., 2013; Swietojanski et al., 2012). In these studies, considerable improvements
have been reported on both low- and high-resourced languages thanks to the hidden
layers trained on multiple languages.

In the first stage of the training, we train models on normal Dutch and Flemish
speech, which, in chapter 3 has been shown to provide improved recognition of
dysarthric speech compared to training on only one variety. The background model
obtained in the first stage is retrained on normal and adult Dutch speech only for
language adaptation and the EST dysarthric speech database is used for domain
adaptation in subsequent training stages. The final models are then applied to the
recently collected dysarthric speech data from the CHASINGO1 database.

The rest of this chapter is organized as follows. In section 4.2 details of the DNN
training scheme applied in this chapter are described. The selection of various
speech corpora for the proposed training scheme is explained in section 4.3. The
experimental setup is described in section 4.4 and the recognition results are shown
and discussed in section 4.5. The final section of this chapter (section 4.6) presents
our conclusions based on the obtained results.

4.2. Multi-stage DNN training

The DNN training applied in this chapter is organized in multiple steps. In the
first step, a background DNN is trained on large quantities of normal speech data.
The amount of training data used during the initial training phase can be increased
by including speech data from different speaker groups such as normally speaking
elderly people and children. In the following step, the layers of this DNN are re-
trained using only speech data that resembles the target speech, e.g. using Dutch

Thttp:/ /hstrik.ruhosting.nl/chasing/
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dysarthric speech and/or Dutch elderly speech. The aim of the second step is to
tune the DNN on dysarthric speech as this is the type of speech to be recognized.

We have investigated multiple parameters that may influence the accuracy of the
final model, such as the number of retrained layers and the learning rate. Moreover,
various types of speech data have been used to explore their impact on the modeling
accuracy of the final DNN model. Normal speech has been used due to its abundance
compared to other deviant speech types. Since the majority of dysarthric speakers
are older than 50, elderly speech data is also relevant in this scenario. Finally, normal
speech data from a related variety of Dutch, namely Flemish, is included to obtain
the background model. Using speech data from different language varieties led to
a mild improvement in recognition accuracy in a previous study (chapter 3). Since
both varieties share the phonetic alphabet, we learn several hidden layers and a
softmax layer on both varieties with the aim of learning more reliable hidden layers.
The following section continues this chapter by describing the speech corpora that
have been used during the experiments.

4.3. Speech corpora selection

Given the limited availability of dysarthric speech data, we investigate to what ex-
tent already existing databases of Dutch normal speech can be employed to train
DNNs and optimize their performance on dysarthric speech. There have been multi-
ple Dutch-Flemish speech data collection efforts (Cucchiarini et al., 2008; Oostdijk,
2000) which facilitate the integration of both Dutch and Flemish data in the present
research. For training purposes, we used the CGN corpus (Oostdijk, 2000), which
contains representative collections of contemporary standard Dutch as spoken by
adults in the Netherlands and Flanders. Considering that the high median age in
our database of dysarthric speech is 66.5 years, we have also included elderly speech
data from the JASMIN corpus (Cucchiarini et al., 2008) to the Dutch normal speech
in the training phase.

The EST Dutch dysarthric speech database (Yilmaz et al., 2016) contains dysarthric
speech from ten patients with Parkinson’s Disease (PD), four patients who have had
a Cerebral Vascular Accident (CVA), one patient who suffered Traumatic Brain In-
jury (TBI) and one patient having dysarthria due to a birth defect. Based on the
meta-information, the age of the speakers is in the range of 34 to 75 years with a
median of 66.5 years. The level of dysarthria varies from mild to moderate. The
dysarthric speech collection for this database was achieved in several experimental
contexts. The speech tasks presented to the patients in these contexts consist of nu-
merous word and sentence lists with varying linguistic complexity. The database in-
cludes 12 Semantically Unpredictable Sentences (SUSs) with 6- and 13-word declar-
ative sentences, 12 6-word interrogative sentences, 13 Plomp and Mimpen sentences,
5 short texts, 30 sentences with /t/, /p/ and /k/ in initial position and unstressed
syllable, 15 sentences with /a/, /e/ and /o/ in unstressed syllables, production of 3
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individual vowels /a/, /e/ and /o/, 15 bisyllabic words with /t/, /p/ and /k/ in ini-
tial position and unstressed syllable and 25 words with alternating vowel-consonant
composition (CVC, CVCVCC, etc.).

As mentioned above, for testing purposes we use the CHASINGO1 dysarthric speech
database that was recently collected in the first stage of the CHASING project.
This database contains speech of 5 patients who participated in speech training
experiments and were tested at 6 different times during the treatment. For each
set of audio files, the following material was collected: 12 SUSs, 30 /p/, /t/, /k/
sentences in which the first syllable of the last word is unstressed and starts with /p/,
/t/ or /k/, 15 vowel sentences with the vowels /a/,/e/ and /o/ in stressed syllables,
appeltaarttekst (apple cake recipe) in 5 parts. Utterances that deviated from the
reference text due to pronunciation errors (e.g. restarts, repeats, hesitations, etc.)
were removed. After this subselection, the utterances from 3 male patients remained
and were included in the test set. These speakers are 67, 62 and 59 years old, two
of them having PD and the third having had a CVA.

4.4. Experimental Setup

4.4.1. Database details

The CGN components with read speech, spontaneous conversations, interviews and
discussions were used for acoustic model training. The duration of the normal
Flemish (FL) and northern Dutch (NL) speech data used for training is 186.5 and
255 hours, respectively. The combined training data (Nor. FL4+NL) contains 441.5
hours in total. The total duration of the elderly speech recordings in the JASMIN
database (Eld. NL) is 10 hours and 10 minutes.

The EST Dutch dysarthric speech database (Dys. NL) contains 6 hours and 16
minutes of dysarthric speech material from 16 speakers (Yilmaz et al., 2016). The
speech segments with pronunciation errors (e.g. restarts, repeats, hesitations, etc.)
were excluded from the training set to maintain integrity of the results on ASR
performance evaluation. Additionally, the segments including a single word and
pseudoword were also excluded, since the sentence reading tasks are more relevant
in our project context. The total duration of the dysarthric speech data eventually
selected for training is 4 hours and 47 minutes.

The CHASINGO1 speech database, which was used for testing, contains 721 ut-
terances (6231 words) with corresponding manual transcriptions that match the
reference text. The total duration of this speech data is 55 minutes.
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4.4.2. Implementation Details

The recognition experiments were performed using the Kaldi ASR toolkit (Povey
et al., 2011). A standard feature extraction scheme was used by applying Hamming
windowing with a frame length of 25 ms and frame shift of 10 ms. A conventional
context dependent GMM-HMM system with 40k Gaussians and 5925 triphone states
was trained on the 39-dimensional MFCC features including the deltas and delta-
deltas. We also trained a GMM-HMM system on the LDA-MLLT features, followed
by training models with speaker adaptive training using FMLLR features. This
system was used to obtain the state alignments required for DNN training.

The DNNs with 6 hidden layers and 2048 sigmoid hidden units at each hidden layer
were trained on the 40-dimensional log-mel filterbank features with the deltas and
delta-deltas. The DNN training was done by mini-batch Stochastic Gradient Descent
with an initial learning rate of 0.008 and a minibatch size of 256. The default initial
learning rate of 0.008 was used in the first training stage. The time context size was
11 frames achieved by concatenating +5 frames. A trigram language model trained
on the target transcriptions of the sentence tasks was used during recognition of the
sentence tasks.

4.5. Results and Discussion

We performed several ASR experiments using the speech data described in subsec-
tion 4.4.1. Firstly, we explored the impact of the number of retrained layers and
initial learning rate on the recognition accuracy in a two-stage training setting. The
Word Error Rates (WER) obtained on the CHASINGOLI test set after having trained
models on the normal speech database (Nor. NL) and retrained on EST’s dysarthric
speech database (Dys. NL) are presented in Table 4.1. The lowest WER is marked
in bold. Two recognizers trained on the Nor. NL database and Dys. NL separately
provide a baseline WER of 21.3% and 17.3%, respectively. WERs yielded by the
recognizers with two-stage training are considerably lower than those of the baseline
systems and vary between 11.0%-13.6%. The recognition accuracy is obtained by
only retraining the softmax and the last hidden layer with an initial learning rate
that is the same as the initial learning rate used in the first stage. The results for
different numbers of retrained layers do not follow a pattern, hence, it is difficult
to formulate a superior retraining strategy. However, we can conclude that retrain-
ing only the softmax layer with a relatively low learning rate results in a reduced
recognition accuracy of 13.6% with respect to retraining more layers with the same
learning rate or retraining with a higher learning rate. It is important to mention
that the amount of in-domain data used in the retraining stage will have an impact
on the choice of the number of retrained layers.
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Training Retraining # of Retr. Lay. Retr. Init. LR WER (%)
Nor. NL - - - 21.3
Dys. NL - - - 17.3
Nor. NL Dys. NL all 0.008 12.1
Nor. NL Dys. NL 5 0.008 12.6
Nor. NL Dys. NL 4 0.008 12.8
Nor. NL Dys. NL 3 0.008 12.0
Nor. NL Dys. NL 2 0.008 12.4
Nor. NL Dys. NL 1 0.008 11.0
Nor. NL Dys. NL softmax 0.008 11.9
Nor. NL Dys. NL all 0.0008 11.6
Nor. NL Dys. NL 5 0.0008 11.8
Nor. NL Dys. NL 4 0.0008 11.8
Nor. NL Dys. NL 3 0.0008 11.8
Nor. NL Dys. NL 2 0.0008 12.0
Nor. NL Dys. NL 1 0.0008 12.2
Nor. NL Dys. NL softmax 0.0008 13.6

Table 4.1.: Word error rates in % obtained on the test set for different number of retrained layers (#
of Retr. Lay.) and retraining initial learning rate (Retr. Init. LR)

In Table 4.2, we present a similar set of results by varying the content of data used
in the initial training phase. Speech from a related Dutch language variety, Flem-
ish, was used. Background models were trained on both the Northern and Flemish
varieties of Dutch (Nor. NL+FL) instead of the Northern variety only, as was done
in the previous paragraph. The goal of these experiments was to investigate the
impact of adding speech from a related language variety to the training procedure
on the modeling accuracy of the final models tuned on the Dys. NL data. The best
recognition accuracy was provided by the system obtained with retraining of the
softmax layer with a relatively high initial learning rate. That system has a WER
of 11.3% which is comparable with, but not better than the previous best perform-
ing system presented in Table 4.1. Using in-domain speech data for training, the
performance gain reported in previous experiments (chapter 3) cannot be obtained
in this scenario.

Finally, the impact of retraining the background acoustic model on the EST Dysarthric
data (Dys. NL) and speech data from Dutch elderly (Eld. NL) is shown in Table 4.3.
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Training Retraining # of Retr. Lay. Retr. Init. LR WER (%)
Nor. NL+FL Dys. NL all 0.008 12.8
Nor. NL+FL  Dys. NL 5 0.008 129
Nor. NL+FL  Dys. NL 4 0.008 12.6
Nor. NL4+FL  Dys. NL 8] 0.008 125
Nor. NL+FL  Dys. NL 2 0.008 12.5
Nor. NL+FL  Dys. NL 1 0.008 12.2
Nor. NL+FL Dys. NL softmax 0.008 11.3
Nor. NL+FL  Dys. NL all 0.0008 12.0
Nor. NL+FL  Dys. NL 5 0.0008 11.9
Nor. NL+FL  Dys. NL 4 0.0008 12.0
Nor. NL+FL  Dys. NL 3 0.0008 12.3
Nor. NL4+FL  Dys. NL 2 0.0008 12.3
Nor. NL+FL  Dys. NL 1 0.0008 12.0
Nor. NL+FL  Dys. NL softmax 0.0008 12.2

Table 4.2.: Word error rates in % obtained on the test set for different number of retrained layers (#
of Retr. Lay.) and retraining initial learning rate (Retr. Init. LR)

Training Retraining # of Retr. Lay. Retr. Init. LR WER (%)
Nor. NL Dys.+Eld. NL all 0.008 15.1
Nor. NL Dys.+Eld. NL 5 0.008 5,1l
Nor. NL Dys.+Eld. NL 4 0.008 15.5
Nor. NL Dys.+Eld. NL & 0.008 15.1
Nor. NL Dys.+Eld. NL 2 0.008 14.7
Nor. NL Dys.+EIld. NL 1 0.008 14.7
Nor. NL Dys.+Eld. NL softmax 0.008 13.9
Nor. NL Dys.+Eld. NL all 0.0008 14.8
Nor. NL Dys.+Eld. NL 5 0.0008 15.1
Nor. NL Dys.+Eld. NL 4 0.0008 5.3
Nor. NL Dys.+Eld. NL 3 0.0008 14.7
Nor. NL Dys.+Eld. NL 2 0.0008 15.1
Nor. NL Dys.+Eld. NL 1 0.0008 15.0
Nor. NL Dys.+Eld. NL softmax 0.0008 15.2

Table 4.3.: Word error rates in % obtained on the test set for different number of retrained layers (#
of Retr. Lay.) and retraining initial learning rate (Retr. Init. LR)

The presented WER results vary between 13.9%-15.5% for different training param-
eters. From these results, it can clearly be seen that the performance of the final
acoustic models deteriorate when elderly speech is used for retraining in all scenar-
ios. The impact of the mismatch between the elderly and dysarthric elderly speech,
e.g. reduced speaking rate and articulation skills, appears to be more salient than
the increase in the amount of retraining data on the recognition accuracy.
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To summarize, we can conclude that using in-domain data in the described two-
stage training scheme improves the recognition performance significantly whereas
merging different speech types in a single-stage training scheme provides only minor
improvements (Ganzeboom et al., 2016). Adding relevant types of data, i.e., the
Flemish Dutch variety during background model training and using elderly speech
data for retraining, does not improve the recognition accuracy of the final models.

4.6. Conclusions

In this chapter, a multi-stage DNN training scheme was applied to obtain robust
acoustic models in the framework of a serious game to be used as an individualized
speech therapy tool. These models are applied to Dutch dysarthric speech, which
is more challenging to recognize than normal speech due to its increased variation.
The data recently collected through the game could be used for testing, while the
dysarthric data already available from the EST database were used for training. The
applied multi-stage training approach aims to learn a background model trained on
more general data in the initial stage. That model was then retrained on in-domain
data in the second stage to get a domain-specific model.

We performed several ASR experiments by varying two training parameters, namely
the number of retrained layers and the initial learning rate used in the second stage.
The results have shown that this kind of training provides large improvements in
recognition accuracy compared to baseline systems trained either on normal speech
or on dysarthric speech. Moreover, we investigated the inclusion of various speech
types such as normal speech from a related language variety for background model
training and elderly speech for retraining in further recognition experiments. The
recognition results suggest that adding normal speech data from a language variety
does not bring improvement compared to a recognizer trained on only normal speech
from the target language. Adding elderly data reduced the recognition performance
compared to retraining only on dysarthric speech, most likely due to the increased
mismatch between the training and target speech.
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training and exploring its efficacy






Chapter 5

Lessons learned from the design, development,
and use of a serious game for speech training
in older adults
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training in older adults

5.1. Introduction

As countries around the world are facing an ageing population (World Health Or-
ganization, 2022), one of the potential consequences is a growing incidence in neu-
rological disorders like Parkinson’s Disease (PD) and Cerebral Vascular Accident
(CVA or stroke). Both are known to cause dysarthria, a speech disorder that af-
fects speech intelligibility and causes communication problems (Duffy, 2019). A
well-known therapy developed in the USA is the Lee Silverman Voice Treatment
(LSVT; Ramig et al., 2001). The LSVT aims to improve a patient’s articulatory
precision by focusing on increasing the intensity of speech. However, a potential side
effect of an increase in intensity is that patients often raise their pitch, putting extra
strain on the vocal cords and tiring them. The Pitch Limiting Voice Treatment
(PLVT, Kalf et al., 2011), is an intensive speech training program that is currently
standard practice in the Netherlands and focuses on increasing voice intensity while
maintaining a low pitch. Its goal is to train patients to ‘speak loud and low’.

In line with the PLVT protocol (Kalf et al., 2011), speech therapists provide the
therapy in four face-to-face sessions per week for four consecutive weeks. Given the
rise in the number of patients and the limited resources in healthcare, it becomes
increasingly more difficult to provide the necessary level of care.

A potential solution may be provided by eHealth, ‘the cost-effective and secure
use of information and communication technologies (ICT) in support of health and
health-related fields’, as defined by the World Health Organization (WHO, World
Health Organization, 2005). Using ICT, eHealth solutions enable patients to train
intensively and independently in their home environment while still being monitored
by a speech therapist. Previous research focused on courseware-like approaches in
which patients followed prescribed courses of exercises online (Beijer et al., 2014;
Frieg et al., 2017). One of these approaches employed a drill-and-practice training
method (Beijer et al., 2014).

In addition to finding beneficial effects on speech intelligibility, the authors reported
that patients described difficulties in transferring the improved speech skills to daily-
life situations. The patients also described a lack of variation in speech training exer-
cises that reduced their motivation to train. In this regard, our project ‘Challenging
Speech Training in Neurological Patients by Interactive Gaming’ (CHASING, Strik,
2014), explored the use of serious games for providing remote, intensive speech train-
ing. It was conducted in collaboration with the Creative Care Lab at Waag Society
(Creative Care Lab, Waag Society, 2014). The project adopted a widely accepted
definition of serious games: ‘games that do not have entertainment, enjoyment,
or fun as their primary purpose’ (Laamarti et al., 2014). Compared with more
drill-and-practice approaches, serious games are more suitable for simulating speech
training scenarios that are closer to daily-life situations. For example, a scenario in
which the patient needs to ask for directions. Additionally, serious games have the
potential to be more engaging, triggering patients’ intrinsic motivation to train as a
result.
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In the CHASING project, two versions of the serious game Treasure Hunters were
designed, developed, and part of clinical trials to explore their efficacy. Both versions
were two-player cooperative tablet games in which players navigated a virtual map
and needed to help each other to find the treasure by exchanging information via an
online voice connection. The first version provided automatic feedback on loudness
and pitch in accordance with PLVT prescriptions. It was part of a clinical trial to
explore its effects on speech intelligibility and user satisfaction (chapter 6). In the
second version, game elements were added that required the pronunciation of longer
utterances enabling an intended increase in the intensity of the speech training. Ad-
ditionally, pronunciation exercises were added to address the difficulties dysarthric
patients have with articulation. Patients received feedback on their pronunciation
using automatic speech recognition technology developed earlier in the project. The
second version was also part of a clinical trial to assess its effects on the same di-
mensions (chapter 7). After analyzing the results, a significant difference in speech
intelligibility ratings was found after the participants trained with the serious game,
indicating positive effects of the serious game-based speech training.

This paper is an extension of our previous paper (Ganzeboom et al., 2016), which
only describes parts of the design process and some findings on our initial designs
of the first version of the game. This work adds a full description of our design and
development method including the results that were obtained with both versions of
the game. Retrospectively, this paper also adds the lessons that were learned during
the design and development process. Guidelines are formulated at the end of this
paper for the benefit of future research into serious games for speech training.

5.2. Related work

A substantial body of literature exists on gaming for children with varying speech
disorders (Nasiri et al., 2017). However, for elderly with speech disorders is far less
available. Early literature researched the use of technical diagrams and vocal tract
schemes to show feedback on speech (Hutchins, 1992). These were often difficult
to interpret without additional explanation. Later research also included user in-
teraction (S. Ferguson et al., 2012) and focused on visual representation of speech
(Pietrowicz & Karahalios, 2014).

5.2.1. Gaming for speech training

Krausse et al. (Krause et al., 2013) were the first to report on a study that in-
corporated game elements to provide challenging speech therapy in older adults
with dysarthria. In addition to improving their reduced voice intensity, the game
also aimed to make speech training more engaging by using gamification. A widely
accepted definition of gamification is: "the process of incorporating game design ele-
ments into non-game contexts, such as business, education, or healthcare, to engage
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and motivate people to achieve their goals" (Damasevicius et al., 2023). Krause et
al. (2013) added game elements to traditional drill-and-practice exercises in which
players were motivated to virtually break different items by producing sufficiently
loud and long speech sounds. The items broke at varying intensities and durations,
which were calibrated per player beforehand. FEvery item also had an associated
score which was awarded to the player after breaking the item. The goal of the
game was to break all items and obtain all the points available. All study partici-
pants achieved that goal. They also appeared to be engaged and enthusiastic about
continuing playing.

Research was also reported on a game system for speech rehabilitation in which
players controlled 3D game scenarios with movement of their tongue (Shtern et al.,
2012). The tongue’s movement range is often reduced due to dysarthria, affecting the
player’s pronunciation ability. Tongue movement exercises are beneficial to improve
this ability. Prototype game scenarios to support these exercises were moving a
wooden plank up and down a deformable ball by moving the tongue down and up,
respectively. In a subsequent version, the game was changed to a cartoon-like bee
avatar that was controlled by the player’s tongue movements. The goal of the game
was to let the bee land on flowers and collect pollen. Points were awarded to the
player with every successful collection. Clinicians could also personalize the game
to the player’s exercising needs. In theory, this game may have been expanded to
include different courses with varying difficulty for the training of players. However,
in a paper reporting on a pilot study using this gaming system (Yunusova et al.,
2017), very different game scenarios were used. A fishing net that expanded as
the player’s tongue movement range increased while pronouncing a sentence and a
dragon’s range of spewing fire also increased similarly. In this paper’s perspective,
these are scenarios containing gamified speech exercises similar to those described
by Krausse et al. (Krause et al., 2013).

More recently, research has been reported that included a requirements analysis and
design of a serious game to aid speech rehabilitation (Baranyi et al., 2024). While
it was still in the early design phases, a prototypical implementation included the
main game elements and automatic feedback through speech recognition (Weber,
2025). Being a 2D platform game, the main game elements consisted of moving a
character from one platform to the next. This was done by making it jump when
the corresponding utterance was pronounced correctly. While this is a flexible game
design that can support types of utterances for multiple speech impairments and
can be played by children and adult players, it may not be motivating enough to
play for multiple weeks in an intensive speech intervention. Additionally, being able
to only control the character using utterances can become frustrating when contin-
uously pronouncing the utterance incorrectly. It may also provide a more ‘drill-and-
practice’ experience that potentially demotivates players. Both, the frustration and
demotivation is what this paper’s research is aiming to avoid.

A different form of gamified speech exercises was included in researching the use
of a mobile app employing crowdsourcing (McNaney et al., 2016). Generally, users

71



5.2 Related work

recorded a sentence using the app and sent it to an online crowdsourcing platform.
Other crowd workers connected to the platform rated the loudness, pitch variation,
and speaking rate of the recorded speech on a scale of 0 - 100. The median of
the ratings was returned and visualized in the app. Users were also given goals
by a clinician for improving their speech. During the qualitative interviews after
the study, the users described that they were enthusiastically challenged to achieve
these goals. Additionally, users were motivated to do another exercise whenever
they received a rating that was lower than the previous one. Although this app does
not employ game scenarios as described in the older literature, elements of gaming
can be identified. Obtaining a median rating is perhaps similar to scoring points in
a game. The player is motivated to increase both.

In the previous literature described, games were designed on the basis of traditional
speech training and interaction design. However, to provide training that players are
motivated to do intensively for longer periods, it is necessary to design game scenar-
ios that evoke players intrinsic motivation. To this end, motivational theories from
the field of psychology can prove valuable. One such theory that has been applied to
the development process of gamified speech training is the Self-determination theory
(Miihlhaus et al., 2017). The researchers designed gamification elements to enable
integration of all the player’s needs described by the theory.

5.2.2. Game design for older adults

Literature on game design for older adults in general may provide valuable insights
for designing a serious game for speech training. An early study on heuristics for
the design of mobile serious games provided insightful recommendations (Machado
et al., 2018). A more recent study reaffirms those of previous studies and described
additional recommendations (S. Lee et al., 2021).

In addition to design heuristics and recommendations, older adults attitude towards
serious games was also investigated and showed that it can change from negative to
positive after having tried a game (Pyae et al., 2017). Gaming preferences were also
investigated (Tabak et al., 2020). As shown by that study, older adults prefer gam-
ing on non-console-like platforms, playing with others or alone in non-competitive
scenarios, like puzzle-based games and dislike fast and stimulating gameplay. These
are all preferences that are relevant to the research reported in this paper.

5.2.3. Game design approach for serious games

In order to design a serious game for speech training effectively, it is good practice
to employ a structured approach. This is taken from the fields of software develop-
ment and user interface design in which a user-centered design (UCD) approach is
advocated (Wallach & Scholz, 2012). In the past, research has been published on
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an approach to design games for therapy (Amengual Alcover et al., 2018; Beristain-
Colorado et al., 2021). It clearly integrates the principles of UCD by including
the target users, clinicians and researchers. Also, work has been published applying
these principles to serious games for health (Baranyi et al., 2020; Ratnanather et al.,
2021; Laine et al., 2020) and education (Wanick & Bitelo, 2020; Pacheco-Velazquez
et al., 2023). All reported positive results by including target users and stakehold-
ers at multiple stages of the design. Recent literature includes research into little
or no-code game authoring tools which require little or no-coding skills to design,
develop, and deploy serious games (Laurent et al., 2022; Colado et al., 2023; Torres
et al., 2025). This can make the process of developing serious games more efficient
and reduce costs involved. For now, this research is mostly in the educative domain,
but other domains (e.g. rehabilitation of limbs, speech, cognitive functions, etc.)
may benefit in a similar manner.

5.3. Methodology

To design and develop the game, a CoDesign approach (E. B.-N. Sanders & Stappers,
2014) was chosen. CoDesign is a joint, creative process that supports multiple
stakeholders in reaching their common goals. The expertise of speech therapists,
patients, caregivers, designers and researchers in the area of speech training were
utilized by this approach in every part of the design process. To guide the CoDesign
approach, the following principles were implemented (Van Dijk et al., 2011):

¢ Receive feedback and inspiration from a small number of users.

o Involve users in every part of the design process right from the start.

o Visualize application ideas at an early stage and test them using prototypes.

o Work in multidisciplinary teams and share knowledge.

o Imagine being a future user and let that user experience the new possibilities.
Our CoDesign approach consisted of six phases:

A. Getting to know the target users

Determining game principles
Designing game concepts

Prototyping game concepts

=0 a®

Game development
F. Level design

All phases were set up using an iterative process that included interviewing target
users, initial game design or development, testing the result with target users and
using their feedback to start a subsequent iteration. In most phases, two or three of
these iterations were completed before obtaining a satisfactory result. The following
subsections provide a description of each phase.
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5.3.1. Getting to know the target users

The goal of the first phase was to get to know the target users of the game. To
inform important design decisions it is important to know who the game is designed
for and for whom it is not, what their characteristics are as well as their capabilities.
To determine who the game is designed for and for whom it is not, all stakeholders
were interviewed to obtain their requirements and constraints. From those results
an initial profile of the target users was written. Target users that met that profile
were contacted and asked to participate. Qualitative interviews were held to get to
know the characteristics and capabilities of the target users. Using the results of
these interviews, multiple portraits were composed to get an in-depth description
of individual target users. Portraits are composed with an existing user in mind,
albeit anonymously. They can contain detailed descriptions of user characteristics
(age, marital status, hobbies, etc.), personal anecdotes with respect to their likes
and dislikes, their daily routines, and their surroundings. Their current capabilities
and the capabilities they lost due to their neurological disorder were also included
in the descriptions. Composing personas was also considered as an alternative for
portraits. However, these are usually based on the average target user and lack the
level of detail for a designer to empathize with such a person. Portraits also have
the advantage that the designer really gets to know the user by returning multiple
times to test and improve the design.

Speech therapists’ expert knowledge on patient characteristics and capabilities was
also included in composing portraits. Additionally, their application of current
dysarthria treatments in clinical practice including ways to motivate patients com-
prises a valuable body of knowledge.

To access this knowledge, a creative workshop was organized with ten speech ther-
apists to obtain insight on different topics. Two sessions were held to brainstorm
about how current treatments could be made more playful and what the ideal speech
training would be when no limitations existed. The attendees were divided into
groups and were all asked to come up with a concept for the serious game.

The output from the above sessions was combined with that of qualitative interviews
held with the academic researchers who described the possibilities and constraints
in researching dysarthria treatment efficacy. Goals for the serious game were for-
mulated from the output and prioritized by the stakeholders in a separate design
session.

5.3.2. Determining game principles

Determining game principles was an essential step in our game design process. Game
principles are defined in this paper as principles that focus on the player’s game
experience from the start to the end. They provide a foundation for how the game
will be played and include a definition of gameplay elements and overall storyline.
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From the interviews with the academic researchers it became clear that the most
important guidelines for determining the game principles were the following:

A1l The game principles should be chosen in such a way that they challenge players
to speak, also when having difficulties with speaking.

A2 They should also strike a balance between challenging players’ speaking capa-
bilities, level of difficulty and fatigue.

A3 While not every player will like the same type of game, the principles should
reflect the ones that will motivate the target group to train their speech on a
regular basis.

A4 The choice of game principles should take their suitability to provide feedback
on players’ speech into consideration.

Using these guidelines, multiple game principles for our game were identified from
the previous interviews. These were then tested with target users and their partners
using existing games and apps. Afterwards, the target users were interviewed about
positive and negative aspects of those games and apps and asked how they imagined
to practice their speech daily.

5.3.3. Designing game concepts

From the results of the game principles tests described in the previous subsection,
principles were identified that were either in line with the target users’ preferences or
the goal of the game. Next, three very different game concepts were designed using
these principles to explore users’ motivation to perform speech exercises. These
were tested in multiple sessions and included users that had not participated before.
Subsequently, a fourth game concept was tested that combined the positive elements
of the previous three. Qualitative observations and interviews were used to gather
users’ experiences, feedback and mode of play. From the outcomes, game concepts
that contributed to the goal of the game were identified.

5.3.4. Prototyping game concepts

A first interactive digital prototype was developed for tablets using the game con-
cepts identified as described in the previous subsection. Prototyping is a useful way
to investigate the feasibility of game concepts, using only a small amount of time
and resources. Different forms of low and high-fidelity prototypes were used to test
the game concepts: pen and paper, existing apps and interactive visualizations. Ad-
ditional prototypes were created iteratively to test those concepts that may provide
improvement. They were integrated in the interactive digital prototype when im-
provement was found. A process that is similar to the incremental development in
evolutionary prototyping (McConnell, 1996). Thorough testing of the initial digital
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prototypes was carried out by the designers. Afterwards, the resulting prototype was
tested with a group of speech therapists and pathologists to include their feedback
before testing with the target users themselves.

5.3.5. Game development

An iterative design process was chosen to develop the game. Input to this process
was the knowledge obtained in the previous subsection. It focused on developing the
three parts of our game design: user interaction, content, and graphical visualization.
The following guidelines were used in our aim to design accessible and intuitive user
interaction:

11 Make use of target users’ prior knowledge of interfaces, which was assumed to
be limited.

12 Make use of a real-world metaphor, like visualizing a button as pressed just
as a physical button would be.

13 Use, visualize, and position interface elements consistently.

Content was defined as the overarching story of the game. For its design, the
following criteria were used:

C1 It should stimulate speaking loud and low and increase articulatory effort.
C2 Integrate ways to provide feedback on users’ speech.

C3 Be sufficiently challenging to continue practising at home after clinical speech
therapy sessions ended.

C4 Keep motivating users to play for at least 15 minutes, four times a week, for
multiple weeks.

C5 It should fit in with the actual world and interests of the target users.

Graphical visualization was defined as the graphical look and feel of the game’s
interface and world. The following guidelines were used for designing the graphics:

G1 Provide guidance on where to focus during play, due to potential cognitive
impairment.

G2 Show any text as large as possible, because of potential visual impairment.
G3 Use high contrastive colors.

G4 Do not only contrast in colors, but also in shape where possible, because of
potential color blindness.

5.3.6. Level design

Levels are commonly used to progress through a game’s storyline in smaller parts.
Users may complete these parts by solving puzzles and finding particular informa-
tion. The design of these levels is important to continuously challenge users and
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motivate them to play repeatedly. To achieve that, applying a method of persua-
sion can be beneficial. The Hooked Model (Eyal, 2014) is such a method. It is often
implemented in a commercial context to get users ‘hooked’ on a particular app.
However, the principles of this method may also be beneficial to achieving positive
behavioral change. For that reason, it was added to the following list of guidelines
to facilitate level design:

L1 Introduce the user to the game basics at the start.
L2 Increase the level of difficulty gradually.
L3 Create a level design that is easily expandable.

L4 Apply the four principles of the Hooked Model (Eyal, 2014) to intrinsically
motivate users to play.

Level designs were internally tested at the Creative Care Lab before testing with
target users and observing their experiences to iteratively improve the designs.

5.4. Results

5.4.1. Getting to know target users

From the interviews with all stakeholders an initial profile of the target users was
written. The target users were adults aged 25 years or older. However, it was
expected that most users would be 55 years or older, considering the prevalence of
neurological disorders in that group. They are affected by an acquired neurological
disorder, like CVA (or stroke), PD, or TBI. These disorders cause decreased speech
intelligibility due to dysarthria. A reduced physical condition is also expected.
For example, increased fatigue, decreased hand-eye coordination, vision problems,
and/or reduced mobility.

Cognitive limitations are also likely. For example, decreased attention span, de-
creased short-term memory, decreased focus, and/or visual neglect, in which the
user exhibits a lack of response to stimuli in one half of their visual field.

Users that are affected by language production disorders, like aphasia, were excluded
from this profile.

Collaborating speech therapists were asked to contact target users that met the
above profile. Portraits were then composed of several participating users. An
anonymized example is included in Appendix 5A.

In the creative workshop with speech therapists, multiple concepts for a game were
imagined:

1) A scenario playing game. For example, a player asks their partner, who is
busy in the kitchen, to bring something in a loud enough voice. The player is
rewarded when the partner comes with the right item.
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2)

3)

4)

Speaking loud and low results in reward. For example, making an object
visible when speaking loud enough and moving it down the screen when si-
multaneously speaking low.

Immediate feedback on voice loudness and pitch: a screen reveals more of a
personal picture when correct levels are reached.

Digital board-like game: the roll of the dice will have a higher outcome in the
next turn when speaking at the right levels. After every game, the player is
rewarded by receiving a part of something greater.

The above output combined with the interviews of the stakeholders resulted in a list
of game goals which can be found in Appendix 5B.

5.4.2. Determining game principles

Using the guidelines described in the previous section, the following game principles
were identified from the interviews and workshops:

1)
2)
3)

4)
5)

Exploring: to control an object with your voice or make certain decisions.
Knowledge testing: to participate in quizzes.

Experiencing: to immerse in a conversation or story by means of a role-playing
game.

Performing: to recite a story or to create one with a partner or grandchildren.

Creating: make music with your voice or draw/build a world.

These game principles were tested with target users using existing games and apps.
What follows is an overview of users’ positive and negative feedback.

8

1)

Exploring

A ‘boat puzzle’ game was used in which players had to move waves with their
voice to lead their red boat to the exit of the puzzle. The game itself, a 3-
dimensional puzzle, was disliked by all target users. It was found too easy,
childishly visualized, and it provided more frustration than joy.

Knowledge testing

This principle was tested using two quizzes. First, a multiple-choice quiz in
which fictitious money was earned. Notable positive comments were that it
trains the brain, the rewards are fun, and questions are adaptable to personal
interests. Negative comments that were shared by most target users were that
the music was irritating and loud, and answering incorrectly was demotivating
as you lost all your money. Secondly, a word-guessing quiz was used in which
a picture with a few letters was provided. Most target users found it rather
difficult to switch focus between the picture, word and letters. Also, it only
triggered speech when the player thought out loud.
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3)

Experiencing

A voice changer and speech-to-text apps were used to test this game princi-
ple. The former changed the player’s voice in real time using filters. Positive
comments were that it focused on the perception of one’s voice and it is fun
to do. However, it is difficult to keep speaking when hearing one’s voice dis-
torted and many felt that it did not contribute much to speech training. The
speech-to-text app was used to compose messages to friends and family. Most
target users noted that it provides feedback on players’ speech, and it is fun to
contact people you know. A negative comment was that the provided feedback
contained no detail.

Performing

To test this principle, a newsreader was simulated using an autocue app. The
player is recorded while presenting the news messages and can listen to it
afterwards. Many commented that it was fun, one can choose interesting
topics and multiplayer is possible. Additionally, it was found instructive to
hear one’s own voice, albeit not always pleasant to hear that improvement is
needed.

Creating

An app was used that provided visual feedback on the usage of one’s voice.
Most players found it too distracting, making it difficult to simultaneously
focus on speaking and the visual feedback. Another game employed dice with
narrative icons. Every roll of the dice added an icon to an evolving story.
Players noted that it sparked their imagination and creativity, it was fun to
visually interact with language, it enabled multiplayer, and motivated them
to speak.

5.4.3. Designing game concepts

The principles ‘Experiencing’ and ‘Performing’ showed the most potential for our
serious game. Three very different game concepts that included them were designed
and tested with players. The following is an overview of their comments.

1)

Newsreader: The newsreader concept described in the previous subsection
was expanded to let players improve their news reading and get promoted
to regional or even national newsreaders. They could organize a schedule to
read news bulletins, weather forecasts, and/or traffic news. Players described
that they liked doing that and it was well suited for single play. However, we
observed that some had difficulties and felt they were stumbling along. Players
also commented that reading to an audience could increase motivation.

Voice coach: This concept is based on the idea of an app providing feedback
on speech continuously, at convenient and appropriate times. It could also
be used for doing voice warming up exercises. Using a Wizard of Oz setup,
the player was provided feedback through headphones while presenting a text.
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The tests showed that the feedback was either ignored or found disturbing.
In some cases players started reciting the provided feedback. This improved
when the feedback was given during breaks in between speaking.

3) Audio adventure: In the audio adventure concept, two players needed to find
each other. Both players were put on a map with icons of which only four were
visible at any time. The goal of the game was to find each other by moving over
the map and describing to each other what they see. They spoke to each other
via an online audio connection. During the tests, many players had difficulties
orienting on the map. For that reason, the icons were made bigger and the
maps less random by using themed icons (e.g. recognizable landmarks). An
example of the paper prototype is shown in Figure 5.1. Players also described
that they could easily play this game daily and liked that they could play it
with others close to them.

Positive elements of these three were then combined into a fourth concept that was
titled ‘Imaginative stories’. However, it was not well received in user tests. Players
described that reading out loud sentences to move left or right around a stylized,
two-dimensional globe made no sense and felt like mandatory speech exercises. Ad-
ditionally, this concept did not provide the freedom of movement experienced in
the audio adventure concept. In our observations, both reduced the overall game
experience. Figure 5.2 shows the stylized globe.

Figure 5.1.: Paper prototype of the audio adventure, displayed here with the two player tablets for
illustrative purposes.
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Figure 5.2.: The stylized globe in the ‘Imaginative stories’ concept. Players can only go left or right
along the globe by pronouncing the corresponding Dutch sentences and attempt to find
the other player. (Dutch text on top: ‘Strange smoke is coming from the factory’; to the
left: ‘(..) in the storage?’

5.4.4. Prototyping game concepts

A first digital prototype was made from the audio adventure followed the concept of
player one having an interactive map of the entire city who guides player two who
is on the street and can only see the immediate surroundings. Concretely, player
one had to catch crooks who walked around the city using an interactive map and
player two’s identification and descriptions of the crooks’ surroundings. Figure 5.3
shows player one’s interactive map. The prototype was developed for two tablets
and tested while the players were communicating with each other in the same room.
They were prevented from seeing each other’s screen. Positively, this prototype
motivated players to speak a lot, but the overall tempo of the game was too high for
the target users. There were too many variables to process, and the crooks moved
along too quickly before their surroundings could be sufficiently described.
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Figure 5.3.: Player one's interactive map in the ‘catching crooks’ concept. The question marks are
one of the crooks on the left or player two and they keep moving around.

In subsequent prototypes, the pace of the game was reduced by changing the goal
of the game, but sticking to the same concept. For example, finding lost dogs,
finding and excavating artifacts, and solving detective-like mysteries. Positively, this
concept made it easier for players to navigate the game world. However, it resulted in
an imbalance in spontaneous speech between both players. In an attempt to resolve
this, players were given equal roles by putting them both on the street, invisible
to each other, but with access to the map. Subsequent user tests showed that the
invisibility made the game more cognitively challenging. Also, access to the map
caused a reduction in the amount of speech produced by both players as it had taken
away the need to communicate for navigation. Removing the invisibility reduced
the cognitive load, but decreased the need for players to communicate even further.
To increase that need, sharing information received from other game characters was
introduced. The players needed to find their own pieces of information and verbally
share them with each other to accomplish the goal of the game. Final user tests
showed that this increased the amount of speech produced to a sufficient level.

5.4.5. Game development

In accordance with guidelines I1-13, the interface layout was kept consistent as well
as the purpose of the interface elements. In the end, all buttons were labeled with
a string representing their actions, because tested metaphors were often not under-
stood.
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During its development, the game content or story underwent several changes to
optimize its adherence to guidelines C1-C5. Other story concepts in addition to
the ‘catching crooks’ one described in the previous subsection were considered and
tested. However, they either made no sense to players, did not motivate players to
play daily, or were found too abstract. Players preferred a more everyday concept.

The final story concept ‘Treasure Hunters’ managed to motivate players and adhere
to our guidelines. Players played two archaeologists that needed to work together to
find treasures and artifacts. They navigated the same map, but started at different
locations. Gathering clues about the location of the artifacts, helping each other to
find the way, and getting to an artifact location together were also part of the story.

From a graphical perspective, the map was two-dimensional and divided in squares.
To focus the player’s attention and reduce cognitive load, only a circular part of
the map surrounding the player was made visible. Figure 5.4a shows how this was
visualized to players. For navigation, they could use the buttons at the edge of the
circle that were visualized similar to a compass.

This metaphor was chosen as we observed less confusion among players in orienting
and providing navigational instructions. Real-time feedback on players’ speech was
given automatically on loudness, pitch, and pronunciation. Initial game prototypes
were tested that integrated indirect feedback with the gameplay. Those tests showed
that players found this complex and difficult to process. In the end, a more direct
approach using a loudness meter and textual notification was found easier to under-
stand and process. Figure 5.4b visualizes this approach in the first version of our
game (Ganzeboom et al., 2016).

The clinical trials (chapter 6) showed that players found it difficult to switch their
focus between the playing field and the loudness meter. For that reason, we re-
turned to user testing indirect methods. After multiple designs, the one shown
in Figure 5.4a showed promising results and was included in the second version of
the game. This way, players were intrinsically motivated to speak loud, as they
would then see more of the playing field. To reinforce this method of feedback, a
direct method was also included using textual notifications as shown at the top of
Figure 5.4a.

As the results of the user satisfaction questionnaire showed chapter 7, players noticed
the feedback and were able to use it.
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(a) Screenshot showing what player ‘yellow’ (b) Screenshot of the first game version show-
can see when speaking too softly. The ing the direct method of feedback at the
inner circle widens as large as the green top.

circle when speaking loud enough. Tex-
tual feedback is given at the top: ‘Spreek
luider’ (English: Speak louder).

Figure 5.4.: Screenshots of Treasure Hunters version 1.

5.4.6. Level design

Many aspects of the level design were taken into account to find a usable combina-
tion. For example, the starting positions of the two players, the clues provided by
non-player characters (NPCs) that must be collected, the position of all the items
describing the surroundings of the playing field, and the storyline within and across
levels. Figure 5.5 shows the level editor that was created to design the levels for the
game. All of them were individually tested on their difficulty to play, the amount of
communication necessary between the players, as well as the build-up and variation
in the level of puzzles presented. During these tests the observation was made that
players spoke to each other the most when there was confusion about something in
the level. Balancing the amount of confusion in each level was then used to motivate
players to speak.

Players almost immediately started to play the levels in the initial prototypes with
only a brief visual instruction provided by the game beforehand. Tests with players
showed that such an instruction was too little for them and resulted in frustration
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Figure 5.5.: Level editor showing all the elements used in the level design: player’s starting positions,
descriptive icons, street names, and Non-Player Characters.

with the game. For that reason, introductory levels were developed that provided
a step-by-step explanation of how to play the game and how to use its interface.
In the first version of the game (chapter 6), shown in Figure 5.4, players had to
find the other player’s colored X, denoting the location of a part of the treasure to
be found. They then needed to guide the other player there before being able to
retrieve the treasure. Over the course of the research it became clear that players
found this repetitive and were less motivated to continue. For that reason, the
second version of the game (chapter 7) introduced the collection of clues to solve
puzzles or mysteries. These were given by NPCs to only one of the players in order
to facilitate the need for sharing and speaking. The collection of clues allowed for
more variety in the design of the levels making them less repetitive. It was also
used to gradually increase the level of difficulty. For example, by making clues more
cryptic using puzzles. As such, clues could be devised in a variety of ways and
within many themes. This enables an easily expandable level design that can also
be personalized to players’ interests and required speech exercises.

In our aim to intrinsically motivate players, the four principles of the Hooked Model
were applied. The NPCs who had unread clues for the players were ‘triggers’ in this
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respect. The corresponding ‘action” was to move to this NPC’s location to obtain
the clue. What the clue would tell, was always a surprise and in that respect a
‘variable reward’. The player ‘invests’ in the game by spending additional time to
find and share the other clues. The Hooked Model was also implemented in the
view on the map. As shown in Figure 5.4a, players only saw the part of the map
surrounding their character, which triggered exploration by tapping the navigation
buttons. They got rewarded each time by seeing a different part of the map. Players
invested in the game by spending additional time in exploring the map and gathering
knowledge on its topography.

5.5. Discussion

As the result section showed, our research uncovered a number of important design
decisions. The next subsections summarize them as lessons learned per area.

5.5.1. Game concept
During the concept design phase, the following was found about the users this re-
search’ targeted. They prefer:
e A cooperative game as opposed to a single player or competitive game.
o Freedom of movement in a game world as opposed to a preset path to follow.
o Everyday concepts to abstract ones.

o A fast-paced game was found unsuitable.

5.5.2. Speech production

Consider the following to motivate players’ speech:

o Players should have equal roles or tasks in the game to balance the amount of
speech between the two.

o Sharing information between players that contributes to achieving game goals
motivates speech.

o Confusion between players can be used to increase the production of players’
speech. However, too much confusion could cause unwanted frustration.

5.5.3. Feedback on speech

To provide feedback on speech, the following is recommended:
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¢ Providing an indirect method of feedback to this target user group in a real-
time interactive game can be effective. Especially when integrated with the
game view that is in the player’s main focus. To not hinder that focus, it is
recommended to not manipulate the complete view and its contents.

o Reinforcing an indirect method of feedback with a direct one can be beneficial.

5.5.4. Game introduction and navigation

In this area, the following was learned:

o Introductory levels that demonstrate to the player step-by-step how the game
works proved beneficial for this target user group in motivating them to play.

o It is recommended to not use brief textual instructions with accompanying
images for this target user group. Introductory levels were easier to follow.

o The compass metaphor was beneficial to reduce confusion in communicating
navigation instructions.

5.5.5. Design methods

The following was learned in the area of designing and developing a serious game:

e As described in previous literature, following a design process that involves
users at every stage is highly recommended.

o Prototyping with target users early on using existing apps or pen and paper
prototypes is very useful to identify game concepts users are motivated to play.

o It is useful to apply a method of persuasion (e.g. the Hooked Model) to the
design of the game to motivate users to keep playing.

The above lessons learned can be considered as guidelines to benefit future research
into serious games for speech training. This research acknowledges that these design
guidelines are limited to the target group described in the method section. For
example, the game concepts preferred by these users may be different from those
preferred by younger adults with neurological disorders. Also, younger adults may
not need the elaborate introductory levels and can suffice with explanatory texts
and/or visuals. Furthermore, the goal of this research was to explore the design of
a serious game for speech training in older adults and how to design for this target
group. For that reason, testing the consequences of design choices was limited to
qualitative user observations and interviews.

Future research may study these design choices in a quantitative manner and obtain
more insight into the effects on users’ motivation to play, to speak, and the efficacy
of different modes of feedback.
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The patients turned out to prefer a cooperative game to a single player game. Our
choice to design a game of their preference was reinforced by the idea that they
may have to use it intensively for a long time. However, a cooperative game is
more complex in design, development, maintenance and use, because every session
requires the availability of a co-player. That could be an acquaintance of the patient
or another dysarthric speaker but not everyone is probably equally suitable, which
makes organizing game sessions even more complex.

To maintain users’ level of speech throughout their lives, longer and more inten-
sive training periods then used in this research would be needed. How this design
performs under such circumstances is an interesting topic for future research.

5.6. Conclusions

Designing a serious game for speech training in older adults affected by a neurolog-
ical disorder presented its challenges. These challenges were met by following the
CoDesign process that involved users at every stage of the design. As a result, two
versions of a serious game were developed and deployed in clinical trials that, in
the end, proved to be beneficial to users’ speech intelligibility. Looking back on the
design process, valuable lessons were learned in five areas. The following highlights
the most distinctive ones per area:

1. Game concept design: older adults prefer a cooperative game that uses every-
day concepts.

2. Motivating players’ speech production: both players should have equal roles in
the game, and a moderate amount of confusion can stimulate players’ speech.

3. Visualizing feedback on pronunciation: reinforcing an indirect method of feed-
back with a direct one is recommended.

4. Game introduction and navigation: do not use brief textual instructions with
accompanying images to introduce the game to a new player. Introductory
levels were easier to follow by older adults.

5. Design methodologies: prototyping with target users early and throughout the
design stage is useful to identify game concepts users are motivated to play.

Guidelines were formulated from the lessons in the previous areas. They are intended
to guide future research into designing serious games for speech training.
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Appendix 5A Example of anonymized user portrait

What follows is an automatic translation (Google Translate, September 5, 2023)
of a user portrait written in Dutch that was used in this paper’s research. The
automatic translation has only been reviewed globally by the first author. The
second subsection has the original text in Dutch?.

English translation
Portrait - Marcel
Male, age 58

Marcel is 58 years old and has his own consultancy firm, he works from home and
visits his clients by car all over the country. He lives in Amsterdam with his wife.
His three daughters have all left home now. Marcel gets excited about imagination,
originality, people who have different perspectives on the same thing. For example,
why don’t we investigate placebos instead of drugs? A red box with placebos for
pain, a green box for rest, etc.

Twelve years ago, the onset of Parkinson’s Disease was discovered in Marcel. He
received pills as a first treatment, but stopped taking them after 3 years. Then he
underwent surgery, a deep brain stimulation operation and that worked: He now
hardly suffers from tremors anymore and has integrated the disease into his life.
But writing is becoming increasingly difficult, especially if you have to write on the
whiteboard for work.

Marcel gets up at 07:00 and does his physio exercises before breakfast. In the morn-
ing between 10:00 and 12:00 he visits a customer and after lunch in the afternoon
between 13:00 and 15:00 another customer. Occasionally, he also meets another
customer, between 4 and 6 pm, but then the day is really full. He prefers to be
home by 17:00 or 17:30. Then drink a whiskey to relax, knowing that one does not
have to do anything anymore. Marcel enjoys that. Other fun moments in a day are:
Getting up, watching a nice movie or laughing in front of the TV at the TV program
‘De Wereld Draait Door’ (English: As the world keeps on spinning’). He likes to
read the newspaper on Saturdays. Marcel also often enjoys his work, especially the
inspiring conversations and the variety between the customers appeal to him.

Marcel uses his voice a lot in his work. He gives presentations for groups and
conducts consultations. Due to Parkinson’s, his voice quickly becomes rather soft
and hoarse. His voice also skips sometimes. The natural reaction is then to clear
one’s throat and stop talking hoarsely, but that has no effect of course. During

'From report https://waag.org/sites/waag/files/2018-06 /Chasing-ontwerpproces-rapportage.pdf,
last accessed on September 21, 2025.
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speech therapy he’s done home exercises for 2 to 3 months: voice exercises once
a day, but that stopped afterwards. He must remember to give his voicing more
power. He is not often aware when talking too softly. Feedback in a positive way
from his environment works for him to get his attention back to his voicing. He is
often absent, busy with thinking about work. "You don’t quickly worry about how
you walk or talk." "But now you really have to think about everything." The less
pleasant moments in a day are often when he gets tired in the late afternoon and
comes back from work, just before the whiskey. He also doesn’t like heavy traffic
on the road, having to rush or being late. "Going to bed extremely tired is no fun."
After dinner, Marcel and his wife often watch TV or read together. They go to sleep
between 22:00 and 23:00.

People Marcel sees every day are his wife and customers, but always different cus-
tomers. Once a week he goes to the physiotherapist. Less frequently but every
month he sees his daughters (22, 26, 29), friends, acquaintances and relatives. He
has four brothers and two sisters. He sees the speech therapist once every three
months.

They will be moving soon to a smaller town outside the city, where his wife has more
social connections and can build her own life next to him, because of his impairment
from Parkinson’s.

Marcel plays very few games, the occasional crossword puzzle, also with his wife.
He used to play golf or tennis on the Wii game computer, but not anymore. He
sometimes did archery with others in a cottage in France, but it soon turned into
work there, more or less: maintenance around the house or in the garden, mowing
the lawn, digging, etc. When playing the board game ‘Triviant‘ he cannot stay silent
and just has to say the answer to a question that is posed to someone else.

He doesn’t like rugby or football. He is more of an athletics or running guy. Having
to hit something with precision is something that Marcel does not like.

Actually, he has always hated sports. He reluctantly does physical therapy, but it’s
fun once he gets started. When Marcel does not do his exercises in the morning, he
is also immediately punished during the day: Then his back will hurt. The manual
therapist no longer allows him to bend over or lift anything. “That gives you a
stiff back, so don’t do it.” Actually, a game for speech exercises should also have
something like this in it, thinks Marcel. “You have to do physio exercises, that has
now become part of my daily system.”

He wouldn’t want to play a game with another patient. Preferably independent, not
having to depend on others. It is your own responsibility to save yourself. What
works for Marcel is to hear himself speak, then he hears how his voice sometimes
sounds rather “dull, flat and slow”. He'd like to have a more vibrant voice. A voice
with power and variety. To be aware of this is often enough to do something about
it. When Marcel has to give a presentation for a group, it works to consciously
practice the first part at home. So that he primes himself to use the technique for
a good clear sound, speaking loud and low.
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A good reminder for him is if his wife just says "Hey, your voice is dropping again."
Then you can do something about that.

Dutch original

Portret - Marcel
man, 58 jaar

Marcel is 58 jaar en heeft zijn eigen adviesbureau, hij werkt vanuit huis en be-
zoekt zijn klanten met de auto door het hele land. Hij woont in Amsterdam samen
met zijn vrouw. Zijn drie dochters zijn inmiddels allemaal het huis uit. Marcel
wordt enthousiast van verbeeldingskracht, originaliteit, mensen die een andere visie
op hetzelfde hebben. Waarom onderzoeken we bijvoorbeeld geen Placebo’s in plaats
van medicijnen? Een rood doosje tegen pijn, een groen doosje voor rust, etc.

Twaalf jaar geleden is bij Marcel beginnende Parkinson ontdekt. Daarvoor kreeg hij
eerst pillen, maar is daar na 3 jaar mee gestopt. Toen is hij geopereerd, een deep
brain operatie en dat werkte: Hij heeft nu zo goed als geen last meer van trillen
en heeft de ziekte geintegreerd in zijn leven. Maar schrijven wordt steeds lastiger,
helemaal als je op het whiteboard moet schrijven voor je werk.

Om 7.00 uur staat Marcel op en doet zijn fysio oefeningen voor het ontbijt. In de
ochtend tussen 10.00 en 12.00 bezoekt hij een klant en na de lunch in de middag
tussen 13.00 en 15.00 uur nog een klant. Heel soms daarna, tussen 16.00 en 18.00 ook
nog een klant, maar dan zit de dag echt wel vol. Het liefst is hij om 17.00/17.30 uur
weer thuis. Drinkt dan een whisky om te ontspannen en niks meer te hoeven. Daar
geniet Marcel van. Andere leuke momenten op een dag zijn: Opstaan, een leuke film
kijken of lachen voor de TV bij De Wereld Draait Door. Op zaterdag leest hij graag
de krant. Ook van zijn werk geniet Marcel vaak, vooral de inspirerende gesprekken
en de afwisseling tussen de klanten spreken hem aan.

In zijn werk gebruikt Marcel veel zijn stem. Hij geeft presentaties voor groepen en
voert adviesgesprekken. Door de Parkinson praat hij snel nogal zacht en hees. Ook
slaat zijn stem nog weleens over. De natuurlijke reactie is dan om te rochelen om
niet meer hees te praten, maar dat heeft geen enkel effect natuurlijk.

Tijdens de logopedie deed hij wel gedurende 2 a 3 maanden zijn huiswerk: 1x per
dag stemoefeningen. Nu niet meer. Hij moet zich herinneren om meer kracht achter
zijn stem te zetten. Zelf is hij het zich niet zo snel bewust als hij weer te zacht
praat. Feedback op een positieve manier uit zijn omgeving werkt bij hem, om hem
weer even met zijn gedachten erbij te halen. Vaak is hij afwezig, bezig in zijn hoofd
met werk. “Je bent niet snel bezig met hoe je loopt of praat. Maar nu moet je echt
overal bij nadenken.” De minder leuke momenten op een dag zijn vaak als hij moe
wordt eind van de middag en terugkomt uit zijn werk, net voor de whisky. Ook
houdt hij niet van veel verkeer op de weg, haasten of te laat komen. “Doodmoe in
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bed rollen is geen pretje.” Na het eten kijken Marcel en zijn vrouw vaak samen TV
of lezen nog wat. Tussen 22.00 en 23.00 uur gaan ze slapen.

Mensen die Marcel dagelijks ziet zijn z'n vrouw en klanten, wel telkens andere
klanten. Eén keer per week gaat hij naar de fysiotherapeut. Minder frequent maar
toch wel iedere maand ziet hij zijn dochters (22, 26, 29), vrienden, kennissen en
familieleden. Hij heeft vier broers en twee zussen. Eén keer in de drie maanden ziet
hij de logopedist.

Binnenkort verhuizen ze naar een kleinere plaats buiten de stad. Daar heeft zijn
vrouw meer aanspraak en kan ze haar eigen leven naast hem opbouwen, in verband
met zijn aftakeling door Parkinson.

Marcel speelt heel weinig spellen, af en toe een kruiswoordraadsel, ook samen met
zijn vrouw. Eerder speelde hij nog weleens op de Wii spelcomputer golf of tennis, nu
niet meer. Met anderen deed hij in een huisje in Frankrijk wel eens aan boogschieten,
maar ging daar dan al gauw meer aan het werk: Klussen aan het huis of in de tuin,
grasmaaien, graven, etc. Bij Triviant kan hij zijn mond niet houden om met de
oplossing te komen, wanneer de vraag aan iemand anders gesteld wordt.

Hij houdt niet van rugby of voetbal, meer een atletiek of hardloop type. Met precisie
ergens op moeten slaan daar houdt Marcel ook niet van, eigenlijk heeft hij altijd een
hekel aan sport gehad. Fysiotherapie doet hij met tegenzin, maar als hij er eenmaal
mee bezig is, is het wel leuk. Wanneer Marcel zijn oefeningen niet doet ’s ochtends
wordt hij gedurende de dag ook direct afgestraft: Dan krijgt hij last van zijn rug.
Van de manueel therapeut mag hij niet meer bukken of iets optillen. “Daar krijg je
een stijve rug van, dus niet doen.” Eigenlijk zou een spel voor spraakoefeningen ook
zoiets in zich moeten hebben, vindt Marcel. “Bij fysio-oefeningen moet je wel, dat
is nu in mijn dagelijkse systeem gesleten.”

Een spel zou hij niet met een andere patiént willen doen. Liever zelfstandig, niet
afhankelijk van anderen. Het is je eigen verantwoordelijkheid om jezelf te kunnen
redden. Wat voor Marcel werkt is zichzelf terug horen, dan hoort hij hoe zijn stem
soms nogal “saai, gelijkmatig en traag” klinkt. Hij wil meer leven in zijn stem terug,
een stem met kracht en afwisseling. Het bewustzijn daarvan is vaak al voldoende
om er iets aan te doen. Wanneer Marcel een presentatie voor een groep moet geven,
werkt het om het eerste stuk thuis bewust te oefenen. Zodat hij daarin de techniek
toepast voor een goede duidelijke klank, laag en luid.

Een goed geheugensteuntje voor hem is als zijn vrouw enkel zegt “Hé, je stem zakt
weer weg.” Dan kun je er wat mee doen.
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Appendix 5B List Of Game Goals

From the results of the creative workshop with speech therapists and the interviews
with the stakeholders, the following list of game goals was derived, which guided the
design process. Originally in Dutch? (second subsection), the first section contains
a manual translation to English by the first author.

English translation

We would like a game for patients with dysarthric speech due to an acquired neu-
rological disorder that:

Can be played regardless of location, which also includes players’ home envi-
ronments.

Can preferably be played platform independently (e.g. on tablets, smart-
phones, and desktop PCs).

Provides speech exercises that fit in with daily life. For example, by integrating
them in an already existing daily routine.

Assists in improving players’ speech by encouraging them to speak loud and
low and provides appropriate feedback.

Provides feedback on player’s speech (live or recorded) and makes 1-on-1 feed-
back from a speech therapist in a remote location possible (potentially via a
connection with the electronic patient record).

Provides feedback by enabling the player to hear his/her own speech.

Motivates and assists the player in setting goals and achieve small successes
step by step.

Provides clear exercises daily that are easy to do and defined in terms of
playing time.

Can be played over a longer period of time. Preferably, a few months or
perhaps years.

Does not exhaust the player.
Can be both used during and after speech therapy treatment.
Can be played individually or together with partner/family.

The game:

Is light-hearted, flexible and positive.
Motivates to keep trying.

2From report https://waag.org/sites/waag/files/2018-06/Chasing-ontwerpproces-rapportage.pdf,
last accessed on September 21, 2025.
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Is optimistic and exudes confidence in the patient.
Builds increasingly in contact with the player.
Avoids constant confrontation and prevents frustration.

Approaches the player in a mature way.

The game takes into account:

Players’ areas of interest.
The difference in the playing pace between patient and partner/family.

The physical and cognitive limitations of neurologically disordered players, like
tremors, quickly fatigued, and fluctuating physical condition.

Players’ daily schedule.

Dutch original

Wij willen een game voor patiénten met dysartrische spraak naar aanleiding van een
verworven neurologische stoornis, die:
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Locatie onathankelijk te spelen is, waaronder thuis;

Bij voorkeur platform onathankelijk te spelen (bijv. zowel op tablet, smart-
phone als desktop pc);

Spraakoefeningen aanbiedt die aansluiten bij het dagelijks leven, bijvoorbeeld
door de oefeningen te integreren in iets wat toch al ‘moet’;

Stimuleert om laag en luid te spreken, feedback geeft en zo de spreektechniek
van de speler helpt verbeteren;

Feedback op de spraak (live/opgenomen) en 1-op-1 contact (“Hoe gaat het?”)
van een behandelend logopedist op afstand mogelijk maakt (evt. via mogelijke
aansluiting op het Elektronisch Cliénten Dossier (ECD);

Feedback kan geven waarbij de speler eigen spraak terughoort;

Motiveert, de speler helpt doelen te stellen en stapsgewijs kleine successen laat
behalen;

Duidelijke en gemakkelijk uit te voeren oefeningen biedt voor iedere dag, afge-
bakend qua speelduur;

Over langere tijd te spelen is, bij voorkeur enkele maanden of misschien wel
jaren;
De speler niet uitput;

Zowel tijdens als na het logopedie behandeltraject inzetbaar is;

Zowel individueel als samen met partner/familie te spelen is.



Appendix 5B

De game:
o Is luchtig, flexibel en positief;
o Motiveert om door te zetten;
o [s optimistisch en straalt vertrouwen uit in de patiént;
o Bouwt een groeiend contact met de speler;
¢ Vermijdt constante confrontatie en voorkomt frustratie;
o Hanteert een volwassen benadering.
De game houdt rekening met:
o Interessegebieden van de speler;
o Verschil in speeltempo tussen patiént en partner/familie;

o Fysieke en cognitieve beperkingen van Parkinsonpatiénten, zoals trillen, snel
moe worden, schommelingen in de fysicke toestand;

e De dagindeling van de patiént.






Chapter 6

Speech training for neurological patients us-

ing a serious game

This chapter has been reformatted and slightly modified from:
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Speech training for neurological patients using a serious game.
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6.1. Introduction

Patients with acquired neurological conditions such as stroke and Parkinson’s disease
(PD) often experience communication problems due to distorted speech, caused by
dysarthria. Dysarthria is a motor speech impairment which negatively affects speech
dimensions such as articulation and loudness (De Bodt et al., 2002). This results in
diminished speech intelligibility in these patients, which often hinders communica-
tion in daily life. Traditionally, dysarthric patients regularly visit a speech therapist
to exercise their speech. Given the increasing number of patients due to our age-
ing population and limited resources in healthcare, eHealth applications for speech
training are gaining interest. Such computer-based applications enable patients to
train their speech and receive feedback in their own home environment without the
need to travel. In this way, speech training can be prolonged and intensified, which
is known to have beneficial effects on motor speech rehabilitation (Maas et al., 2008;
Palmer et al., 2007). Computer-based speech training systems have been investi-
gated quite often in the last two decades (Y.-P. P. Chen et al., 2016; Palmer et al.,
2007; Ritterfeld et al., 2016). The results indicate that computers could provide a
method of delivering effective dysarthria training without placing high demands on
therapy resources.

One of the computer-based speech training applications of interest is E-learning
based Speech Therapy (EST), which focuses on drill-and-practice training for dysarthric
patients with stroke or PD (Beijer et al., 2014; Schaefer et al., 2016). Exploratory
research indicated the potentials of EST for beneficial effects and patients appre-
ciated the possibility to train in their home environment at a time of their own
choice (Beijer, 2012). Nevertheless, patients did not fully appreciate the usability
of the web application and considered this an obstacle for frequent practice. They
also indicated to prefer an ecologically more valid way to practice speech. That
is, patients perceived the gap between drill-and-practice exercises on the one hand
and functional daily communication too large. Also, the traditional exercises were
not considered motivating for therapy compliance. These comments, questioning
the potentials for therapy compliance and the appropriateness of exercises for daily
communication, are typical for computer-based speech training (Y.-P. P. Chen et al.,
2016; Palmer et al., 2007).

Rather than traditional drill-and-practice speech therapy, serious games have po-
tential to trigger patients’ intrinsic motivation for therapeutic practice through fun
and enjoyment (e.g., Kari, 2017; Z. H. Lewis et al., 2016), thus enhancing therapy
compliance. For both stroke and PD, the literature on rehabilitation using serious
games primarily concerns physical fitness (these games are also known as exergam-
ing). We refer to Appendix 6A for an overview of that literature. In the field of
speech rehabilitation in dysarthric speakers, to the best of our knowledge only one
study investigating the effectiveness of serious gaming has been reported (Krause
et al., 2013). The game in this feasibility study focused on increasing loudness by
producing isolated ‘a’ sounds in order to break a glass. Their work demonstrated
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the potential of integrating loudness exercises and game design to provide a useful
tool for vocal training. The present study contributes to how serious gaming can be
utilized to increase loudness in a more functional communicative context.

In the project ‘CHallenging Speech training In Neurological patients by interactive
Gaming’ (CHASING) the goal was to develop a serious game (Treasure Hunters)
for patients with dysarthria due to PD or stroke, aiming to improve their speech
intelligibility in functional communication (Ganzeboom et al., 2016), and subse-
quently evaluate it. In the present pilot study we aimed to explore the added value
of game-based speech training (using the game Treasure Hunters) compared to non-
game computer-based speech training (EST). Two main research questions were
addressed:

1. How does game-based speech training compare to non-game computer-based
speech training with respect to dysarthric patients’ speech intelligibility out-
comes?

2. How does game-based speech training compare to non-game computer-based
speech training with respect to patient satisfaction?
In the sections below we will describe the method and results of this experimental
research project. Finally we will interpret and discuss the outcomes.

6.2. Methods and materials

6.2.1. Design

As shown in Figure 6.1, a crossover repeated measures design was employed. This
design was chosen because of the exploratory nature of our study and the advantage
of participants using both EST and the game. Each participant received both a four-
week game-based speech training intervention (using the game Treasure Hunters)
and a four-week non-game computer-based speech training intervention (EST). In-
tervention order was counterbalanced by having one group of participants start with
the game intervention (group 1) and another group with the EST intervention (group
2). Repeated measures (i.e. speech recordings) were conducted before and after each
intervention, at T1, T2, T3 and T4. Thus, the effects on speech intelligibility of both
the game intervention and the EST intervention could be established as well as the
effects of the within-subject variable ‘game versus non-game (EST)’ for each par-
ticipant. At T4 participants also completed a user satisfaction questionnaire and a
paired comparisons preference task (hereafter denoted as 'preference task’).

6.2.2. Participants

Patients with dysarthria due to PD or stroke were recruited via speech pathologists.
The patients had completed face-to-face speech training at least six months before.
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4w 2w 4w
T1 T2 T3 T4
Group 1 Game EST
Tl T2 T3 T4
Group 2 EST Game

Figure 6.1.: The crossover repeated measures design used to study the effects of the game and EST
interventions (w = weeks). T1-T4 are the speech pretests and posttests.

Excluded were patients with aphasia, reported severe cognitive problems or other
disabilities that would hamper 15 minute training sessions with the game or EST.

Seven participants (five PD, two stroke), all male, were found willing to participate.
Five of them (three PD, two stroke) completed both interventions and could be
included in our study. Two participants had to withdraw due to health related
reasons. Participant characteristics are provided in Table 6.1.

Perceived
Partici- Time since Mobility Experience
Gender Diagnosis Age (yrs) impact on daily
pant diagnosis (yrs) limitations with computers
communication
Group 1
pl male PD 62 15 none large considerable
p2 male PD 59 7.5 none large little
p3 male PD 69 4 severe moderate little
Group 2
pa male stroke 68 0.75 none moderate considerable
p5 male stroke 67 3 none none hardly

Table 6.1.: Participant characteristics. Participant 3 was additionally diagnosed with Hereditary Motor
Sensory Neuropathy.

6.2.3. Speech training interventions

Both the game intervention and the EST intervention were based on the Pitch
Limiting Voice Treatment (PLVT; De Swart et al., 2003), which is currently standard
practice for dysarthria therapy in the Netherlands (Kalf et al., 2008). PLVT is an
adapted version of the Lee Silverman Voice Treatment (Ramig et al., 2001) and
focuses on speaking ‘loud and low’. This therapy is known to positively affect voice
intensity (perceived loudness) in patients with PD (De Swart et al., 2003). The aim
of this therapy is to improve a patient’s intelligibility: the extra effort required to
increase loudness indirectly has a positive influence on articulatory function, which
has a beneficial effect on intelligibility (Sapir et al., 2007). For this reason, stroke
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patients also potentially benefit from this increased effort. However, due to this
increased effort patients often also raise their pitch. This could have a negative
impact on voice quality. Therefore, the PLVT prescribes to speak ’loud and low’.
In order to encourage patients to speak ‘loud and low’ in both our interventions,
feedback is provided on loudness and pitch. In accordance to the prescriptions of
PLVT both speech training interventions were scheduled 15 minutes four times a
week during four weeks.

Game-based speech training: Treasure Hunters

During the game intervention, the participants practiced their speech with the seri-
ous game Treasure Hunters (Dutch: ‘Schatzoekers’; Ganzeboom et al., 2016) which
was developed in collaboration with Creative Care Lab at Waag Society!, following
a user-centred design approach. The game targeted elderly patients, which is largely
representative of the population of patients with dysarthria due to PD or stroke.
Both patients and speech therapists were involved in different stages of the design
and development process.

Interviews and tests with different game concepts showed that patients preferred
concepts with the emphasis on gaming, without a specific focus on the therapeutic
aspects. In addition, multiplayer concepts were considered more appealing due to
their social aspects. The interviews and tests also revealed that patients preferred a
cooperative playing style. Additional details on the game design process are provided
in Appendix 6B.

Treasure Hunters (see Figure 6.2a) is a two-player cooperative game in which players
navigate a virtual map and need to help each other to find the treasure. One player
plays the character ‘digger’ and needs to find the treasure chest that is buried in
the ground and the other player is a diver who searches the water for the key to
open the treasure chest. The location of the chest is only visible to the diver and
the location of the key is only visible to the digger. This way, both players are
encouraged to speak, as they have to guide each other to the right location. Players
are connected through the internet and communicate using a voice chat connection.
While playing, the players receive automatic feedback on voice loudness and pitch,
based on PLVT practices. This feedback is based on automatic analysis of the audio
from the voice chat connection employing speech analysis algorithms. Initial game
prototypes integrated indirect feedback on loudness and pitch with the gameplay.
User tests showed that patients found this complex and difficult to process. A more
direct approach in a later prototype was found easier to understand and process
and resulted in providing feedback in the form of a loudness meter, which turns red
if the voice is too soft. Feedback on pitch is given in the form of ‘speak low and
loud’ (Dutch: ‘spreek laag & luid’) notifications when the pitch is too high (see the
top of Figure 6.2a; Ganzeboom et al., 2016). For all participants, adequate levels of

!Creative Care Lab’s project CHASING page: http://waag.org/project/chasing, last accessed on
September 30", 2025.
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loudness were set at 60 decibel or above (based on Rietveld and Van Heuven, 2016)
and for pitch below 170 Hz (based on Kalf et al., 2008).

(a) Screenshot of the game Treasure hunters. (b) Example of a typical game setting. Photog-
raphy: Radboud University / Dick van Aalst.

Figure 6.2.: Images of the game-based speech training.

All participants played the game using the same model tablet (Apple iPad Air) on
a desk stand and headset (see Figure 6.2b). They played the game together with a
coplayer through the internet. The coplayers in this study were university student
assistants, who were instructed to act as a cooperative coplayer and encourage the
participant to speak. The reason for using student assistants was to minimize vari-
ability between participants in the way the intervention proceeded. Importantly,
these coplayers were instructed not to give feedback on participants’ pronunciation.
They were only allowed to ask for clarification like in regular conversation (e.g.
"Could you repeat that?’).

During the game intervention, game sessions of around 15 minutes were scheduled
four times a week for four consecutive weeks. Due to health-related reasons, complex
agendas, and technical issues not all participants completed all 16 game sessions:
participants 1 to 5 completed 11, 16, 16, 13, and 15 sessions, respectively.
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Non-game computer-based speech training (EST)

During the EST intervention, the participants practiced their speech individually
by drill-and-practice speech exercises in the EST application. In EST (see Beijer
et al., 2014), the patient reads utterances, listens to target audio samples of these
utterances, imitates these target samples by reading aloud the utterances, and au-
rally compares their own speech with the target sample. The latter is supported
by automatic visual feedback on loudness and pitch employing the same type of
speech analysis algorithms and the same loudness and pitch thresholds as in the
game intervention.

The speech utterances used in the EST intervention were adapted from Beijer et al.
(2014). All participants practiced with EST individually in their home environment,
using the same model laptop and headset. Similar to the game intervention, the
EST intervention comprised four sessions each week during four consecutive weeks.
Sessions could be planned by the participants themselves within a two day time
period; each session included a specific set of exercises in EST which took about
15 minutes to complete. Participants were contacted once a week by telephone to
review their progress. All five participants completed all 16 sessions.

6.2.4. Measurement instruments

Speech recordings

As Figure 6.1 shows, participants’ speech was recorded in their home at four points
in time (T1-T4). An additional recording session was held some weeks before T1,
which served as a feasibility test (i.e. test internet connection, find a low noise
recording location, and fill out information and consent forms). The recordings at T'1
and T2 served as pretest and posttest for the first intervention, while the recordings
at T3 and T4 served the same purpose for the second intervention. Participants’
speech was recorded using the same laptops and headsets as used for the EST
intervention.

In the recording sessions, participants were asked to read aloud sentences and texts.
The same sentences and texts were used in all recording sessions. The materials
to be read aloud comprised 30 sentences containing a word with /p/, /t/, or /k/
as the initial sounds (Beijer et al., 2014), the short story 'Papa en Marloes’ (Van
de Weijer & Slis, 1991), and an Apple pie recipe text (constructed by the authors)
to stimulate the realisation of more functional speech (participants were asked to
imagine reading the recipe to a friend who was busy baking the pie).

During the speech assessments the recording of the speech materials was restricted to
a single attempt, except for cases where reading errors, stutters, or restarts occurred.
To limit their occurrence, participants read each sentence or text silently before
reading aloud.
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Listener judgements of intelligibility

To evaluate the effects of the interventions on participants’ speech intelligibility,
speech samples recorded in the speech assessment sessions were judged on intelli-
gibility by inexperienced listeners using a paired comparisons judgement task. For
each participant, eight inexperienced listeners (students from a university of applied
sciences) compared pairs of speech samples recorded at times before and after the
interventions (i.e. T1-T2 and T3-T4, respectively). They were asked which of the
two samples was most intelligible to them and to what extent. In accordance with
Scheffé’s procedure for paired comparisons (Scheffé, 1952), ratings were assigned
using a scale from -3 (the first realization was much better) to +3 (the second
realization was much better), excluding 0.

Speech samples for the judgement task were selected from the recorded speech ma-
terials. Generally, the problems dysarthric speakers experience (i.e. decrease of
loudness, increase of pitch and articulatory imprecision) often occur towards the
end of sentences due to effects of fatiguing speech organs. For that reason, it is
likely that the first parts of the speech samples do not show a potential reduction in
intelligibility. That is why we chose to cut the /p/, /t/, /k/-sentences into two parts
of comparable length and to include the latter parts as much as possible. From the
text fragments, we used parts containing 2 or 3 successive sentences, always exclud-
ing the first sentence from a fragment.

Recordings containing unrecoverable reading errors and (background) noise were ex-
cluded from the judgement task. Furthermore, the selected recordings were balanced
in length, occurrence of non-frequent words, and number of occurrences of the /p/,
/t/, and /k/ sounds and consonant clusters. The final set totaled 40 speech samples.
All speech samples were normalized to an average loudness of 68 dB (calibrated to
an artificial ear in dB(A)).

In total, every listener was asked to judge 80 pairs of speech samples of a randomly
assigned participant (40 pairs T1-T2 and 40 pairs T3-T4). The samples were digi-
tally provided to the listeners in an OpenSesame experiment (Mathot et al., 2012).
The order in which the two samples within a pair were presented was counterbal-
anced, and the order in which the different pairs were presented was randomized.

For pairs that were presented in counter-chronological order, the listener ratings were
reversed, so that positive ratings always represent an improvement in intelligibility
from before to after the intervention. The listener ratings for each pair were then
averaged to obtain an intelligibility gain score per pair of speech samples.

User satisfaction and preference

To evaluate participants’ appreciation of game-based speech training (Treasure Hunters)
in comparison with a non-game computer-based speech training (EST), they were
asked to fill in two user satisfaction questionnaires (one about each system) and
complete a preference task.
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The user satisfaction questionnaires, based on Beijer (2012, ch. 8), contained four
items about either the game or EST, related to satisfaction with the interface, ease
of use, attractiveness and the overall system. Each question was rated on a 10-point
scale, ranging from ‘1’ (extremely unsatisfied) to ‘10’ (extremely satisfied). Internal
consistency of the 4 items was high (game: Cronbach’s alpha = .82; EST: Cronbach’s
alpha = .84). A fifth question was added enabling dysarthric speakers to add written
comments. The questionnaires about the game or EST were administered during
the recording session directly after the respective interventions.

In the preference task, based on Beijer (2012, ch. 8), the participants were asked
to choose between game-based speech training (using a two-player tablet game) and
non-game computer-based speech training in four hypothetical scenarios. Hypothe-
sized levels of speech improvement were attached to the two interventions and were
either a ’slight improvement’ (+-) or a ’strong improvement’ (++). An example
of a scenario is shown in Figure 6.3, where the participant had to choose between
a game-based intervention with strong hypothetical improvement and a non-game
computer-based intervention with slight hypothetical improvement. Each scenario
was rated on a scale from -3 (strong preference for the left option) to 3 (strong
preference for the right option). The ratings showed sufficient internal consistency
(Cronbach’s alpha = .77). The hypothetical scenarios were presented visually to
participants through E-prime 2.0 and were orally explained by the experimenter.

Figure 6.3.: Example of a scenario in the preference task.
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6.2.5. Data analysis

For each participant and each intervention a one-sample t-tests was carried out to
test whether the mean intelligibility gain score obtained from the listener judgement
task was significantly different from 0. The unit of analysis was the speech sample
pair (n = 40 speech sample pairs per participant per intervention, or less in cases
where some speech samples could not be used). Kolmogorov-Smirnov’s test did not
reveal significant deviations from normality? and also skewness and kurtosis values
were not significant. As we hypothesized that the interventions would positively
affect patients’ intelligibility, we employed one-tailed tests.

The intelligibility gain scores of the game intervention and the EST intervention
were compared using a paired samples t-test for each participant. Also here there
were no significant deviations from normality. As we did not have a hypothesis about
which of the two interventions would result in higher improvements in intelligibility,
we used two-tailed tests here.

All analyses were carried out with SPSS; version 23. A significance level of 0.05 was
adopted. Cohen’s d effect sizes were calculated for all analyses.

For the user satisfaction data and the user preference data (research question 2),
descriptive statistics were calculated.

6.3. Results

6.3.1. Intelligibility

Table 6.2 displays for each participant the means and standard deviations of the
intelligibility gain scores obtained from the listener ratings, both for the EST in-
tervention and for the game intervention. Positive scores indicate an increase in
intelligibility from pretest to posttest; negative scores indicate a decrease in intelli-
gibility.

The one-sample t-test results for the game and EST (Table 6.2) indicate a large
variation between participants. For participant 1 there was a marginally significant
increase in intelligibility during the game intervention (d = 0.22) and no significant
change in intelligibility during the EST intervention. Participant 2 had a marginally
significant increase in intelligibility both during the game intervention (d = 0.26)
and the EST intervention (d = 0.25). Participant 3 showed a significant decrease
in intelligibility during the game intervention (d = -0.53) and a significant increase
during the EST intervention (d = 0.36). Participant 4 had no significant changes
in intelligibility in any of the interventions. Finally, participant 5 showed no change

2Except for participant 5 for the game intervention. For this case, however, a bootstrapped t-test
led to similar results as the regular one-sample t-test.
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Participant Intelligibility gain score Intelligibility gain score game vs. EST
game intervention EST intervention
n M (SD) 2 d n M (SD) 2 d t® d

pl 40 016 (0.70) 1.41t 022 40 0.16(0.95) 107 0.17 -002 0.00
p2 40 0.18(0.67) 1.65t 026 39 0.16 (0.64) 159t 025 026 0.04
p3 39 -0.44 (0.84) -3.28** -0.53 29 0.37 (1.02) 1.96* 0.36 -3.65** -0.68
pd 37 -0.10 (1L.05) -0.57 -0.09 40 0.01(0.75) 0.08 001 -045 -0.07
p5 40 -0.05 (0.78) -0.43 -0.07 40 -0.34 (0.67) -3.24** -0.51 170t 0.27

Table 6.2.: Descriptives and t-test results of intelligibility gain scores per participant.
n = number of speech sample pairs. ?Positive t-values were tested one-tailed, as they were
in line with our hypothesis. Negative t-values were tested two-tailed. df = n - 1.
bTested two-tailed. df = smallest n - 1.
tp<.10
*p < .05
**p < .01

in intelligibility during the game intervention and a significant decrease during the
EST intervention (d = -0.51).

The paired-samples t-tests comparing the mean gain scores for the game and EST
(rightmost columns in Table 6.2) revealed that for participant 3 the increase in in-
telligibility was significantly higher for EST than for the game, while for participant
5 the impact on intelligibility was marginally significantly higher for the game than
for EST. For the other three participants there was no significant difference between
the game and EST in their impact on intelligibility.

6.3.2. User satisfaction and preference

The participants’ average user satisfaction ratings for the game and EST are dis-
played in Table 6.3. We see that participant 1 was more satisfied with the game
than with EST, while participants 2 and 3 were more satisfied with EST than with
the game. Participants 4 and 5 were highly satisfied with both the game and EST.

Written comments by the participants explained low user satisfaction ratings for
the game by the occurrence of internet problems during the game sessions (pl),
and by not being used to working with a tablet computer (p3). The contact with
the coplayer was mentioned by some participants as a positive aspect of the game
intervention (p2, p4).

In the preference task, the participants were asked to choose between game-based
speech training and non-game computer-based speech training in four hypothetical
situations. Table 6.4 presents the participants’ ratings from the preference task
(positive scores indicate a preference for game-based speech training). We see that
in scenarios where slight improvement (+-) was compared to strong improvement
(++), most participants opted for the strong improvement intervention, regardless
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Participant Game EST

pl 6.50 5.75
p2 6.25 6.75
p3 550 7.00
p4 8.75 8.50
p5 8.00 8.00

Table 6.3.: Average user satisfaction ratings per participant. Average of four items on a 10-point-scale.

of whether this involved game-based or non-game computer-based speech training.
In scenarios where the levels of hypothetical improvement were the same for both
options, some participants chose game-based speech training, while others chose non-
game computer-based speech training. When looking at the average over the four
ratings (rightmost column in Table 6.3), we see that, across scenarios, participants
2, 4 and 5 showed a preference for game-based speech training, while participants 1
and 3 showed a (slight) preference for non-game computer-based speech training.

Average preference

Participant Preference per scenario
game vs. non-game
game++ vs. game+- vs. game-++ vs. game+- vs.
non-game+-+ non-game--- non-game--- non-game-++
pl -2 -2 3 =3 -1.00
p2 3 3 3 -2 1.75
p3 -2 0 2 -2 -0.50
p4 2 2 2 -3 0.75
p5 8 3 3 3 3.00

Table 6.4.: Preference ratings per participant.
Ratings range from -3 to 3, with positive values indicating a preference for game-based
speech training.
game = game-based speech training using a two-player tablet game. non-game = non-
game computer-based individual speech training. ++ = strong hypothetical improvement.
+- = slight hypothetical improvement.

6.3.3. Summary of results

The results from Table 6.2, Table 6.3, and Table 6.4 are summarized per partici-
pant in Table 6.5.

6.4. Discussion

In the current research we compared game-based and non-game computer-based
speech training: our game (Treasure Hunters) and EST. We focused on three vari-

109



6.4 Discussion

User
Participant Intelligibility User preference
satisfaction

Game: marg. sign. improvement (d = 0.22)  Game: 6.50
pl preference for non-game (-1.00)
EST: no change in intelligibility EST: 5.75

Game: marg. sign. improvement (d = 0.26)  Game: 6.25
p2 preference for game (1.75)
EST: marg. sign. improvement (d = 0.25) EST: 6.75

3 Game: sign. decline (d = -0.53) Game: 5.50 slight preference for non-game

p.
EST: sign. improvement (d = 0.36) EST: 7.00 (-0.50)
Game: no change in intelligibility Game: 8.75

p4 slight preference for game (0.75)
EST: no change in intelligibility EST: 8.50
Game: no change in intelligibility Game: 8.00

p5 strong preference for game (3.00)
EST: sign. decline (d = -0.51) EST: 8.00

Table 6.5.: Summary of results per participant.
Ratings range from -3 to 3, with positive values indicating a preference for game-based
speech training.
game = game-based speech training using a two-player tablet game. non-game = non-
game computer-based individual speech training. ++ = strong hypothetical improvement.
+- = slight hypothetical improvement.

ables: intelligibility of dysarthric speakers, user satisfaction, and user preference.
Overall, Table 6.5 shows a substantial variability in the outcomes for each variable.
In consequence, no consistent relations between the three variables were established.
The lack of consistent outcomes is not surprising due to the heterogeneous partici-
pant group. Different background variables such as underlying neurological condi-
tion and experience with computers may have interfered with the interventions, and
might (at least partially) explain why not in all cases a significant improvement was
observed. As described in the Method section, not all participants completed the
intended 16 practice sessions and some experienced technical issues during practice.
Furthermore, part of the experimental design was that participants carried out the
tasks in different orders. We checked for effects of these factors, but could not find
any clear relations.

Another reason why the improvements obtained were maybe lower than what would
ideally have been possible is related to the threshold values used for loudness and
pitch, which were recommended in literature, indicating the average perceived loud-
ness of speech in normal conversation (i.e. 60 dB), and a threshold slightly above an
average male’s maximum pitch (i.e. 170 Hz), respectively. The feedback provided
in the two interventions was based on these threshold values, which were applied for
all participants. It might be the case that these thresholds are ‘on the safe side’ and
do not particularly challenge dysarthric speakers in increasing their loudness and
simultaneously lower their pitch. Furthermore, it probably would be better to use
personalized thresholds, that might even have to be adapted within one patient over
time. After all, the goal is that patients’ speech improves, and if a patient’s speech
improves it might be better to make the thresholds for that patient somewhat more
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challenging; and vice versa if a patient’s speech deteriorates. The literature on the
personalisation of exergames also point in this direction (Gorsi¢ et al., 2017; Laver
et al., 2018).

Obviously, there are clear differences between our game and EST. The advantage of
a non-game based application like EST is that it is built on a standardized training
procedure (as described in the method section) supporting neurological patients who
commonly experience cognitive impairments. The required auditory feedback for
comparing spoken speech with the target sample is supported by automatic visual
feedback and provided for every spoken utterance. Therefore, EST provides feedback
on each spoken utterance, which is not the case in our game. Communication in
our game is more varied and complex, more like in daily-life communication. Where
EST’s ‘drill-and-practice exercises’ may not be supporting for therapy compliance,
they may be more suitable for patients with cognitive demands. On the other hand,
where dynamic daily-life communication is expected to enhance intrinsic motivation
and thus therapy compliance, in some cases it may be too demanding for dysarthric
speakers with cognitive constraints.

The main limitations of our study are the limited number of participants and the rel-
atively short duration of the interventions (about 4 hours over a four-weeks period).
After this limited amount of training, the participants’ appreciation was on average
similar to that of EST. Our study included only elderly patients as they are largely
representative of our target population. Unfortunately, no female participants could
be included. This may partially be related to the higher prevalence of PD among
men. Consequently, the results of our study are limited to elderly male patients.

A relevant question is what would happen after many years of intensive practice.
We believe that the concept of our game can remain engaging over a long period,
because new visual content and types of virtual maps can easily be added to the
game. Our game could be a fun and motivating alternative for general practice in
addition to EST. The latter could be used for remedial exercises to train certain
aspects of speech that benefit from exercises of a more ’drill-and-practice’ nature.
In the game patients talk to another person, the speech is more conversational, the
ecological validity of training is expected to be higher, and it has the potential to
provide a better transfer to real life situations.

6.5. Conclusions

In this exploratory study, the comparison of game-based speech training (Treasure
Hunters) and non-game computer-based speech training (EST) yielded no clear evi-
dence for overall differences between the two with regard to speech intelligibility and
user satisfaction. The results among participants were mixed, sometimes having a
positive tendency towards our game, sometimes towards EST. In general, partici-
pants appreciated playing our game, hinting at the potential of our game for speech
training.
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6.5 Conclusions

With regard to the three variables in our study: speech intelligibility, user satisfac-
tion, and user preference, substantial variation between participants was observed in
outcomes of these variables and their relations. This indicates that, a ’one size fits
all” approach does not apply. Instead, a personalized approach to speech rehabilita-
tion is needed, in line with the suggestions in studies on exergames, as was reported
in the discussion. Regarding the PLVT aspect, thresholds for pitch and loudness
could be adapted to match individual patients’ needs (which may vary for different
phases in the treatment). The other aspects of the intervention (e.g. type of speech
exercises, difficulty, etc.) should be personalized as much as possible, taking into
account the abilities and the preferences of the patients. To achieve this goal and to
assess its effects more research is needed. In particular, research that includes larger
numbers of participants will increase statistical power and will enable us to draw
more robust conclusions. In addition to studying the immediate effects on intelli-
gibility, the long-term effects (e.g. maintenance or after longer periods of training)
should be assessed as well as the effects on therapy compliance. As only male par-
ticipants in the age range from 59 to 69 years participated in this study, it would be
interesting to also test the game with female patients and patients of different ages,
and to investigate the impact of gender and age on the effects and appreciation of
the game-based intervention. Such a study may also include investigating possible
differences between patients with dysarthria due to different causes. A clinically rel-
evant question for future study is which types of people the game-based intervention
is most suitable for. As our study evaluated the feasibility of providing game-based
feedback on loudness and pitch, a next step would be to investigate the effects of
additional and different kinds of feedback.
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Appendix 6A Literature overview on serious games
for non-speech rehabilitation in patients with
Parkinson’s Disease or stroke

Serious games for rehabilitation in patients with Parkinson’s Disease

In the literature on serious games for patients with Parkinson’s Disease (PD), various
types of games can be identified, focusing on the movement of different parts of
the body: upper and lower extremities and postural control. Multiple examples of
recent studies that focus on the rehabilitation of the upper extremities (i.e. shoulder,
arm, and hand) in patients with PD exist. Pachoulakis and Papadopoulos (2016)
demonstrated the feasibility of game design using the Kinect infrared sensor from
Microsoft’s Xbox commercial game console?. In the game, designed for patients
with mild to moderate PD, patients pop balloons which drop along vertical posts
using controlled arm gestures. Patients increase their score with every balloon they
pop and receive continuous feedback on their performance. Various parameters to
change the difficulty level were included. The telerchabilitation system developed in
Cikajlo et al. (2017) also utilises the Kinect sensor. Patients with PD played a game
in which they picked moving targets by moving their arm and hand (i.e. collecting
apples from a tree as they were growing slow or fast). In a feasibility study that
included 28 patients, Cikaljo et al. reported significant improvements in movement
accuracy.

Examples of research utilising games for rehabilitation of the lower extremities and
postural control also exist. Leblong et al. (2017) reported results on a four week
self-rehabilitation program that includes the use of a tablet, motion sensor, and
games. Participants trained using conventional exercises (e.g. hip and knee flexion,
sit-to-stand, stretching, etc.). The motion sensor was used to register the move-
ments and the games provided feedback on the movement. A pilot study showed
an improvement on walking tests in all seven participants with mild to moderate
PD. For improving postural control (i.e. to align the body and stabilize its centre
of mass), Albiol-Pérez et al. (2017) reported on a study involving games in which
weight-transference exercises in sitting and standing positions are practiced using
the Wii Balance Board from the Nintendo Wii game console*. In these games, the
balance board is used to avoid obstacles (e.g. in a racing game) or to exit a maze-like
game and not fall into its traps. The pilot study included 15 patients with PD and
showed a trend to an improvement in all sitting and standing positions.

In addition to physical rehabilitation, the potential contributions of serious games
to cognitive rehabilitation of PD patients have also been subject of research. van
de Weijer et al. (2016) described a protocol for a study in which participants play a

3Microsoft Xbox game console: http://www.xbox.com, last accessed on April 20, 2018.
iNintendo ~ Wii  game  console: https://www.nintendo.co.uk/Corporate/Nintendo-
History/Wii/Wii-636022.html, last accessed on April 20, 2018.
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game aiming to improve attention, working memory, episodic memory, psychomotor
speed and executive function. Participants play a game in which they explore the
ocean in a rover and complete specific tasks by taking pictures of fish. Garcia-
Agundez et al. (2017) reported on the implementation of a game concept that uses
a dance mat or a Wii Balance Board to navigate a city map, having to remember
the target location they need to reach. This game aims to train mentally drawing,
visuospatial and working memory functions. As with the previously described study,
no effects of this cognitive training game have yet been reported.

For additional literature on serious gaming for rehabilitation in patients with PD,
comprehensive literature reviews exist (Barry et al., 2014; Cancela et al., 2014).

Serious games for post-stroke rehabilitation

The same subcategories as used in research on PD can be identified in literature
on post-stroke physical rehabilitation. Focusing on the rehabilitation of the upper
extremities, Standen et al. (2017) designed and evaluated three different games
in a randomized controlled feasibility trial. The games included moving a virtual
spacecraft through a course of obstacles, releasing a ball to hit a target, and popping
a balloon by grasping and moving it to a pin. Patients trained their arm, hand, and
finger movements, respectively, whenever they wanted during a period of eight weeks.
The positions of the arm, hand, and fingers were tracked by a virtual glove. In total,
18 patients completed the final outcome measures and positive effects on motor
functions were found. Turkbey et al. (2016) reported a single-blind randomized
controlled pilot study to evaluate the feasibility and safety of training the upper
extremities with a commercial game console (i.e. Microsoft’s Xbox game console
with Kinect infrared sensor). Twenty participants were included in the study and
those who were allocated to the experimental group received additional training
using the game console, on top of the conventional training. During 20 sessions,
they played two commercially available exergames that require the use of the upper
extremities. The experimental group showed significantly greater improvement than
the control group on post-therapy measures (i.e. Box and Blocks Test, Wolf Motor
Function Test, and the Brunnstrom Motor Recovery Stage for the upper extremity).

For lower extremity rehabilitation, Ramirez et al. (2017) designed a digital version
of a game of dominos that includes exercises for hip abduction and hamstrings.
Participants control the game with a custom-made game controller: a shoe that
contains an inertial motion sensor and measures the movements of the foot while
performing the exercises. To put the domino stones in the desired position on the
board, participants perform different hip abduction and hamstring exercises. The
authors aimed to contribute to the facilitation of unsupervized lower limb rehabili-
tation and reported on feedback from user tests that included three stroke patients.
Using this feedback, they improved the design of the shoe and the game. Ghanouni
et al. (2017) reported on a pilot study exploring and comparing the effects of balance
games on commercial gaming platforms (i.e. Nintendo Wii versus Microsoft Xbox
with Kinect sensor). The study included 14 stroke patients that were divided into
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two groups which used either the Wii or Xbox platform. The games were played in a
group setting once a week for a 16-week period. In both groups participants showed
improvements in balance, mobility and daily function. No significant differences
were found between using the two gaming platforms.

Like PD, stroke can also affect patients’ cognitive functions. Gamito et al. (2017)
studied the effectiveness of a virtual reality serious gaming environment for post-
stroke cognitive rehabilitation. Twenty stroke patients were included in a random-
ized controlled study in which participants trained with exercises to improve their
attention and memory functions. Overall results indicated positive effects in these
areas.

Additional literature on serious games for stroke rehabilitation can be found in
comprehensive literature reviews (Laver et al., 2018; Tamayo-Serrano et al., 2018).
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Appendix 6B Treasure Hunters: a summary of the
game development process

Authors original report: D.-S. Boschman, L. Loos, J. Ongering, Creative Care Lab,
Waag Society, The Netherlands.

Author of this summary: M. Ganzeboom, CLS / CLST, Radboud University Ni-
jmegen, The Netherlands

The game Treasure Hunters was designed and developed in collaboration with the
Creative Care Lab at Waag society®. This summary of the game development pro-
cess is based on a report that is soon to be published via their project page®.

Creative design approach

The CoDesign approach (E. B.-N. Sanders & Stappers, 2014) to creative design
was chosen for this project to integrate the different inputs of all stakeholders (e.g.
patients, therapists, researchers, designers). Within this project, the different ex-
pertises and experiences from patients, their caring partners, speech therapists, de-
signers, and researchers in the area of speech training, have been brought together
by utilising various design tools (Van Dijk et al., 2011), ultimately resulting in a
suitable and potentially effective game for speech training in patients affected by
dysarthria. By using these design tools (e.g. interviews, focus groups, codesign ses-
sions, etc.), users are part of the design process. The CoDesign approach is guided
by the following principles (translated literally from the original report):

o “receive feedback and inspiration from a small number of users;”

o “involve users in every part of the design process right from the beginning;”
o “visualize application ideas at an early stage and test them using prototypes;”
o “work in multidisciplinary teams and share knowledge;”

e “imagine to be a future user and let that user experience the new possibilities.”

Design process

Using the CoDesign approach with all partners, a game concept was developed
that suited the target users’ preferences and capabilities. The following subsections
describe the different phases of the design process and their findings.

Phase 1. Getting to know the target users In the first phase of the design
process, it was important to get to know the target users. In interviews and dis-
cussions with the researchers and speech therapists the characteristics of the target

SWaag’s Creative Care Lab: http://waag.org/en/labs/creative-care-lab, last accessed on April
20, 2018.

SCHASING project page at the Creative Care Lab: http://waag.org/nl/project/chasing, in
Dutch, last accessed on April 20, 2018.
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user group were determined. Subsequently, a number of Parkinson’s Disease patients
were recruited via speech therapists and were asked to contribute to the develop-
ment of the game. Portraits of these patients were derived that give a description of
the user and what they do and experience on a typical day in their life. This helped
our designers in designing an application for real persons in a real-world context.

In a codesign session with speech therapists, our designers obtained additional
knowledge on the target users and the methods that are used in speech therapy
for dysarthric patients.

Possible goals of the game were identified from the qualitative interviews, portraits,
and codesign sessions. These goals were prioritized in a design session with the
project partners.

Phase 2. Exploring game play mechanisms Game play mechanisms are used
to motivate the user to play the game, take certain actions in the game, and keep
playing the game. The interviews and codesign sessions from the first phase resulted
in different game play mechanisms which were found suitable for speech training and
appealed to the target users:

o to discover: by controlling an object with your voice or indicating a particular
choice verbally;

o to test knowledge: answering knowledge questions or guessing games, like a
quiz;

e to experience: immersion in a conversation or story by playing a role in a
game;

e to perform: giving a speech, reading a story aloud, or creating a story with
partner and (grand)children;

e to create: creating music by using your voice, e.g. drawing or building a
fictitious world.

As part of this phase, existing games and apps that include these game play mech-
anisms were tested with target users. A discussion with the target users after the
tests provided insight in the advantages and disadvantages of the mechanisms.

Phase 3. Developing different game concepts In the third phase, four differ-
ent game concepts that include the previous game play mechanisms were developed
and tested with target users:

News reader - Reading the current news aloud using a preprogrammed autocue. The
user can advance from local, regional to national broadcasting companies and create
a personal news reading schedule.

Voice coach - A coach that provides cues to improve a user’s speech continuously
during the day, like an angel on your shoulder whispering in your ear.
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Audio adventure - Two users need to find each other in a virtual world and can
do so by describing their surroundings and position to each other via a voice chat
connection.

Strong stories (i.e. ‘Sterke verhalen’ in Dutch) - The positive elements from the
previous three were integrated in this concept. The goal in this concept is to find
your coplayer on a virtual, disc-shaped world. Users can only navigate by reading
aloud a sentence that is provided with the objects shown on the left and right of the
user’s current position. Fading footsteps provide an indication of the other user’s
position.

Target users indicated during the test sessions that they liked the concept of an
audio adventure most, because of the social aspects it included and the freedom of
navigation. However, users indicated that they found it difficult to get a sense of
direction regarding the virtual map. In subsequent game concepts different options
for improvement were tested (i.e. larger icons on the map, landmark icons, more
thematic icons). This game concept was further developed in subsequent phases.

Phase 4. Prototyping Prototyping is an important phase to determine the
feasibility of the game concept in terms of how it can be realized and how the target
users interact with it. The initial prototyping stages included paper prototypes,
which have the advantage that they can be made and tested quickly without the
need of programming. After a successful paper prototype, a digital version can
be created to further develop and test the interaction with the game. The audio
adventure game concept was appreciated by the users as it includes spontaneous
conversational speech (as opposed to reading aloud sentences/texts), social con-
tact through multiplay, both users need each other’s information to collaboratively
complete game goals, whereas the content enables personalization (e.g. maps with
personalized icons and speech material for training).

In the initial digital prototype, the goal was to identify and catch moving thieves
on a city map. User tests showed this to be too dynamic and high in pace for the
target users. A calm, clear game environment that provides overview was required.

This was implemented in the second prototype by changing the game concept to
finding a static object (e.g. a lost key) on a city map. One user had an overview
of the city map and was tasked to guide the other in finding the lost object (e.g.
guide the other user to a location or person with information). Using these changes,
the navigation and sense of direction of the users improved. However, it lead to an
imbalance between users in the amount of speech: the user having the overview did
most of the speaking by providing directions and descriptions, while the other user
only asked for clarification every now and then and confirmed otherwise.

To solve this issue, the overview map was removed in the final game concept and
both users got the same kind of game goals (i.e. search for an object on a city map).
The users were required to find two objects that work together, a treasure chest and
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the key to open it. The users depended on each other because each user could only
see the location of the other user’s object, not the location of their own object. This
game play mechanism improved the balance in the amount of speech.

Phase 5. Game development In the phase of game development, the most
successful prototype was developed into a full game. Multiple iterations of designing,
developing, and testing were necessary to obtain a good balance between game
interaction, content, and audiovisual form.

For example, an accessible user interface is important in developing the interaction
with the game. A user always has a slight learning curve to understand an interface
and how to operate it. In order to ease this learning, a designer can build on target
users’ already existing knowledge of recognisable interfaces. However, the target
users of this game were elderly people who have a relatively limited knowledge of
tablet interfaces. Additionally, younger persons are generally less afraid to make
mistakes as opposed to elderly persons. They are used to discovering how new
digital media works using trial and error. To assist elderly persons in this direction,
a metaphor from the analogue life can be helpful. Furthermore, the labels on the
buttons in the final version of the game describe the button action from the user
perspective.

The design of the game world has generally remained the same during game de-
velopment: a flat, two-dimensional world in the form of a map with rectangular
squares, similar to an analog board game. Controls for navigating the world has
been visualized as a compass. The directions were limited to the north, east, west,
and south, to support users’ sense of direction.

An example of balancing the content of the game was the development of a moti-
vating storyline. The storyline had to meet the following five criteria:

1. Tt stimulates speaking loud and low according to speech therapy principles.
2. It provides feedback in such a way that assists in improving a user’s speech,
3. It is sufficiently challenging for practice at home for a longer period,

4. Tt remains engaging for four fifteen minute sessions a week for multiple weeks,
5. It is consistent with target users’ general perception of the world.

Different storylines were conceptualized and tested, but often could not meet one of
the criteria. However, the final storyline of ‘Treasure Hunters’ could.

The target users have been taken into account in the audiovisual design of the game.
Texts were provided in font sizes as large as possible without blocking the view on the
rest of the game world. The interface elements and objects in the game world have
been designed with high contrast and colour blindness in mind (e.g. also different
in shape besides colour).
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Phase 6. Level design Most important in the whole design of the game may
be the design of the levels, as many variables come together at this point: positions
of the icons, start positions of both users, which icons are visible to one user and
not yet to the other, the meaning and syllable composition of the street names on
the map, background colours of levels, etc. Every level has been tested on difficulty,
required communication between users, and the increase and variety in the level of
problem solving required. Various tests showed that the amount of communication
between users is highest when there is confusion about a part of the level. The
challenge is therefore to design the right amount of confusion.

To support the target users in getting acquainted with the game interface and in-
teraction, introductory levels explaining the navigation and other game mechanisms
were added.

Levels also slowly increased in difficulty. For example, in the initial levels users
could see each others’ game character on their own tablet. In later levels this was
removed to increase the amount of speech required to describe one’s location to the
other. In the beginning, users could also consult a map that provided a detailed
overview of the game world, including the location where to guide the other. The
overview map was gradually reduced in detail and finally removed in later levels, to
increase communication between users and exploration of the game world.

Phase 7. Motivating users to play The previous phases in the design process
were responsible for producing the audiovisual appearance, the interaction, and the
content. Subsequently, it is important that users would want to play the game over
a longer period. In the ideal case, training speech with the game becomes a pleasant
routine or habit if you will. In designing the game, principles of the Hook Model
by behavioural specialist Nir Eyal” were used to motivate users to keep playing the
game. The Hook Model describes the following cycle:

1. External trigger (e.g. a notification of a new message in a messaging app);
2. User action (e.g. a simple swipe to view the message);

3. Variable reward (e.g. a reward that is different every time and stimulates our
curiosity. What was the message/photo we received?);

4. Investment (e.g. we make an investment in the messaging app by sending a
response after which we will be more inclined to return to the app). Next, we
wait for an external trigger again, which will restart the cycle.

5. After some time, the external trigger may become an internal trigger. We will
then be intrinsically motivated to keep returning to the app (e.g. check the
messaging /mailing app without having received an external trigger).

This model was used to design the interaction with the game. For example, part of
the map is hidden from the user’s view to stimulate exploration. At every step it

"Nir Eyal’s website: http://www.nirandfar.com, last accessed on April 20, 2018.
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will be a surprise to the user what will appear (i.e. variable reward). Perhaps your
coplayer, or a hint to where to go next, or the location of the object that you need
to guide the other to? If the map would have been fully visible to the user from the
start, there would be no reward in exploring and users would have little need for
communication.
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Chapter 7 A serious game for speech training in dysarthric speakers with Parkinson’s disease:

Exploring therapeutic efficacy and patient satisfaction

7.1. Introduction

The application of eHealth for patients with acquired neurological diseases has been
gaining interest in the field of rehabilitation for the last two decades. eHealth is “the
cost-effective and secure use of information and communications technologies in sup-
port of health and health-related fields, including health-care services, health surveil-
lance, health literature, and health education, knowledge and research.”, (World
Health Organization, 2005, p. 121). It provides potential for the increased recov-
ery of motor skills required for mobility and speech (Beijer et al., 2014), which are
frequently affected due to neurological conditions such as Parkinson’s disease (PD).
In close to 90 percent of patients with PD, motor skills involved with speech are
affected, resulting in dysarthria (Moya-Galé & Levy, 2019). Dysarthric speech is
often characterized by impaired articulation and decreased voice intensity (De Bodt
et al., 2002), negatively impacting speech intelligibility and hindering daily commu-
nication.

Dysarthric speech in patients with PD is known to benefit from intensified and
long-term training (Ramig et al., 2001). The benefits of short-term intensive speech
training have also recently been studied (Mendoza Ramos et al., 2021) with some
encouraging results. The current standard practice for dysarthria therapy in The
Netherlands is the Pitch Limiting Voice Treatment (PLVT; Kalf et al., 2011), an
intensified long-term training program. In line with the Lee Silverman Voice Treat-
ment (LSVT; Ramig et al., 2001), the PLVT focuses on increasing voice intensity.
The resulting increase of articulatory effort and precision beneficially affects speech
intelligibility (Sapir et al., 2007; Wight & Miller, 2015). However, a potential side
effect is that patients often raise their pitch and laryngeal muscle tension as well.
Therefore, the PLVT, unlike the LSVT, focuses on increasing voice intensity while
keeping the pitch at a low and comfortable level. PLVT’s goal ‘speak loud and low’
is known to positively affect voice intensity in patients with PD (De Swart et al.,
2003).

As described by the Dutch government, the burden put on healthcare increases
every year (Van Vilsteren et al., 2019). From this, a disbalance between speech
therapeutical resources and the need for speech therapy may emerge that does not
allow for highly frequent and long-term therapy, leading to a potential deprivation
of optimal speech rehabilitation. As a consequence, dysarthric patients experience
detrimental effects of low speech intelligibility and are highly motivated for practising
their speech to support them in regaining societal participation.

eHealth provides the opportunity to both intensify and prolong speech motor train-
ing in patients’ home environment. This allows self-management of speech training,
and hence, the long-term improvement, and maintenance of enhanced speech intel-
ligibility. Nevertheless, the absence of a therapist, providing instant feedback and
a therapeutic relationship, and the need for patients to operate an eHealth device,
may result in barriers for effective speech training. It is therefore vital to inves-
tigate the efficacy of eHealth-based speech training before investigating how such
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barriers can be removed. The importance of providing evidence for eHealth-based
speech training in patients with acquired neurological diseases is even more obvious
given the current pandemic (2020-2022) of the coronavirus, which demands physical
(“social”) distance between therapists and their patients for an - as yet - unknown
period of time.

There are various ways of practising speech through eHealth. A drill-and-practice
method was employed and investigated in a web-based speech application (Beijer et
al., 2014). Data in that study indicated beneficial effects on speech intelligibility and
user experience. However, a key point of feedback provided by the patients was the
lack of variation in speech training exercises and the poor ecological validity of the
application. That is, they reported being able to follow the program, but did not
experience beneficial effects in daily-life communication. A plausible explanation
is that the drill-and-practice nature of the exercises provided by the application
may lack the transfer of the improved speech skills to daily-life situations. Also, a
drill-and-practice approach challenges patients’ therapy compliance, which is a key
requirement for maintenance of regained speech intelligibility. In this respect, it
is worthwhile to explore alternative approaches for remote and independent speech
training. One such approach is the use of serious games. A widely accepted definition
of serious games is: “games that do not have entertainment, enjoyment, or fun as
their primary purpose.”, (Laamarti et al., 2014). In many cases, entertainment,
enjoyment or fun is used to serve the primary purpose of a serious game. For
example, previous research showed that serious games can increase enjoyment during
training (Kari, 2017; Z. H. Lewis et al., 2016), and have the potential to trigger
patients’ intrinsic motivation for therapeutic practice, enhancing therapy compliance
as a result. Additionally, compared to more drill-and-practice eHealth applications,
serious games allow speech training in ecologically valid scenarios that are more
suitable to transfer the improved speech skills to daily-life situations. For example,
a scenario in which a patient needs to converse with another person. Given these
potentials, the current study continues our exploration of how serious games can be
utilized to improve patients’ speech intelligibility.

In our project ‘CHallenging Speech training In Neurological patients by interactive
Gaming’ (CHASING) a serious game (Treasure Hunters) for patients with dysarthria
due to PD or stroke was developed and evaluated. The goal of this game was to
improve speech intelligibility in functional communication of these patients (Ganze-
boom et al., 2016). In our previous study (chapter 6), we explored the added value
of game-based speech training (using the game ‘Treasure Hunters’) compared to
non-game computer-based speech training. Treasure Hunters was a two-player co-
operative game in which players navigated a virtual map and needed to help each
other to find the treasure by exchanging information via speech. The game provided
automatic feedback on loudness and pitch in accordance with PLVT prescriptions.
The results of our previous study (chapter 6) were mixed. No clear evidence of the
efficacy of the game-based speech training was found and there was substantial vari-
ation in user satisfaction. In our continued aim to find a modality in serious gaming
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with clear evidence of efficacy for the patients in question, an adapted version of
‘Treasure Hunters’ was developed (‘Treasure Hunters 2’), which was evaluated in a
different experimental design. The effects of the improved game-based speech train-
ing was compared with a period of no training instead of a different type of speech
training. For the current study, we hoped to encourage more participants to join
as they only had to follow one speech training program. ‘Treasure Hunters 2’ was
redesigned to increase the intensity of the speech training by including game ele-
ments that required the pronunciation of longer utterances. Pronunciation exercises
were also introduced in the game to address the difficulties dysarthric speakers have
with articulation. In addition to automatic feedback on voice intensity and pitch,
feedback on players’ pronunciation was automatically provided by the Automatic
Speech Recognition technology developed for this study.

We assessed the effects of our improved speech training on different aspects, firstly
how the game affected speech intelligibility. Secondly, patient satisfaction with the
improved game design was a critical component. In addition, we sought to gauge
patient experience and interpretation of the new feedback visualization for loudness,
pitch, and pronunciation. A final critical area of focus was patient preference for
game-based speech training as compared to traditional face-to-face training. These
interests led us to address the following four research questions:

1. Can a game-based speech training positively affect speech intelligibility in
patients with dysarthria due to PD?

2. How satisfied are patients with dysarthria due to PD with game-based speech
training?

3. How do patients with dysartria due to PD experience the feedback on pitch,
loudness and pronunciation in a game-based speech training?

4. Do patients with dysarthria due to PD prefer game-based speech training to
traditional face-to-face training?

7.2. Treasure Hunters 2

‘Treasure Hunters 2’ is based on PLVT and aims to provide intensive speech training
focussing on increasing loudness at a low pitch, and improving articulation. It has
been developed in collaboration with Creative Care Lab at Waag Society!'. The game
targets elderly patients, because this group is largely representative of the population
of patients with dysarthria due to PD. Both patients and speech therapists were
involved at multiple stages of the game design and development process.

IProject page at Waag’s Creative Care Lab: http://waag.org/project/chasing, Main project page:
https://www.helmer-strik.nl/chasing/.
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7.2.1. Game design

To integrate the practices of the PLVT, a serious game was designed that encouraged
players to speak continuously and engage in highly frequent training. Additionally, it
provided feedback that motivated players to speak louder at a low pitch and improve
their articulation. In our previous research (Ganzeboom et al., 2016), we described
that a cooperative game design facilitates intensive speech training. Players need to
help each other to reach a common goal and are, consequently, encouraged to speak
to each other continuously. Like the previous version of our game, Treasure Hunters
2 is also a two-player cooperative game. Players participated in different stories,
such as one in which they are archaeologists searching for specific objects or another
in which they are detectives tasked with solving a crime. Players saw themselves
walking on a map and often did not see the other player immediately. They needed
to describe their location and their surroundings to be able to help each other,
encouraging them to speak. To increase the intensity of the training further, the
game elicited longer utterances by requiring players to find their own specific clues
that they needed to share verbally. Some clues hinted at how one player could help
the other find the next clue, thus facilitating the need for sharing. Additionally, the
element of opening gates or doors by correctly reading a sentence aloud was added
as an exercise to train players’ articulation. That was also beneficial to increasing
the amount of longer utterances elicited by the game. Players played the game at a
distance over the internet and spoke to each other via a voice chat connection.

7.2.2. Feedback on voice loudness and pitch

While playing, the players continuously received automatic feedback on voice loud-
ness and pitch, by means of speech analysis algorithms. We merged the feedback
on voice loudness with the circular shaped view of the playing field to have it in
the focus of players’ attention. The view grew larger and smaller depending on
whether the player spoke loud enough or too soft. This way, we aimed to intrinsi-
cally motivate players to speak loud enough by rewarding them with a larger view
of the playing field making more of the immediate environment around their char-
acter visible. Figure 7.1a shows the view on the playing field and the green circular
shaped line to which it can grow. In order to add a more direct way of feedback,
a ‘speak louder’ notification was added above the view. The ‘speak louder’ (Dutch:
‘Spreek luider’) notification is shown in red in Figure 7.1a. Feedback on pitch is
provided exclusively via a ‘speak lower’ (Dutch: ‘Spreek lager’) notification at the
same location. It is shown in blue to ease its identification.

Thresholds were used to determine when feedback on loudness and pitch should
be given: for male and female participants, initial levels of intensity were set at
60 decibel or above (Rietveld & Van Heuven, 2016). When participants’ intensity
stayed above this threshold their view of the playing field grew. Oppositely, it started
shrinking to its minimum size when the intensity moved below the threshold. When
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(a) Screenshot of the game showing the ‘speak (b) The initial screen of the pronunciation ex-
louder’ (Dutch: ‘Spreek luider’) notification ercise with at the centre, the sentence to
in red including the green circle showing to speak aloud: “Bread for the ducks” (Dutch:
which extent the view on the playing field “Brood voor de eenden”) and the red but-
can grow when speaking louder. ton at the bottom to start and stop record-

ing the exercise.

Figure 7.1.: Screenshots of the Treasure Hunters 2.

this occurred, the ‘speak louder’ notification also showed. Initial levels for pitch were
set below 170 Hz for male participants and below 260 Hz for female participants (Kalf
et al., 2011). When participants raised their pitch above the threshold the ‘speak
lower’ notification was shown. These values were additionally calibrated within the
game with respect to environmental noise in a preparatory session in participants’
home environment.

7.2.3. Feedback on pronunciation

In addition to feedback on loudness and pitch, Treasure Hunters 2 also provided
feedback on pronunciation. Players had to read aloud a phrase to open a gate or
door in the game and received feedback at word level on potential mispronunciations.
We chose to provide feedback at word level assuming that feedback at a more detailed
level (e.g. syllable or phoneme) may be too difficult for players to understand and
interpret in a gaming environment. Players had three attempts in total to correct any
detected mispronunciations. After the third attempt, the gate opened automatically,
in order to not hinder the continuity of play. The screen starting the pronunciation
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exercise is shown in Figure 7.1b. It shows a short instruction at the top of the circle
on how the player should proceed and the sentence to speak aloud in the middle,
“Bread for the ducks” (Dutch: “Brood voor de eenden”). After having read the
sentence in silence (to prevent possible hesitations), the player started the recording
by pressing the red button at the bottom, and stopped the recording by pressing
the same button again. Afterwards, the feedback screen displayed words in which
a mispronunciation was detected in red, and words in which none were detected
in green. Specifically for this game we developed Automatic Speech Recognition
(ASR) technology that calculated confidence measures at both sentence and word
level (Van Doremalen et al., 2010), which were used in the following two stages
respectively. [1] Stage 1 verified whether the user actually attempted to speak the
target utterance. This is to prevent the system from providing erroneous feedback
on the displayed sentence. [2] Stage 2 detected mispronunciations at word level. If a
word confidence measure was lower than a threshold, it was coloured red. Feedback
was only provided on nouns and verbs (they provide the largest part of information).
Prepositions, articles and pronouns were always coloured green. Tests with this
procedure using artificially generated data showed that feedback was sufficiently
reliable for our application.

7.3. Materials and Methods

7.3.1. Design

A single group repeated measures design was used to study the effects of our game-
based speech training intervention (Figure 7.2). Since this study was of an ex-
ploratory nature and it was quite difficult to include matched participants in a con-
trol group due to their heterogeneous characteristics (Beijer et al., 2014; chapter 6),
we refrained from a control group. Each participant received a four-weeks interven-
tion using the game ‘Treasure Hunters 2 Repeated measures (i.e. speech recordings)
were carried out before and after the intervention, at T2 and T3. Speech recordings
were also made at T1, four weeks before T2. In this way, the effects of the interven-
tion were compared to an equally lengthened period without intervention. It was
also used to check the (recording and playing) conditions for the intervention at the
participants’ home environment, minimising and removing any noise sources (e.g.
traffic, humming lights, ticking clocks, etc.). At T3 participants also completed a
user satisfaction questionnaire and a paired comparisons preference task (hereafter
denoted as 'preference task’).

7.3.2. Participants

Patients with dysarthria due to PD were recruited via speech therapists, patient
internet fora and Facebook groups. The patients had completed their latest face-to-
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n=8 TO T1 Game T2

Figure 7.2.: The repeated measures design used to study the effects of the game intervention (w =
weeks). T2 and T3 were the speech pre-tests and post-tests.

face speech training at least two months before T'1. Exclusion criteria were aphasia,
reported severe cognitive problems or other disabilities that would hamper 15 minute
training sessions with the game. From the 15 participants that were found willing
to participate, seven had to be excluded because of the aforementioned reasons.

Eight participants, five male and three female, all with dysarthria due to PD, com-
pleted the intervention and were included in our study. Table 7.1 provides the
demographic data. All participants used Levodopa medication to improve motor
functioning, except for participants 5 and 6 who used no medication. Participant
3 had a hearing aid. Participant 5 has received a Deep Brain Stimulation (DBS)
system implant in the past and started experiencing difficulties with speaking af-
terwards. All participants using Levodopa were recorded in the ON condition at all
measurement times. Participant 5 was equally recorded in the ON condition with
the DBS implant turned on.

Time since Mobility Perceived impact on  Experience
Participant Gender Age (yrs)
diagnosis (yrs) limitations daily communication  with tablets

pl m 73 4.5 little large alot
p2 m 56 8.0 none large none
p3 m 60 4.5 none large considerable
p4 m 63 5.0 none large a lot
p5 f 53 9.0 none large a lot
p6 m 75 2.0 severe large considerable
p7 f 67 3.0 none large considerable
p8 f 62 3.0 little large a lot

Table 7.1.: Participant self-reported characteristics. All participants experience dysarthria due to PD.
Levodopa medication is also used by all, except for participants 5 and 6. Options for
the participants’ own perceived limitations on mobility around the home environment were
‘none’, ‘little’, or ‘severe.” Options for the perceived impact on their daily communication
were ‘none’, ‘little’, and ‘large.” Options for the assessment of computer skills were ‘a lot’,
‘considerable’, ‘little’, ‘hardly’, and ‘none.’
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7.3.3. Speech training intervention

In line with the PLVT protocol (De Swart et al., 2003), the speech intervention
consisted of 15-minute practice sessions, four times per week for four consecutive
weeks.

All participants played the game on the same model tablet (Apple iPad Air) on
a desk stand, using a headset (Sennheiser PC 3 Chat) for voice communication.
They played the game together with a coplayer through the internet. Coplay-
ers were recruited university student assistants who studied speech and language
therapy/pathology. They were instructed to act as a cooperative coplayer and to
encourage the participant to speak and not to give any feedback on participants’
pronunciation. They were only allowed to ask for clarification as in regular conver-
sation (e.g. ’Could you repeat that?’). The student assistants were also instructed
on how to explain the game to the participants and how to set it up in patients’
home environments.

As shown in Figure 7.2, participants’ speech was recorded in their home at three
points in time (T1, T2, T3). Before the recordings at T1 the internet connection
was tested, and a low noise location was selected. The recordings at T2 and T3
served as pre-test and post-test for the intervention. At T2 the coplayer explained
and practiced the game with the participant.

7.4. Measurement instruments

7.4.1. Speech materials

In order to measure the development of participants’ speech intelligibility, speech
recordings were made of the same sentences and texts. During the three recording
sessions, participants’ speech was recorded while they read sentences and texts aloud.
The same sentences and texts were read at all points in time. The materials to be
read aloud were selected to facilitate the measurement of effects the intervention had
on the intelligibility of daily speech. Those speech materials should also challenge
participants in the affected speech dimensions (i.e. loudness and articulatory preci-
sion). Our selection comprised 30 sentences containing a word with /p/, /t/, or /k/
as the initial sounds (Beijer et al., 2014); we call the associated utterances /p/, /t/,
and /k/ sentences. These sentences sufficiently challenged patients’ maintenance of
loudness levels and pitch as well as their articulatory precision. Additionally, the
short story "Papa en Marloes’ (Van de Weijer & Slis, 1991) was included in our
selection because of its focus on oral and nasal speech sounds. Lastly, the ‘Apple
pie recipe text’ (chapter 6) was included to have a more engaging text that stimu-
lates the realisation of functional speech. To that end, participants were asked to
imagine reading a recipe to a friend who was ‘busy baking the pie at the front of
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the kitchen while the participants were at the back.” The distance they had to cover
would naturally encourage participants to speak loudly.

During the speech assessments, the recording of the speech stimuli was restricted to
a single attempt. However, additional recording attempts were made if any reading
errors, stutters, or restarts occurred as these would negatively bias later judgements
of intelligibility. To limit their occurrence, participants read the text silently before
starting the recording. Participants’ speech was recorded at a sampling rate of 44.1
KHz and 16 bit PCM resolution.

7.4.2. Measuring the effect on speech intelligibility

The speech samples recorded in the speech assessment sessions were judged on in-
telligibility by inexperienced listeners in an adapted paired comparisons judgement
task. We chose inexperienced listeners, as they represented individuals from daily
life who are unfamiliar with participants and dysarthric speech in general. For each
participant, ten inexperienced listeners — university students - were asked to judge
the intelligibility of the speech samples recorded at all three time points (i.e. T1, T2,
T3) as compared to the intelligibility of a neurologically healthy reference speaker.
We chose to use neurologically intact speech as ‘anchor’ in the paired sample in
order to facilitate judging the extent to which participants’ speech deviates from
typical speech. We used a female reference speaker for the female participants and
a male reference speaker for the male participants, both with ages similar to those
of the participants (67 and 69 years). The reference speakers recorded the same
speech materials as the participants, using the same model laptop and headset as
the participants.

In the paired comparisons judgement task, the speech sample of the participant was
played first and that of the reference speaker second. Listeners were then asked to
what extent the first sample was less intelligible than the second. They assigned
their ratings using a 7-point scale from -5 (the first sample was considerably less
intelligible than the second) to 1. On this scale, 0 represented both samples being
equally intelligible and 1 to provide the possibility to indicate that the first sample
was more intelligible than the second. A negative scale was used as we believed
this would be more intuitive to indicate poorer intelligibility. Similarly, a positive
integer could be used to indicate better intelligibility. Various pilot rating sessions
showed no problems using this scale.

Speech samples for the judgement task were selected from the recorded speech ma-
terials. The recordings from the /p/, /t/, and /k/ sentences were used without
changes. To increase the number of judgements for our analysis of efficacy, the
recordings from the text fragments were cut at each sentence boundary, creating
individual recordings that were rated separately.

Recordings containing unrecoverable reading errors and (background) noise were
excluded from the judgement. To further prevent bias in judgements, a selection of
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recordings was made that was balanced in length (expressed in number of phonemes),
occurrence of non-frequent words (lemma frequency < 10 per million), the number
of occurrences of the /p/, /t/, and /k/ sounds and the number of consonant clusters.
The final set contained 42 speech samples. All speech samples were normalized to
an average intensity of 68 dB(A) (calibrated to an artificial ear, Briiel Kjaer 2610).

In total, each listener was asked to judge 126 speech samples of one, randomly
assigned, participant (42 pairs per time point). The samples were digitally provided
to the listeners in an OpenSesame experiment (Mathét et al., 2012). The order in
which the different pairs were presented was randomized.

7.4.3. User satisfaction

Participants filled in a user satisfaction questionnaire at time point T3, after finish-
ing the intervention (see Appendix 7A). Google Forms was used to make this ques-
tionnaire available online. Five items of the questionnaire were based on previous
research (Beijer, 2012, Ch. 8; Chapter 8). Four items asked the users about their
satisfaction with the interface, ease of use, attractiveness and the overall system.
Each of these were rated on a 10-point scale, ranging from ‘1’ (extremely unsatis-
fied) to ‘10’ (extremely satisfied). Ratings below ‘6’ indicated an insufficient level of
satisfaction. Dutch people are familiar with this scale since it is commonly used in
the Dutch school system (NUFFIC, 2022). The fifth question was open-ended and
asked how users generally experienced playing the game.

At time points T1 and T2 it became apparent that most participants would find
it difficult to fill in the questionnaire online due to physical limitations or fatigue.
We therefore decided that the student assistants that made the speech recordings
should read the questions aloud and make an audio recording of users’ responses.
Student assistants were instructed to limit the text they read aloud to the question
on the questionnaire and, if necessary, the accompanying explanatory sentence.

7.4.4. User appreciation of feedback

Five open-ended questions were added to the user satisfaction questionnaire in order
to measure the appreciation of the feedback on loudness, pitch, and pronunciation
(see Appendix TA). The questions regarding loudness and pitch assessed whether
participants noticed the feedback, how they experienced its precision, and if they
could act on it (i.e. change the use of their voice in accordance with the feedback).
Questions regarding pronunciation probed users’ general experience of the feedback
and to what extent they disagreed with the provided feedback. Screenshots of the
game accompanied these questions and were referred to in the question’s text. The
responses to these questions were audio recorded in the same session as the questions
on user satisfaction.

134



Chapter 7 A serious game for speech training in dysarthric speakers with Parkinson’s disease:

Exploring therapeutic efficacy and patient satisfaction

7.4.5. User preference

In the preference task, based on (Beijer, 2012, ch. 8), we explored users’ preference
for game-based speech training relative to face-to-face training in scenarios where the
two training methods lead to different hypothesized levels of speech improvement.
The participants were asked to choose between game-based speech training (using a
two-player tablet game) and traditional face-to-face speech training in four of such
scenarios. Hypothesized levels of speech improvement were attached to the two
interventions and were either a ‘slight improvement’ (4-) or a ‘strong improvement’
(++). An example of a scenario is shown in Figure 7.3, where the participant had
to choose between a game-based intervention with strong hypothetical improvement
and a face-to-face-based intervention with slight hypothetical improvement. Fach
scenario was rated on a scale from -3 (strong preference for the left option) to 3
(strong preference for the right option). The hypothetical scenarios were presented
visually to participants through the E-Prime 2 software (Psychology Software Tools,
2012) and were orally explained by the experimenter.

Figure 7.3.: Example of a scenario in the preference task. The participant had to choose between a
game-based intervention with strong hypothetical improvement (++) and a face-to-face-
based intervention with slight hypothetical improvement (+-). Scenarios were rated from
-3 (strong preference for the left option) to 3 (strong preference for the right option).

7.5. Data analysis

To facilitate analyses, listeners’ judgments were converted to a positive scale, 0
(the participant’s sample was considerably less intelligible than that of the refer-
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ence speaker) to 5 (both samples being equally intelligible). A higher score thus
represents higher intelligibility. The original ‘1’ score, indicating that the partici-
pant’s sample was more intelligible than that of the reference speaker, was not often
used (3.5% of total judgements). After inspection, we were confident that these
were due to small regional variations in pronouncing individual speech sounds or
recording conditions (i.e. breathing in the microphone and background noises). For
that reason, the speech samples corresponding to these judgements were considered
as equally intelligible and merged with the category ‘equally intelligible’ (5 in our
converted scale).

From the 42 sentences recorded per speaker for every time point, 24 had usable
recordings available for all three measurement times. The other sentence recordings
could not be used because recordings of one or multiple measurement times contained
an unrecoverable event (e.g. speech error, breathing in the microphone, environmen-
tal noise, etc.) that could bias listeners’ judgements. Consequently, judgements of
24 speech samples were used for every measurement time by 10 listeners, totalling
720 judgements per speaker.

For each of the eight speakers and for each time point (T1, T2, and T3) reliability
of the listeners’ judgements was assessed by the Intraclass Correlation Coefficient,
ICC(2,k). This version of the ICC family assumes that both raters and objects
are random factors (Rietveld, 2021). Twenty-one of the 24 estimates of reliability
(8 speakers 3 time points) were significant (p < .05), while three were not. The
data of these three were further investigated on irregularities (i.e. possible errors
in judgments, scale conversion errors, and abnormalities in judged recordings), but
none were found. The mean value of the 24 estimates of reliability was 0.678.

The results of the listening experiment were analysed using the lmer function of the
R package lme4 (Bates et al., 2015) for linear mixed effects modelling. The fixed
factors in the model were Speaker and Time, and their interaction; the random factor
was Utterance (random intercept). The effect sizes were measured with the index
R?Partial (the Kenward-Roger approach, provided by the R-procedure r2glmm?). To
further inspect differences between time points, we carried out paired comparisons,
using the R-procedure emmeans®.

For the user satisfaction data, the recordings of the participants were listened to
by the first author and the ratings they gave were noted in a table. Descriptive
statistics were calculated, consecutively. The responses to the open question about
how participants generally experienced Treasure Hunters 2 were summarized.

Equal to the user satisfaction data, the responses to the open questions about the
appreciation of feedback on pitch, loudness, and pronunciation were also listened to
and summarized.

For the user preference data, descriptive statistics were calculated.

2Refer to https://cran.r-project.org/package=r2glmm for more details on the r2glmm package.
3Refer to https://cran.r-project.org/package=emmeans for more details on the emmeans package.
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7.6. Results

The intervention included 16 speech training sessions with the game. For health-
related reasons and technical issues, not all participants completed all sessions: three
participants completed all 16 sessions, three participants completed 15, one com-
pleted 14 sessions, and one completed 13 sessions.

7.6.1. The effect of the intervention on speech intelligibility

Speaker, Time, and their interaction were found to be significant factors (p < .01).
The results of the fit by the R-procedure Restricted Maximum Likelihood (REML)
are given in Table 7.2.

Factor F dfl, df2 P-value RZp,ia
Speaker 49.77 7,529 < 0.01 0.397
Time 9.655 2,529 < 0.01 0.070

Speaker x Time 8.528 14, 529 < 0.01 0.062

Table 7.2.: Results of the REML procedure on the intelligibility scores.

The marginal means of each speaker at each time point are displayed in Figure 7.4.

Table 7.3 shows the results of our paired comparisons of intelligibility ratings carried
out with the emmeans R-procedure.

Contrast Estimate SE df t-ratio p

T1-T2 0.104 0.0504 529 2.065 0.0982
T1-T3 0311 0.0504 529 6.184 <.0001
T2-T3 0.207 0.0504 529 4.119 0.0001

Table 7.3.: Results of the paired comparisons of intelligibility ratings carried out with the emmeans
R-procedure.

Whereas the difference of the scores obtained at T1 and T2 is not significant, that
of the scores obtained at T2 (start of the treatment) and T3 was.
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Figure 7.4.: Estimated marginal means of intelligibility scores per speaker per time point. Note that
ratings are on a scale from 0 to 5 and the figure is zoomed in on the Y-axis.
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Table 7.4.: User satisfaction ratings per participant. Ratings on four dimensions: satisfaction with the
Interface, Ease of use, game's Attractiveness, and Overall rating of the gaming experience.
A 10-point-scale was used, in which 6 is considered ‘sufficient’

7.6.2. User satisfaction

The participants’ user satisfaction ratings for the game are displayed in Table 7.4.

None of the participants rated the game as insufficient.
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All participants but for one provided comments on their overall experience playing
the game. They stated that they liked the game and assumed that it helped train
their speech.

7.7. User appreciation of feedback

All participants except one stated that they frequently noticed the feedback through-
out the game. For the question on the quality of the feedback, the answers were
mixed. All but one participant answered positively to the question whether they
could use the feedback and attempted to speak louder and lower.

Feedback on pronunciation was described as a positive experience by most par-
ticipants as well. Five participants always agreed with the given feedback. Two
sometimes disagreed and thought that the system should have detected a mispro-
nunciation when it did not. One participant sometimes disagreed and was puzzled
by why an initial pronunciation was not correct and a second was.

7.8. User preference

Table 7.5 presents the participants’ ratings obtained in the preference task in which
they were asked to choose between game-based and face-to-face speech training in
four hypothetical situations (positive scores indicate a preference for game-based
speech training). The available four comparisons per participant provided patterns
in the criteria used in the preferences: preference for either game or face-to-face,
possibly ‘modulated’ by the hypothetical outcome of the therapy. When the prefer-
ences are converted into binary scores, we see that four participants always prefer
gaming, unless the outcome of the face-to-face therapy is strongly positive and that
of the gaming only slightly positive; for two participants it is the other way round:
face-to-face, unless the outcome of the face-to-face therapy is slightly positive and
that of the gaming strongly positive, whereas two other participants show no con-
sistent patterns in their preferences. These patterns are only based on observations
with eight participants. Nevertheless, it makes clear which patterns can be expected,
on the basis of which criteria: gaming vs. face-to-face, and the modulation of these
preferences by the quality of the outcomes.

7.9. Discussion

Since there is an urgent need for independent, prolonged speech training in neurolog-
ical patients’ home environment, this study explored the potentials of game-based
speech training for dysarthric speakers with Parkinson’s disease.
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Participant Preference per scenario Average preference
game vs. face-to-face

G++ vs. F++ G+- vs. F+- G++ vs. F+- G+- vs. F4++

pl 2 2 3 2 1.25
p2 3 3 3 3 -1.50
p3 1 1 2 2 0.50
p4 3 3 3 2 175
p5 3 2 2 3 -1.50
p6 3 2 3 3 0.25
p7 3 3 3 3 1.50
p8 2 2 2 3 -0.25

Table 7.5.: Preference ratings per participant, comparing game-based speech training (G) with face-
to-face speech training with a therapist (F) The hypothetical outcomes of the therapy are
marked as strong (++) or slight (+-) improvement. Ratings range from -3 to 3, with
positive values indicating a preference for game-based speech training over face-to-face
speech training with a therapist.

Pre-post measurements indicated a statistically significant improved speech intel-
ligibility after the intervention (T2-T3), whereas no significant changes in speech
intelligibility were observed over a 4-weeks period of no training prior to the inter-
vention (T1-T2).

Moreover, the dysarthric speakers graded their satisfaction regarding the interface,
the ease of use, the attractiveness of the game and their satisfaction overall with
‘Treasure Hunters 2’ as a game for speech training on average with 7.37 on a 10-point
scale (no outliers). Although these preliminary results are promising, we should
note that despite the statistically significant improvement, the clinical differences
are relatively small. A contributing factor may have been the limited duration of our
treatment. Our four weeks of treatment is based on intensive treatments in previous
research as described in the Materials and Methods section. One could reason that
additional weeks of treatment may improve speech intelligibility even more.

Our preliminary results do not show a consistent preference for game-based speech
or traditional face-to-face speech training. Regardless of preferred type of training,
users’ decisions on the preferred scenario seem to be affected by the hypothesized
effects on speech intelligibility. That is, our results indicate that the decisive factor
seems to be the beneficial effects on speech, rather than the type of speech training.
Similar results were observed in previous research (Beijer, 2012, Ch. 8; chapter 8).
This also indicates no direct preference for traditional face-to-face training. Conse-
quently, dysarthric speakers of the age group included in our study appear to pos-
itively receive game-based types of speech training as an alternative. The trade-off
between type and effect of training calls for research into determinants for effective
game-based training. From this perspective, our exploration of dysarthric speakers’
appreciation of the type of feedback on loudness, pitch and pronunciation is rele-
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vant. That is, we included several types of feedback and explored how dysarthric
speakers used and interpreted them. Overall, the dysarthric speakers in our study
noticed the feedback on loudness and pitch when it was given, agreed with it most
of the time and were able to adjust their speech as a result.

Generally, the types of feedback that were used seem to be well received in our study,
especially the combination of implicit and explicit feedback for loudness. That is
in line with Bakker et al. (2018) considerations for effective feedback. Reflecting
on their work, we believe that a combination of implicit and explicit feedback can
reinforce each other such that the explicit feedback makes the implicit feedback
easier to understand.

In our exploration of feedback on pronunciation we employed ASR technology. As
also pointed out by Bakker et al. (2018), it is important to consider the feasibility of
providing reliable speech feedback. Our tests with artificially generated data made
us confident that it would. However, we also know that artificially generated data
does not reflect real data in every way. In our study, most participants had a posi-
tive experience and did not disagree with the provided feedback. Two participants
described that the game sometimes fails to recognize mispronunciations. In ASR
terms, the game sometimes falsely accepts mispronunciations. False rejects were not
reported by the participants. In language learning literature false rejects are usually
regarded as more detrimental to the process of language learning than false accepts
(Van Doremalen et al., 2013). We assume that the same applies to speech training.

The duration of our speech training (i.e. four weeks) might be considered limited
and perhaps contributed to an incomplete view of the effects of game-based training.
Furthermore, no statements can be made about long-term effects of our treatment.

From a technological point of view we note that the calibration of the thresholds
used for sentence and word verification was based on artificially generated data.

Future research should entail the calibration of these thresholds on real data. The
data that was collected during this study can be used for that purpose. Furthermore,
future studies should include a larger number of participants to enable more robust
conclusions about the effects of game-based speech training. Also, the long-term
effects of our treatment should be the subject of future study. Previous research
showed that patients with dysarthria due to stroke also benefit from intensified and
prolonged training (Wenke et al., 2008). For that reason, stroke patients should be
included in future efficacy studies into serious games for speech training.

7.10. Conclusions

In this study the effects of an improved game-based speech intervention were com-
pared to a period without intervention. We observed no significant differences be-
tween the pre and post measurements of the period without intervention, but did
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find a significant effect of our intervention. This finding supports game-based speech
training as a positive modality to improve the overall speech intelligibility of indi-
viduals with dysarthria due to Parkinson’s disease (PD).

In general, the dysarthric patients are satisfied with game-based speech training.
Except for one outlier, all ratings were 6 or higher, and the total average is 7.25 on
a 1-10 scale.

All but one participant had noticed the feedback on loudness, pitch, and pronunci-
ation, and they were positive about it. They also felt they could use the feedback
provided by the system to improve the quality of their speech.

Regarding their preference for game-based vs. face-to-face training, users do not
prefer game-based speech training above face-to-face training. Most users have a
preference for the type of speech training which provides the most hypothetical
improvement.

To summarize, patients are positive about game-based speech therapy with instan-
taneous feedback, under the condition that a significant improvement is assured.
However, these preliminary results should be interpreted with care. As in previous
studies, differences between patients were observed. We can thus conclude that the
game should be carefully tailored to each patient. Furthermore, for an optimal effect
and user satisfaction, it should preferably not be used in isolation but in combina-
tion with face-to-face training. This way, the strengths of both types of training can
be used to improve speech intelligibility in patients with PD.
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Appendix 7A User satisfaction questionnaire

Note: the version below is a translation from the Dutch version used in our research.

User satisfaction Treasure Hunters

The following questions are about your satisfaction with Treasure Hunters, the game
on the iPad you trained with in the last couple of weeks.

Answer the questions by clicking on one of the round buttons underneath. The scale
goes from 1 to 10, 1 being very unsatisfied and 10 very satisfied.

Your participant number
Your test leader can enter this for you.

How satisfied are you with Treasure Hunters’ user interface?

With this we mean the layout of the screen, use of the buttons, and possible help
texts.

1123 4|5|6|7]8|9]10
Extremely unsatisfied Extremely satisfied

How satisfied are you with Treasure Hunters’ ease of use?

Think about how easy it was for you to use the game for training your speech.

1/213/4/5|/6|7]8|9]10
Extremely unsatisfied Extremely satisfied

How satisfied are you about Treasure Hunters’ attractiveness?

Think about how the game’s visuals appealed to you.

11213]4l5|6|7]8|9]10

Extremely unsatisfied Extremely satisfied

How satisfied are you about Treasure Hunters’ attractiveness?
Think about how the game’s visuals appealed to you.

1/213/4/5|/6|7]/8|9]10
Extremely unsatisfied Extremely satisfied

How satisfied are you in general about Treasure Hunters as a game for
speech training?

1/2/3/4/5/6|7(8]9]10
Extremely unsatisfied Extremely satisfied
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Did you notice the feedback on the pitch and loudness often?

With this we mean the resizing circle and the notifications ‘Speak louder’ and ‘Speak
lower’ from the above screenshot.

How did you experience the precision of the feedback?

What were you able to do with the feedback?




Appendix 7A

How did you experience the feedback on pronunciation?

With this we mean the red/green colouring in the pronounced key phrases.

To what extent did you disagree with this feedback?

For example, words that were marked red but pronounced correctly according to
you.

How did you generally experience playing Treasure Hunters?

Think of positive and negative aspects.

145






Part IV.

Discussion






Chapter 8

General Discussion

149






Chapter 8 General Discussion

As populations around the world are ageing, healthcare in general faces a challenge
in being able to provide the right amount of care to patients. Specifically, speech
therapists face a growing group of patients with dysarthria due to acquired neu-
rological disorders and are challenged in providing the necessary intensive therapy.
Telerehabilitation has been one of the trends in speech rehabilitation research that
has attempted to find solutions to this challenge. One of the first generation solu-
tions enables one-on-one speech training sessions with a speech therapist remotely
via a video link. This already removes travel to a rehabilitation centre or a pa-
tient’s home resulting in more availability and flexibility in planning these sessions.
A second generation solution is that of web-based courseware systems that pro-
vide automatic feedback on exercises that can be performed individually at home
and monitored by a speech therapist remotely. Such systems can assist the speech
therapist in providing a program that often contain ’drill-and-practice’ exercises
incorporating the needed training intensity. Additionally, these systems allow for
remote changes or the introduction of new exercises to the program as patients’
therapy progresses.

The current thesis is the result of the research project CHAllenging Speech training
In Neurological patients using interactive Gaming (CHASING). As a partner in the
CHASING project, the St. Maartenskliniek rehabilitation centre! provided their ex-
pertise on the topics of designing speech training programs, efficacy measurement,
and clinical expertise on speech interventions. Waag Society’s Creative Care Lab 2,
the second partner in the project provided their expertise on user-centered design
and game concept design. With these partners, the current thesis researched a third
generation solution that explored the use of serious gaming (also called applied gam-
ing) and Automatic Speech Recognition (ASR) based pronunciation evaluation for
speech training. The current thesis includes research on the design of speech exer-
cises and game concepts to enable training that is less drill-and-practice in nature.
Also, this solution enables exercises that are more ecologically valid reducing the po-
tential gap between drill-and-practice exercises and functional daily communication
as reported in previous research (Beijer, 2012). Additionally, research on improv-
ing dysarthric ASR and its utilisation in providing automatic feedback on patients’
speech is also addressed. The experiments that were conducted to explore the po-
tential of the designed speech interventions are typically phase II clinical trials. In
the general discussion below, the results obtained in the current thesis’ research are
reflected upon and the research questions from section 1.7, briefly described below,
are evaluated:

1. Can speech intelligibility measures be obtained that provide evaluations at
multiple levels of detail for the outcomes of different types of therapy?

2. What are ways to effectively improve the automatic recognition of dysarthric

1The Sint Maartenskliniek rehabilitation centre, Ubbergen, The Netherlands, http://www.
maartenskliniek.nl, last accessed on October 28, 2024.

2Waag Society’s Creative Care Lab, Amsterdam, The Netherlands, https://www.waag.org/nl/
project/chasing, last accessed on October 28, 2024.
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speech due to Parkinson’s disease, stroke, and traumatic brain injury?

3. How can a serious game that provides automatic feedback on speech be de-
signed for a speech intervention at dysarthric speakers’ home environment?

4. How does game-based speech training compare to non-game computer-based
speech training with respect to speech intelligibility outcomes and patient
satisfaction?

5. Can a game-based speech training positively affect speech intelligibility in
patients with dysarthria?

6. Do patients with dysarthria prefer game-based speech training to traditional
face-to-face training?

In addition to discussing the research questions, limitations and directions for future
research are also discussed in each section of this chapter, followed by concluding
remarks. Each section of this chapter discusses one of the main research topics in
the current thesis. That discussion is started in section 8.1 with the current thesis’
research on speech intelligibility measures. The second section, section 8.2, evalu-
ates Automatic Speech Recognition (ASR) technology in speech rehabilitation, how
ASR can be improved for recognizing dysarthric speech and pronunciation evalua-
tion. Subsequently, section 8.3 discusses the current thesis findings on designing a
serious game for speech training. The fourth section, section 8.4, reflects upon the
findings of the current thesis’ research on the efficacy of the two serious game-based
speech interventions. Next, section 8.5, discusses the results obtained on users’
satisfaction and preferences for game-based speech training in comparison to face-
to-face and non-game computer-based training. This chapter concludes with a brief
summary of the current thesis’ findings and implications in section 8.6.

8.1. Speech intelligibility measures

Measures of speech intelligibility are necessary to detect changes in intelligibility
during speech rehabilitation. The research reported in chapters 2, 6, and 7 have
contributed on this research topic and have shown that different contexts of mea-
suring intelligibility call for different measures. Objective measures, like the loudness
of the produced speech (measured as the intensity in decibels) and pitch (in Hertz)
are suitable for automatic evaluation of intelligibility during gaming. Subjective
measures, like human listener judgements on comprehensibility and listening effort
are suited for before and after a period of speech training. That period of speech
training can represent a speech intervention, in which the speech intelligibility mea-
sures can be used to measure the intervention’s efficacy. In chapter 6, a subjective
measure based on listeners’ paired comparison judgements of recorded speech sam-
ples from before and after the intervention was used to explore the efficacy of a
game-based versus non-game computer-based intervention. From these judgements,
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an intelligibility gain score was calculated for every pair. In chapter 7, a similar
procedure was used to explore the efficacy of a game-based speech intervention ver-
sus a period of no intervention. However, judges were now asked to compare the
dysarthric speech sample to that of a neurologically healthy speaker and rate on a 7-
point scale to what extent the dysarthric speech samples were less intelligible, where
equally intelligible and more intelligible were also options. The subjective measure
in chapter 6 gave inconsistent results and the one in chapter 7 showed a statistically
significant improvement in speech intelligibility. Reviewing these results, it is likely
that this difference in results is partially due to that it is complex for inexperienced
listeners to observe differences in intelligibility between two speech samples recorded
from before and after an intervention. Especially when speakers are still fairly in-
telligible due to mild or moderate dysarthria. As a result, any differences between
speech samples may be small and perhaps undetectable for the inexperienced lis-
tener. Differences between dysarthric and neurologically healthy speech are larger to
begin with and for that reason perhaps easier to detect. However, how every listener
reaches the given judgement remains a black box. For example, any differences in
regional dialects or accents between two compared speech samples, albeit controlled
for, may still play a role in listeners’ judgements as well as differences in background
noise. On the other hand, having two speech samples of which one is the anchor,
will assist in transferring the knowledge to the listener on what is considered in-
telligible and less intelligible speech. Both chapter 6 and chapter 7 show that such
scale-based measures can detect intelligibility changes in short utterances caused
by a speech intervention. From this follows a nuance to the claim that scale-based
measures are more suitable for longer utterances (section 1.4): scale-based measures
based on paired comparisons of short utterances are suitable for measuring changes
in speech intelligibility.

In chapter 2 of the current thesis, research into transcription-based measures of
speech intelligibility is reported. As it is often more common to calculate these
measures on the word level, this chapter specifically investigated whether more
fine-grained measures could be obtained. Measures at word, and subword levels
were studied and correlated to subjective utterance-level ratings. Arguably, sub-
jective utterance-level ratings can inform on speakers’ comprehensibility, word-level
transcription-based measures on the intelligibility of words, and similar subword-
level measures on the intelligibility of parts of words. From a clinical perspective,
subword-level measures are relevant to provide more insight into speakers’ specific
articulation problems. They form a valuable addition to utterance-level subjective
ratings and word-level transcription-based measures to inform on different dimen-
sions of intelligibility.

The research reported in chapter 2 answers the first research question of the current
thesis (see section 1.7). Speech intelligibility measures can be obtained that provide
evaluations at multiple levels of detail for the outcomes of different types of ther-
apy by using word- and subword-level transcription-based measures. A limitation of
that research is that the word- and subword-level transcription-based measures have
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been investigated in the context of a single intelligibility assessment and not as part
of a speech intervention. However, given that the main difference is that a speech
intervention often has multiple intelligibility assessments over time, the measures
are believed to be able to inform on changes in speech intelligibility. Future research
should confirm that by statistically analysing the outcomes of a speech interven-
tion using these measures. Recently, researchers have shown a growing interest in
measuring Perceived Listening Effort (PLE) and its relation to speech intelligibility
(Van der Bruggen et al., 2023). Such a measure can potentially be useful in mea-
suring the effects of speech interventions. A downward trend of PLE measured over
time may be beneficial to speech intelligibility. Future research should investigate
PLE in speech interventions. A paired comparisons measure, as used in chapter 6
and chapter 7, may provide better anchored judgements instead of the often chosen
visual analogue scale.

While the research reported in chapter 2 has been conducted in 2015-2016, the re-
sults and insights gained remain relevant in choosing measures for speech interven-
tion efficacy research. The insights also remain relevant in advancing the research
into intelligibility measures (Xue, Van Hout, Boogmans, et al., 2021; Xue, Van Hout,
Cucchiarini, & Strik, 2021; Xue et al., 2023).

8.2. ASR technology in speech rehabilitation

ASR technology can be used in speech rehabilitation in different contexts. Two of
such contexts are automatic measures for speech intelligibility assessment and au-
tomatic feedback on pronunciation. The current thesis focused on the latter as one
of the goals was to explore the possibilities of such feedback to dysarthric speakers
while playing a serious game. Important aspects of providing automatic feedback
effectively in a gaming context are its precision and the timely presentation. Impre-
cise feedback should be mitigated as much as possible to not impede intervention
efficacy and prevent frustrating players. Timely presentation of feedback is impor-
tant to not impair the flow of a game and prevent players from getting impatient.
Consequently, this places demands on the used ASR technology and models to be
trained with respect to precision and computational efficiency. Dysarthric speech
training corpora are generally small (see subsection 1.5.1). Additionally, here feed-
back should be provided on Dutch dysarthric speech. As Dutch is a low-resource
language, it is additionally challenging to improve model precision. Chapters 3 and
4 researched ways to improve the recognition of dysarthric speech without having a
large amount of data available. In chapter 3, a method was described that can mod-
erately improve the recognition performance of the dysarthric speech by including
neurologically healthy speech of Flemish, the southern variety of the Dutch language,
in the training process. More importantly, retraining the models on that language
variety increased the recognition improvement of the Flemish dysarthric speech. One
would expect to observe similar or even greater improvements when the model that
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is trained on neurologically healthy speech of both language varieties is retrained
and tested on Dutch dysarthric speech. However, chapter 4 did not show this im-
provement. An explanation can be that the models in that research were trained on
speech from the northern and southern variety, but retrained on dysarthric speech,
whereas in research reported in chapter 3, models were retrained on neurologically
healthy speech. It is highly likely that training a background model on neurologi-
cally healthy speech of multiple language varieties and retraining them on dysarthric
speech of one of these varieties causes a larger mismatch with that same dysarthric
speech than when training a background model on neurologically healthy speech of
only the language variety equal to that of the target dysarthric speech. Research
using this method was continued by retraining the background models with tar-
get dysarthric speech or dysarthric speech combined with elderly speech, as elderly
speech was believed to be relevant because the majority of dysarthric speakers are
50 years or older. Only retraining with dysarthric speech showed improvement, the
set combined with elderly speech did not. This may suggest that elderly speech has
different characteristics that do not match well with (elderly) dysarthric speech. To
conclude this paragraph, increasing the size of the data set for training background
models with neurologically healthy speech of language varieties does not necessarily
improve recognition performance on dysarthric speech. Training on neurologically
healthy speech of language varieties and retraining on the variety equal to that of
the target dysarthric speech does improve the recognition performance. As such,
future experiments could be run to investigate whether adding dysarthric speech
to retraining with the language variety improves recognition performance further.
Additionally, adding target dysarthric speech to both background model training
and retraining also may improve recognition performance even more.

Since the research reported in chapter 3 and chapter 4, other data augmentation
methods have been explored to increase the size of the training set. As described
in subsection 1.5.1, traditional methods involving speech, tempo, and vocal tract
length perturbations of the original speech signal have also been found effective to
increase dysarthric speech recognition performance (Geng et al., 2020; Vachhani
et al., 2018). These methods increase the variation and the quantity of dysarthric
speech in the training set increasing the models’ capacity for generalisation. Other
data transformation methods tailored to dysarthric speech have also proven effective
(Soleymanpour et al., 2021). While these transformations are a valuable addition,
to what degree the resulting speech contributes to the way speech recognition mod-
els can cope with the high variability in dysarthric speech remains to be studied.
Also, given that dysarthric speech corpora are commonly small and state-of-the-art
models require large amounts of speech data, it remains to be studied to what ex-
tent the increase in the size of the training set due to the transformations improves
recognition performance.

Other promising methods use deep learning technology to either transform neuro-
logically healthy speech to dysarthric speech (Bhat et al., 2022; Jin et al., 2021) or
train a multi-speaker text-to-speech system that can synthesize dysarthric speech
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(Soleymanpour et al., 2022). In theory, these methods can generate a near infinite
amount of dysarthric speech for model training. However, it is not entirely clear to
what extent the generated speech represents the large variation in dysarthric speech.
In retrospect, data augmentation techniques are one of the methods to improve the
automatic recognition of dysarthric speech as highlighted in this discussion. As
described in subsection 1.5.1, also other methods for improvement exist.

While the studies reported in chapters 3 and 4 were conducted in 2016 and 2017,
their results remain relevant and contribute to the general research question on which
speech data is suitable for training models that improve dysarthric speech recogni-
tion. The described methodologies can be used in future research that investigates
the suitability of other speech data to be included for training.

After improving recognition performance, the resulting models were used in the first
stage of mispronunciation detection that verified whether an attempt was made to
actually speak the target utterance. This was part of improving the precision of
automatic feedback such that it would not provide feedback in the second stage
when it was not confident about the target utterance. Word-level confidence mea-
sures were calculated in the second stage that, evaluated against a predetermined
threshold, resulted in the detection of either a correct word pronunciation or a mis-
pronunciation. The decision for providing feedback on word level was made after
discussions including clinical experts. It was believed that this would be cognitively
less demanding to process for dysarthric speakers than more detailed feedback at
subword level. The participants in the experiment described in chapter 7 indicated
that they found it useful for adjusting their speech. Despite the limited number
of participants, this indicates that word-level feedback is not too demanding to
process. On the other hand, word-level feedback is less detailed than feedback at
subword level. For example, when providing feedback at phoneme level, dysarthric
speakers get to know which particular phonemes need to improve. Other meth-
ods like the Goodness of Pronunciation (GoP) described in subsection 1.5.2 can
be used to provide such feedback. Perhaps future research can use these methods
to investigate whether more detailed feedback is useful and not too demanding for
dysarthric speakers to process. Research on automatic pronunciation evaluation for
elderly dysarthric speech similar to that in the current thesis is limited. However,
in the area of speech therapy for young children similar research exists and has also
used feedback on word-level pronunciation (Hair et al., 2021; McLeod et al., 2023).
When the recorded pronunciation was automatically judged to be correct, this was
textually and visually displayed. As the speech training entailed single-word pro-
nunciation exercises instead of the multi-word utterances from the current thesis, the
researchers made use of template matching ASR technology to provide automatic
pronunciation evaluation (Hair et al., 2021; McLeod et al., 2023). The advantage
of template matching technology is that it requires less data for training. On the
other hand, it is not designed for providing more detailed feedback. Interestingly,
the same researchers found that the GoP algorithm, which is suited for more de-
tailed feedback, performed almost similarly to the template matching system when
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trained on a large set of adult speech.

In the current thesis, the calculated word-level confidence measures were evaluated
against a predetermined threshold. This threshold was fixed for all dysarthric speak-
ers that participated in chapter 7’s experiment as no speech recordings were available
for fine-tuning. For this reason, the threshold was also configured on the safe side
to limit the number of false rejects (i.e. detecting a mispronunciation when there
was none). Future research to improve feedback on pronunciation should entail
researching methods for personalizing thresholds. This way, feedback can be tai-
lored to every dysarthric speaker’s personal requirements. More detailed feedback
at phoneme-level may also be included in future research. Providing such feedback
while also playing a serious game may be too demanding, but an overview providing
statistics on phoneme pronunciation after having completed a certain number of
exercises could be useful.

Since the ASR research in the current thesis, new developments in the recognition
of dysarthric speech have provided more efficient methods to adapt models for im-
proving dysarthric speech recognition. For example, the availability of large mono-
and cross-lingual acoustic models that are already pre-trained on tens of thousands
(XLSR-53, Conneau et al., 2021) or even hundreds of thousands of hours (Whisper,
Radford et al., 2022) of neurologically healthy speech potentially provide an efficient
starting point for adaptation. They also showed better generalisation to different
dysarthric severity groups (Wang & Van Hamme, 2023), which actually confirms our
conclusion at the end of the first paragraph of this section: adding neurologically
healthy speech of related language varieties to the train set improves dysarthric
speech recognition performance. Also, Wang and Van Hamme (2023) show that
even cross-lingual train sets of sufficient size can improve the robustness of mod-
els. Additionally, the large mono- and cross-lingual acoustic models enable robust
self-supervised training/adaptation methods which saves quite some time manually
transcribing speech recordings (Wang & Van Hamme, 2023). On the other hand,
while training and adaptation may have been more efficient with these pre-trained
models, they would have been more complex to integrate into a serious game as they
would require more computational power in comparison to the Hybrid Deep-learning
Neural Net approach used in the current thesis.

While the studies reported in chapters 6 and 7 have been conducted between 2016
and 2019, the research remains relevant as they have explored the efficacy of com-
bining serious game design and automatic pronunciation evaluation to provide mo-
tivating speech training for elderly at home. Similar studies have only been found
in the area of speech therapy for young children (Hair et al., 2021; McLeod et al.,
2023). These are more recent studies and have used methodologies similar to those
in the current thesis, which shows the relevancy of this thesis’ research. Additionally,
future research for elderly dysarthric speakers can use the current thesis’ research
results and methodologies to continue investigating automatic pronunciation evalu-
ation and serious gaming for speech training.
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To conclude this section, research question two of the current thesis on ways to
effectively improve automatic recognition of dysarthric speech can be answered as
follows. One of these ways is to improve the low resource conditions for training
/ adapting speech recognition models. In subsection 1.5.1 multiple methods have
been described that improve these conditions by using language varieties, generat-
ing variants of existing dysarthric speech data, using out-of-domain data or gen-
erating speech data artificially. Consequently, these data augmentation methods
improve the automatic recognition of dysarthric speech. Chapters 3 and 4 both
contribute to the improvement of dysarthric speech recognition using out-of-domain
data. Methods for improving mispronunciation detection using personalized confi-
dence thresholds that include feedback at the more detailed phoneme level have also
been discussed.

8.3. Serious game design for speech rehabilitation

When research in the CHASING project started, literature on designing serious
games for speech training in older adults with dysarthria was limited. Since then,
only a few publications have appeared on this topic. In related topics like the
design of exergames for older adults and game design for this user group in general,
research is often conducted by a multidisciplinary team of researchers. Most of
these research efforts include the input of future users by following a user-centered
design (UCD) methodology. CoDesign is one of such methodologies. The CoDesign
approach taken in chapter 5 of the current thesis is a joint, creative process that
supports multiple stakeholders in reaching their common goals. It can be considered
a UCD methodology as it has many of the distinct characteristics: user profiling,
iterative design process, and the inclusion of input from users in every design phase.
What makes the CoDesign approach unique is the inclusion of knowledge from the
creative industry. As a partner in the CHASING project, Waag Society provided
knowledge of methods for identifying game principles users prefer. Subsequently,
how to design and develop game concepts using these principles to test at an early
stage what motivates users to play. In the case of the current thesis, this knowledge
was also used to test how users can be triggered to speak while playing a game
and to investigate physical and cognitive limitations. To conclude this paragraph,
having a structured design methodology in place that includes a multidisciplinary
team proves to be beneficial in designing a serious game for speech rehabilitation in
dysarthric speakers.

The current thesis’ serious game concept was designed as a two-player cooperative
game. In this game, players needed to work together to find clues to reach a common
goal like finding treasure or solving a mystery. Choosing a cooperative mode of play
and having to work together towards a common goal was the result of user inter-
views and concept testing. This type of game may motivate a large group of older
adults with dysarthria to train their speech. However, game concept preferences
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can differ per user on multiple dimensions. For example, due to personal inter-
ests, age, gender, gaming experience, physical and cognitive capabilities, cultural
background, etc. Future research should entail studies of game concept preferences
across larger user groups over multiple dimensions. This would provide a valuable
starting point for game designers to develop additional serious games for speech re-
habilitation. More serious games will not only cater the multitude of game concept
preferences users may have, it will also help with the challenge of providing sufficient
and varying content for training. The game in the current thesis was designed for
an intervention of 16 training sessions over four weeks. Given that dysarthria due
to progressive neurological disorders may further decrease speech intelligibility over
time, serious games that enable lifelong training may prove effective in improving
speech intelligibility or at the very least maintaining current levels. To research the
effects of serious games over such a long period of time requires users to be moti-
vated to play the game regularly. Providing sufficient suitable content will be an
interesting challenge. A possible solution is to have multiple serious games available
and let users play one after the other. However, this may complicate designs for
efficacy experiments due to the potential effects of order, differences in motivation
to play a game, differences in completion of games, etc. Perhaps, many of these
effects can be controlled, but having only a single game would immediately remove
these confounding variables. Another potential solution to obtain sufficient content
is to develop a game with a level designer that can easily be used by a community
around the game to design additional levels over time. It may also be possible to
find a game concept that users find motivating to play and is suitable for automatic
content generation. For example, the concept developed in the current thesis to find
treasure together uses predefined maps and clues. When developing a map gener-
ator and a database of clues, such maps can be generated automatically providing
a large amount of unique maps. On the other hand, such a generator alone would
probably not be enough to keep users motivated as it may become quite monotonous
to always play the same game only on different maps.

Designing feedback on speech in a gaming context also has its challenges. Users
should be able to interpret and act on it. Oppositely, the feedback should not
hinder users in playing the game. The current thesis’ research found that providing
indirect, near real-time feedback on loudness (measured as intensity in decibels) is
a promising way of providing visual feedback. Such indirect feedback should change
a user’s view on the game world. Also, to reinforce the indirect feedback, a form
of direct feedback was added using textual notifications on the height of dysarthric
speakers’ loudness and pitch levels. An earlier version of both direct and indirect
feedback was difficult to process by dysarthric speakers. The feedback was visualized
just above the user’s view on the game world. Therefore, users had to quickly
switch their focus back and forth between the feedback visualisation and view on
the game world. That switching was found to be too difficult to cognitively process
by dysarthric speakers and they stopped using the feedback. In addition to feedback
on loudness and pitch, word-level feedback was also provided on pronunciation. The
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current thesis chose to provide the feedback visually by colouring the individual
words that may contain a deviation. Other research found that additional auditory
feedback is also beneficial to improving speech intelligibility. In the current thesis it
was decided to not provide additional auditory feedback because it could hinder the
tempo and flow of the game. However, future research should study how auditory
feedback can be integrated in serious games for speech training minimizing those
drawbacks.

In the area of speech therapy for young children with speech sound disorders, recent
studies (Hair et al., 2021; McLeod et al., 2023) also included the use of a serious
game similar to the ones in the current thesis. A Super Mario-like, single-player 2-
dimensional platform game was designed that included single-word speech exercises
and provided word-level automatic feedback on pronunciation. Those exercises were
made part of the gameplay in that a speech exercise popup was triggered when
the player touched a required star using the chosen game character. Collection of
these stars was mandatory and the game briefly paused to perform the exercise in
the popup. A similar concept was used in the current thesis’ game design to unlock
gates and bring players together. Also similar to the design in the current thesis, the
popup disappeared when the number of pronunciation attempts was reached, also
when all were incorrect. This way, the player is not frustrated by having to keep
trying for a correct pronunciation before being allowed to continue. The popup
provides direct feedback on pronunciation. Indirect feedback is also used by the
game to motivate the player to keep playing and doing speech exercises. That is
implemented by the concept of the game character’s energy decreasing slowly over
time. When it runs out it can only move slowly, making it more challenging to play
the game. Energy levels can be increased by doing speech exercises in which correct
attempts are rewarded with more energy then incorrect attempts. By collecting in-
game coins, players can also buy items to personalize and customize their character
and give them "superpowers'. Applying gameplay elements like the ones previously
described to the current thesis’ game design may also be motivating for older adults.
More research is needed to obtain additional insight on this topic.

Recent advances in generative Al models may provide additional opportunities for
exploring new game concepts. Generative Al models are machine learning models
that: "...are capable of generating seemingly new, meaningful content such as text,
images, or audio from training data." (Feuerriegel et al., 2024, p. 111). Large Lan-
guage Models (LLMs) are a specific application of generative Al that have been
developed for specific tasks involving natural language generation and understand-
ing. Currently, LLMs are often used in developing virtual assistants that can answer
comprehensive questions by means of natural conversation (Casheekar et al., 2024).
Such an assistant may enable new game concepts like a virtual coach that encour-
ages and rewards the player for practising and correct pronunciation. For example,
a more interactive version of the newsreader concept in section 5.4 or even a virtual
speech therapist that engages in natural conversation and provides feedback on the
pronunciation of the user. In addition to new game concepts, LLMs and other gen-
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erative Al models may be able to assist in automatically generating game content to
prolong speech training and keep players motivated. Generation of speech exercises
given a set of rules and constraints to which the exercises must comply can also be
a possibility. That would make the generation of such content more efficient and
less time-consuming. It would also make the process of tailoring speech exercises to
individual dysarthric speakers easier, which is potentially beneficial to the effects of
the speech training. In summary, the potential benefits of generative Al and specif-
ically LLM application in the design of a serious game for speech training warrants
future research.

The research reported in chapter 5 was conducted between 2014-2018, but is still
relevant. As that chapter has shown, research on serious game design for elderly in
general exists. However, previous design research was not found for the unique com-
bination of speech training for elderly with dysarthria due to a neurological disorder
using serious games. This unique combination provides additional design challenges
that are not covered by the literature on serious games design for neurologically
healthy elderly. Recently, research has been reported on serious game design for
speech rehabilitation independent of speech impairment and age group (Baranyi et
al., 2024; Weber, 2025).

To answer research question three of the current thesis (see section 1.7), a serious
game for speech rehabilitation in dysarthric speakers can be designed by following
a CoDesign approach and involving disciplines from speech rehabilitation, creative
design, automatic speech recognition, and software development. Users and their
input are also included at every phase of the CoDesign approach. Providing feedback
on loudness and pitch in a serious game is possible by using a combination of indirect
and direct feedback which are visualized as part of the user’s view on the game world.
Feedback on pronunciation is possible by colouring individual words of the spoken
utterance when a mispronunciation is detected.

8.4. Efficacy of game-based speech training

Studying the effects of training with the game on dysarthric speakers’ intelligibil-
ity provides its own challenges. For example, how to measure intelligibility, what
training program should dysarthric speakers follow, and which experimental design
should be used to obtain validated results. Chapters 6 and 7 of the current thesis de-
scribe studies into the effects of the developed game when used in a speech training
program. In chapter 6 the game-based speech training was compared to a non-game
computer-based training from previous research. Ideally, such a comparison may
show equal or even larger improvements in intelligibility for the game-based speech
training. However, the outcomes of this study on the intelligibility of the dysarthric
speakers were inconsistent and showed substantial variability. The number of par-
ticipants that completed the two training programs was limited to five. Having
such a limited and also heterogeneous group of participants may at least partially
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explain why no significant improvements were observed. On the positive side, no
inexplicable decreases in intelligibility were observed either.

Because of the inconsistent results on intelligibility and the limited number of par-
ticipants that could be included, the design of the second efficacy study (chapter 7)
was simplified. In that study the game-based speech training was compared to a
period of no training. This way, the study researched whether a game-based speech
training could have any significant effect on intelligibility. Additionally, dysarthric
speakers were incentivized to join the study as they would have to spend practically
half the time in comparison to the previous study. Still, the dysarthric speakers that
could be included in the study remained limited to eight. The results of the study
showed a positive significant effect of the game-based speech training, which leads
to the conclusion that game-based speech training can positively affect speech intel-
ligibility in patients with dysarthria. Identifying reasons why this second study did
find a significant effect and the first one did not is challenging. The following reasons
may have contributed: simpler experiment design testing only one type of speech
training, more homogeneous participant group (only dysarthria due to Parkinson’s
Disease, PD), improved version of the game that included pronunciation exercises,
less technical, and device control issues.

In recent research on the efficacy of serious games in speech therapy for young chil-
dren, the same experiment design was used as the research reported in chapter 6
(Hair et al., 2021; McLeod et al., 2023). Two speech interventions, with either
manual or automatic provision of feedback, were compared in a crossover repeated
measures design. Similar to the studies in chapter 6 and chapter 7, Hair et al. (2021)
experienced difficulties in including large numbers of participants. They included 11
children of which 10 completed both speech interventions. Both treatments caused
significant improvements in participants’ pronunciations and no significant differ-
ences between the effects of the treatments were found. Although a similar experi-
ment design was used in this thesis’ chapter 6, that chapter compared two different
methods of speech interventions, both including automatic feedback. In Hair et al.
(2021) the comparison was made at a different level. The study included the same
speech intervention, but compared one with manual provision of feedback by care-
givers and one with automatic feedback using ASR technology. Besides some differ-
ences, the similarity in the research of these more recent studies with that reported
in chapter 6 already points to the relevancy of that chapter’s research. Additionally,
exploring the efficacy of a new speech intervention that has not been tested before
is relevant research on the road to offer that intervention to patients in the future.
Besides the efficacy studies for speech therapy in young children, no other literature
was found studying the efficacy of a serious game providing automatic pronunciation
evaluation for dysarthric speakers.

To summarize, research on the comparison of game-based with non-game based
speech training, research question four (see section 1.7), provided inconsistent re-
sults due to a limited and heterogeneous group of participants. Future research
including additional participants may find more consistent results. Apart from the
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previously mentioned comparison, the current thesis found that game-based speech
training can positively affect speech intelligibility in patients with dysarthria. Conse-
quently, research question five of the current thesis (see section 1.7) can be answered
positively. The positive effects of the game-based training were observed in older
adult male and female individuals with dysarthria due to PD. The number of par-
ticipants to the studies remains limited. For that reason, future research should
confirm these findings on a larger sample of the dysarthric speakers due to PD. Ad-
ditional research should include older adults with dysarthria from other aetiology’s
to observe whether their speech intelligibility can also be positively affected.

8.5. User satisfaction and preference

In addition to the effects on speech intelligibility, the game-based speech training
was also rated on user satisfaction. In both studies (section 6.3 and section 7.6),
the same user satisfaction questionnaire was used with ratings on four dimensions.
Observing the average of the four dimensions individually, the attractiveness and
overall satisfaction dimensions were scored lower for the first version of the game.
This is most likely due to the technical issues some participants experienced during
the first study and another participant not being used to working with a tablet
computer. On average user satisfaction with the game-based speech training was
similar for both versions of the game and more than sufficient. However, the number
of participants in both studies is limited which prevents robust conclusions.

Users’ preferences for training were also compared, game-based versus non-game
computer-based training (section 6.3) and game-based versus face-to-face training
(section 7.6). In this comparison, different scenarios were used in which the hy-
pothesized effects on speech intelligibility were modulated. Both studies show no
consistent preference for either game-based speech training, non-game computer-
based speech training or face-to-face training. The results indicate that the hypoth-
esized effects seem to be the decisive factor rather than the type of speech training.
Most, participants preferred the type of speech training that resulted in the largest
hypothesized effects, which is in line with previous research (Beijer, 2012, ch. 8).

While the research into user satisfaction and preference have been conducted be-
tween 2016 and 2018, it remains relevant as it showed what elderly with dysarthria
due to a neurological disorder like and dislike about game-based speech training.
Those results can be used to further improve game-based speech training and in-
crease motivation for training. That same research also gave insight into what
method of training elderly dysarthric speakers prefer under different conditions.
These insights can assist in deciding when to use which method of training and for
whom, moving towards a more personalized speech intervention.

In retrospect, user satisfaction ratings for game-based and non-game computer-
based speech training were similar. No consistent preference for either game-based,
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non-game computer-based or face-to-face training was observed. To answer research
question six (see section 1.7), game-based speech training is not preferred over face-
to-face training in all scenarios. Users seem to prefer the type of training that results
in the largest improvement of speech intelligibility. Despite the limited number of
participants in both studies, dysarthric speakers do seem to positively receive game-
based types of speech training as an alternative.

8.6. Conclusions

Game-based speech training has potential to provide intensive training that has ben-
eficial effects on speech intelligibility of dysarthric speakers. As the game is played
from the home environment, this saves travel time making it easier to fit multiple
training sessions into dysarthric speakers’ schedules. Consequently, this allows for
intensification of the speech training, which has shown to be beneficial to improving
intelligibility. Similar to web-based courseware systems, game-based systems can
reduce speech therapists’ burden to provide face-to-face training sessions too, allow-
ing them additional focus on adjusting the training program to individual needs.
As a result, speech therapists may be able to provide training to more dysarthric
individuals simultaneously, reducing the healthcare capacity problem. This is also
interesting from a financial perspective, making more efficient use of healthcare re-
sources, improving the cost-effectiveness ratio. In addition to courseware systems,
game-based systems provide challenging games to motivate dysarthric individuals to
train intensively. Consequently, these challenging games’ strong motivational power
may also contribute to increase therapy adherence, a well-known issue in speech
rehabilitation where dysarthric speakers become less motivated to train at home.
Another advantage of game-based systems is that they can provide more interactive
and ecologically valid training scenarios making it easier to apply what was trained
into functional daily communication.

As the current thesis has made clear, providing reliable automatic feedback is of
great importance when training at home. The current thesis researched automatic
feedback using speech analysis and automatic speech recognition algorithms. It has
shown that speech analysis algorithms can be used to provide automatic feedback
on loudness and pitch using threshold levels adequately. Methods to improve au-
tomatic dysarthric speech recognition can be found in using out-of-domain data,
adding language varieties, noisified copies of the original recordings, and artificially
generating speech data. Using one of these methods, the current thesis shows that
providing pronunciation feedback on word-level in a near real-time gaming context
is technically feasible. Additionally, dysarthric speakers are able to interpret that
feedback and adjust their pronunciation while playing the game. To limit dysarthric
speakers’ frustration and perception of unreliable feedback, it is important to cali-
brate the pronunciation feedback’s ratio of false positives versus false rejects. That is
because detecting a mispronunciation where there is none, a false reject, potentially
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frustrates the dysarthric speaker more than failing to detect a mispronunciation, a
false accept.

The current thesis has also confirmed that a "one size fits all" approach to game-based
speech training does not apply. Individual dysarthric speakers or at least groups of
dysarthric speakers have individual preferences towards games that they would like
to play, feedback thresholds that need to be personalized and pronunciation feedback
that needs to be calibrated per individual. Consequently, doing a game-based speech
training should always be supervised by a speech therapist such that the right speech
exercises are included and thresholds are recalibrated when a dysarthric individual’s
speech changes over time.

From a clinical perspective, the current thesis has explored the potentials of game-
based speech training as an alternative to face-to-face and web-based courseware
systems. Generally, the game-based system was positively received by dysarthric
speakers. Given its advantages over the already existing face-to-face sessions, video-
conferencing and courseware systems, game-based systems are in the current thesis’
context not regarded as an alternative but as an addition. For example, face-to-face
and videoconferencing systems can be used to explain exercises, control of systems,
and subjective evaluation of speech. Courseware systems can be used for providing
drill-and-practice exercises at home, and game-based systems for providing more
ecologically valid scenarios and prolonged training. When considering the above
statements, it is clear that the current thesis regards all approaches to be needed.
This way, the strengths of all types of training can be used to improve or stabilize
speech intelligibility in patients with dysarthria.
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Existing and collected data

Except for chapter I and chapter 8, existing and/or collected data was used in the
research described in every other chapter. In chapter 2, listener judgements were
collected through an online survey on the basis of dysarthric speech recordings from
an existing collection (Beijer, 2012). Pseudonymized data, mother tongue, gender,
age, and familiarity with dysarthric speech, was collected regarding the non-expert
listeners.

In chapter 3 and chapter 4 data from existing speech corpora were used to train
and adapt acoustic models for dysarthric speech recognition. Neurologically healthy
speech from the Spoken Dutch (Oostdijk et al., 2002) and JASMIN-CGN (Cuc-
chiarini et al., 2008) corpora were selected and used for those purposes. Speech
recordings from the Dutch Dysarthric Speech database (Yilmaz et al., 2016) were
used to retrain or adapt acoustic models for the recognition of dysarthric speech.
That database was published as part of the same project as the current thesis. The
existing COPAS corpus (Middag, 2012) was also used for testing trained acoustic
models’ dysarthric speech recognition performance. For more details on which par-
ticular parts of the corpora were used, see chapter 3 and chapter 4 of the current
thesis.

Research on the design of a serious game was described in chapter 5. Contact data
of speech therapists and dysarthric speakers were collected for the runtime of the
CHASING research project to make an appointment for participating in design
activities and game prototype test sessions.

As part of the research in chapter 6 and chapter 7, two versions of the serious game
were used in speech interventions to study the effects of game-based speech therapy.
The already existing E-learning based Speech Therapy (EST) system (Beijer, 2012)
was also used for comparison. Continuous speech of all enrolled dysarthric speakers
and their neurologically healthy coplayers was collected during all practice sessions
with the serious game and EST. Speech was also recorded at multiple measurement
intervals given predefined words, utterances, but also spontaneous speech. The fol-
lowing personal data was collected of all participants for effect analysis purposes:
age, diagnosis, time since diagnosis, mobility limitations, perceived impact on daily
communication, gender, and experience with computers.

For the analysis of intervention effects, two listening experiments were used in which
the recordings of the multiple measurement intervals were used to judge the speech
intelligibility. From these non-expert listeners the following personal data were col-
lected: mother tongue, gender, age, and familiarity with dysarthric speech.



Research Data Management

After having completed the speech intervention, dysarthric speakers were asked
about how satisfied they were practising with the serious game and EST system. As
part of chapter 6 a brief online survey on user satisfaction was completed as well as a
short experiment on preference for game-based and EST-based speech interventions.
A similar survey and experiment on user satisfaction and preference, respectively,
were held as part of the research in chapter 7. However, this survey contained
additional open questions on the provided automatic feedback and preference for
game-based speech therapy versus face-to-face sessions.

Informed consent

Dysarthric speakers were recruited via speech pathologists, patient internet fora and
Facebook groups. They were given information about our research and assured they
could withdraw at any time. They signed consent forms for participation and the
collection of speech recordings. Ethics approval from Radboud University Medical
Centre Research Ethics Committee was not required as stated by this committee
(2015-1707).

For the listening experiments, participants were recruited among the students of the
Radboud University and HAN University of Applied Sciences in Nijmegen. Partici-
pants were asked to come to a class room in which multiple PCs or laptops were set
up with the listening experiment. Before starting the experiment, participants were
asked to provide multiple characteristics, required for valid statistical analysis, and
their consent for data collection through multiple forms. These forms followed the
informed consent procedure established by the Ethics Committee at the Radboud
University Medical Centre.

Protection of participants’ privacy

Protecting the privacy of the individuals participating in a scientific experiment is
important to prevent misuse of the data they provided. This is even more impor-
tant when working with speech recordings recorded in a rehabilitation setting, as
the voice of an individual is often considered as personally identifyable information
(PII). Where applicable, speech recordings were made in a pseudonymized way by
using a key in the form of the participant number. Any PII of recorded partic-
ipants was stored in a separate file. The file holding the personal data and the
key linking to participant names was registered in accordance with the university’s
safety regulations for sensitive and critical data and is kept for a minimum of 15
years. The judgements of the participants in the listening experiment were collected
anonymously. Any characteristics of those participants, required for valid statistical
analysis, were stored in a separate file.
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Data storage in the context of scientific integrity

Data were collected and stored in multiple contexts. During the practice sessions
of the game-based speech interventions, the dysarthric speakers and coplayer were
both recorded locally on their own Apple iPads running the game. The recordings
were moved to the secure and versioned storage of the Science Faculty at Radboud
University after the speech intervention ended. While practising with the web-
based speech intervention using Radboud University supplied laptops, the dysarthric
speakers were recorded online via the server that ran the web-based speech inter-
vention. This was a secure server running at the server park of the Science Faculty
at Radboud University. The connection to the server was secured and encrypted
using SSL technology. After the speech intervention was completed, recordings were
moved to the same secure storage facility as the game-based recordings.

At the pre and post measurement times, dysarthric speakers were recorded using
a separate course in the web-based speech intervention. At a later point in that
session, during the user satisfaction questionnaire, they were also recorded when
asked to provide additional comments, if any, on their experiences using the game-
based or web-based speech intervention. All of the above recordings were moved to
the secure storage facility of the Science Faculty after the session was completed.

The judgements collected in the listening experiments were initially stored locally on
the secured PC or laptop alongside the OpenSesame (Mathot et al., 2012) listening
experiment file. They were moved to the secure storage facility of the Science Faculty
after the session was completed.

Selected speech recordings used from the Spoken Dutch (CGN) and JASMIN corpora
were also stored at the secure storage facility of the Science Faculty. They were used
for training Automatic Speech Recognition models via a network connection that
was secured and encrypted using OpenSSH! technology.

Giving access to the data

Research in the CHASING project, which includes the current thesis, was funded
by the NWO research grant with Ref. no. 314-99-101 (CHASING). Although no
real requirements for sharing of data were provided, NWO encourages sharing of
data for transparency and reproducibility of research results. Additionally, sharing
of data enables its re-use in future endeavours. For those reasons, research data
were shared via the Radboud Data Repository (https://data.ru.nl). Data collected
in chapter 6 are available under DOI: https://doi.org/10.34973/0w4g-bb09. Those
from chapter 7 are available under DOI: https://doi.org/10.34973 /h19s-c122. Both
datasets are available under restricted access due to the private nature of recordings

!For more information see: https://www.openssh.com. Last accessed on February 23, 2025.
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made in a speech rehabilitation context. Access can be obtained by using or applying
for one of the supported authentication methods. Authorization is then given by
one of the collection owners. See https://data.ru.nl/login for more details.
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As populations around the world are ageing, the group of patients with acquired
neurological disorders such as Parkinson’s disease (PD), Cerebral Vascular Acci-
dent (CVA or stroke) and traumatic brain injury (TBI) is growing. Many of these
individuals are affected by dysarthria, a neurologic speech disorder that reflects ab-
normalities in one or more aspects of speech production. Due to these abnormalities,
their speech becomes less intelligible. The field of speech rehabilitation aims to im-
prove intelligibility by restoring as much as possible of the affected aspects of speech
production.

Speech rehabilitation is normally provided by speech therapists, but the need for
intensive therapy and the growing number of patients make it difficult for therapists
to cope with the demand. Therefore, there is a growing attention for telerehabili-
tation: the delivery of healthcare services remotely. Attempts have been made at
finding telerehabilitation solutions to provide speech training in patients’ home en-
vironment. Promising solutions include automatic feedback on pronunciation using
speech technology. Patients that participated in corresponding effect studies de-
scribed being able to follow the training program, but having increasing difficulty
adhering to its 'drill-and-practice’ nature and not experiencing beneficial effects in
daily-life communication. Exploring different approaches to remote and indepen-
dent speech training potentially provides valuable insights on these topics. Interac-
tive gaming is one such approach with the goal to leverage its entertainment and
enjoyment properties for a ’serious’ purpose, hence the term ’serious gaming’. For
that reason, the current thesis explores the use of serious gaming including methods
of automatic feedback for the purpose of remote and independent speech training.

A general introduction to the three involved research topics, dysarthria and mea-
surement of intelligibility, serious gaming, and speech technology is provided in
chapter I. It sheds some light on past and more recent research into these top-
ics. The CHASING research project, that stands for ’Challenging speech training
in neurological patients using serious gaming’, is also introduced, in addition to the
research questions addressed by the current thesis.

In chapter 2, research on objective measurements for the intelligibility of dysarthric
speech is described. Measuring the intelligibility of disordered speech is a common
practice in both clinical and research contexts. It enables the measurement of the
effects of a particular speech intervention. Over the years various methods have been
proposed and studied, but many of these methods measure speech intelligibility at
the speaker or utterance level. While this may be satisfactory for some purposes,
more detailed evaluations might be required in other cases such as diagnosis and
measuring or comparing the outcomes of different types of therapy (by humans
or computer programs). In chapter 2, intelligibility ratings are investigated at
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three different levels of granularity: utterance, word, and subword level. In a web
experiment 50 speech fragments produced by seven dysarthric speakers were rated
by 36 listeners in three ways: a score per utterance on a Visual Analogue and a
Likert scale, and an orthographic transcription. The latter was used to obtain word
and subword (grapheme and phoneme) level ratings using automatic alignment and
conversion methods. The implemented phoneme scoring method proved feasible,
reliable, and provided a more sensitive and informative measure of intelligibility.

Research into automatic recognition of dysarthric speech, a technology commonly
used in providing feedback on pronunciation during speech training, is described in
chapter 3. The impact of combining speech data from different varieties of the
Dutch language in training deep neural network (DNN)-based acoustic models is
investigated. Flemish is chosen as the target variety for testing the acoustic models,
since a Flemish database of pathological speech was available. Non-pathological
speech data from the northern Dutch and Flemish varieties were used and speaker-
independent recognition was performed using the DNN-HMM system trained on
the combined data. The results showed that this system provided improved recog-
nition of pathological Flemish speech compared to a baseline system trained only
on Flemish data.

Improving automatic recognition of dysarthric speech is further investigated in
chapter 4. A multi-stage deep neural network (DNN) training scheme aimed at
obtaining better modeling of dysarthric speech by using only a small amount of
in-domain training data is researched. The results show that the system employ-
ing the proposed training scheme considerably improves the recognition of Dutch
dysarthric speech compared to a baseline system with single-stage training only on
a large amount of normal speech or a small amount of in-domain data.

In chapter 5, research into the design and development of two versions of a serious
game for speech training in older adults is described. Using a CoDesign approach,
two tablet games, called Treasure Hunters 1 and 2, were designed. The games
provided automatic feedback on users’ speech and enabled training speech at home.
Valuable lessons were learned in multiple design areas. The most notable ones were
that target users preferred a cooperative style of play and freedom of movement
within a game. Also, the need for sharing information between players was found
to motivate speech production. When designing the feedback on speech, an indirect
approach combined with a direct approach showed the most potential. These and
other valuable lessons are described in more detail in chapter 5.

In Treasure Hunters 1 two players interact verbally to find the way to the treasure,
while receiving automatic feedback on voice loudness and pitch. Participants played
with the game in several sessions and generally appreciated it, hinting at its potential
for speech training in elderly patients. In chapter 6, a within-subjects experiment
with five dysarthric patients is described in which Treasure Hunters 1 was compared
to a non-game computer-based speech training system: E-learning-based Speech
Therapy (EST). The research focused on three variables: speech intelligibility, user

200



Summary

satisfaction, and user preference. Substantial variability between participants was
observed, in the outcomes of these three variables and their relations. This showed
that a 'one size that fits all’ does not apply to computer-based speech training, but
a personalised approach is needed.

In chapter 7, research into the effects of Treasure Hunters 2 on speech intelli-
gibility and patient satisfaction are described. Treasure Hunters 2 is an improved
game-based speech training that provides automatic feedback on loudness, pitch and
pronunciation. Eight adult dysarthric speakers with Parkinson’s disease completed
a four-week game-based speech training in their home environment. A significant,
positive effect was found on speech intelligibility of the game-based speech training
period in comparison to a period of no training. Additionally, patients generally
seemed satisfied with the game. They also generally agreed with the automatic
feedback and could use it to positively change the way they spoke.

Using the previously described research as input, chapter 8 provides a general
discussion reflecting the three main topics of the current thesis, dysarthria and
measurement of intelligibility, serious gaming, and speech technology. The research
questions defined in the first chapter are revisited. Discussions on the limitations of
the current thesis and future research opportunities are also included.

As the current thesis has made clear, providing reliable automatic feedback is of
great importance when training at home. The current thesis researched automatic
feedback using speech analysis and automatic speech recognition algorithms as part
of game-based speech training. It has shown that speech analysis algorithms can
be used to provide automatic feedback on loudness and pitch using threshold levels
adequately. It has also shown that providing pronunciation feedback on word-level
in a near real-time gaming context is technically feasible and can have positive effects
on speech intelligibility. Additionally, dysarthric speakers are able to interpret that
feedback and adjust their pronunciation while playing the game. However, the
current thesis has also shown that a "one size fits all" approach to game-based
speech training does not apply. Individual dysarthric speakers or at least groups
of dysarthric speakers have individual preferences towards games that they would
like to play, feedback thresholds that need to be personalized and pronunciation
feedback that needs to be calibrated per individual. From a clinical perspective,
the current thesis has explored the potentials of game-based speech training as an
alternative to face-to-face and web-based courseware systems. Although the game-
based speech training was received well, individual speech training scenarios may
require a different set of speech exercises that is better suited for a face-to-face or
web-based approach to speech training. For that reason, the current thesis regards
all approaches to be needed. This way, the strengths of all types of training can be
used to improve or stabilize speech intelligibility in patients with dysarthria.
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Samenvatting

Naarmate de wereldbevolking vergrijst, groeit de groep patiénten met verworven
neurologische aandoeningen zoals de ziekte van Parkinson (PD), cerebraal vascu-
lair accident (CVA of beroerte) en traumatisch hersenletsel (TBI). Veel van deze
mensen hebben last van dysartrie, een neurologische spraakstoornis die afwijkingen
veroorzaakt in een of meer aspecten van de spraakproductie. Door deze afwijkingen
wordt hun spraak minder verstaanbaar. Het doel van spraakrevalidatie is om de
verstaanbaarheid te verbeteren door de aangetaste aspecten van de spraakproductie
zoveel mogelijk te herstellen.

Spraakrevalidatie wordt normaal gesproken gegeven door logopedisten, maar de
noodzaak voor intensieve therapie en het groeiende aantal patiénten maken het
moeilijk voor therapeuten om aan de vraag te voldoen. Daarom is er steeds meer
aandacht voor telerevalidatie: het leveren van zorg op afstand. Er is onderzoek
gedaan naar telerevalidatieoplossingen voor het geven van spraaktraining in de thui-
somgeving van patiénten. Veelbelovende oplossingen maken gebruik van automa-
tische feedback op uitspraak met behulp van spraaktechnologie. Patiénten in cor-
responderende effectstudies beschreven dat ze in staat waren om het trainingspro-
gramma te volgen, maar dat ze steeds meer moeite hadden om zich aan het pro-
gramma te houden door het ’drill-and-practice’-karakter van de oefeningen. Tevens
ondervonden ze geen positieve effecten van het trainingsprogramma in de normale,
dagelijkse communicatie. Het verkennen van verschillende benaderingen om zelfs-
tandig spraak trainen op afstand te realiseren, kan tot waardevolle inzichten leiden.
Interactief gamen is één zo'n benadering, met het doel om de entertainment- en
pleziereigenschappen van gaming te benutten voor een ’serieus’ doel, vandaar ook
wel de term ’serious gaming’. Om die reden onderzoekt dit proefschrift het gebruik
van serious gaming, met inbegrip van methoden voor automatische feedback, met
als doel het realiseren van zelfstandige spraaktraining op afstand.

In hoofdstuk 1 wordt een algemene inleiding gegeven op de drie betrokken onder-
zoeksonderwerpen, dysartrie en het meten van verstaanbaarheid, serious gaming en
spraaktechnologie. Het geeft een beeld van onderzoek uit het verleden, maar ook
recenter onderzoek naar deze onderwerpen. Het CHASING onderzoeksproject, dat
staat voor 'Challenging speech training in neurological patients using serious gam-
ing’, wordt ook geintroduceerd in hoofdstuk 1, naast de onderzoeksvragen die in dit
proefschrift aan de orde komen.

In hoofdstuk 2 wordt onderzoek naar objectieve metingen voor de verstaanbaarheid
van dysartrische spraak beschreven. Het meten van de verstaanbaarheid van spraak-
stoornissen is gebruikelijk in zowel klinische als onderzoekscontexten. Het maakt het
mogelijk om de effecten van een bepaalde spraakinterventie te meten. In de loop
der jaren zijn verschillende methoden voorgesteld en bestudeerd, maar veel van deze
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methoden meten spraakverstaanbaarheid op spreker- of uitingsniveau. Hoewel dit
voor sommige doeleinden kan volstaan, zijn er in andere gevallen meer gedetailleerde
evaluaties nodig, zoals bij diagnose en het meten of vergelijken van de resultaten
van verschillende soorten therapie (door mensen gegeven of computerprogramma’s).
In hoofdstuk 2 worden beoordelingen van verstaanbaarheid onderzocht op drie ver-
schillende granulariteitsniveaus: uitingsniveau, het woord- en het subwoordniveau.
In een webexperiment werden 50 spraakfragmenten van zeven dysartrische sprekers
door 36 luisteraars op drie manieren beoordeeld: een score per uiting op een Vi-
sueel Analoge en een Likertschaal, en een orthografische transcriptie. Deze laatste
werd gebruikt om woord- en subwoordscores (grafeem en foneem) te verkrijgen met
behulp van automatische uitlijnings- en conversiemethoden. De geimplementeerde
foneemscoremethode bleek haalbaar en betrouwbaar en leverde een gevoeligere en
informatievere maat voor verstaanbaarheid op.

Onderzoek naar automatische herkenning van dysartrische spraak, een technologie
die vaak wordt gebruikt bij het geven van feedback op uitspraak tijdens spraaktrain-
ing, wordt beschreven in hoofdstuk 3. De impact van het combineren van spraak-
data van verschillende varianten van de Nederlandse taal in het trainen van op deep
neural networks (DNN) gebaseerde akoestische modellen wordt onderzocht. Vlaams
is gekozen als variant voor het testen van de akoestische modellen, omdat er een
Vlaamse database met pathologische spraak beschikbaar was. Niet-pathologische
spraakgegevens van de Noord-Nederlandse en Vlaamse varianten werden gebruikt
en sprekeronafhankelijke herkenning werd uitgevoerd met behulp van het DNN-
HMM-systeem dat getraind werd op de gecombineerde spraakgegevens. De resul-
taten toonden aan dat dit systeem verbeterde herkenning van pathologische Vlaamse
spraak bood in vergelijking met een basissysteem dat alleen op Vlaamse data was
getraind.

Het verbeteren van de automatische herkenning van dysartrische spraak wordt verder
onderzocht in hoofdstuk 4. Een multi-stage deep neural network (DNN) trainingss-
chema gericht op het verkrijgen van betere modellering van dysartrische spraak door
gebruik te maken van slechts een kleine hoeveelheid in-domain trainingsdata wordt
onderzocht. De resultaten laten zien dat het systeem dat gebruik maakt van het
voorgestelde trainingsschema de herkenning van Nederlandse dysartrische spraak
aanzienlijk verbetert in vergelijking met een basissysteem met single-stage training
op alleen een grote hoeveelheid normale spraak of een kleine hoeveelheid in-domain
data.

In hoofdstuk 5 wordt onderzoek beschreven naar het ontwerp en de ontwikkeling
van twee versies van een serious game voor spraaktraining bij oudere volwassenen.
Met behulp van een CoDesign-aanpak werden twee tablet games, genaamd Treasure
Hunters 1 en 2, ontworpen. De games gaven automatische feedback over de spraak
van gebruikers en maakten het mogelijk om thuis spraak te trainen. Er werden
waardevolle lessen geleerd op meerdere ontwerpgebieden. De meest opmerkelijke
waren dat doelgebruikers de voorkeur gaven aan een codperatieve speelstijl en be-
wegingsvrijheid binnen een spel. Ook bleek de behoefte aan het delen van informatie
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tussen spelers de spraakproductie te motiveren. Bij het ontwerpen van de feedback
op spraak bleek een indirecte benadering in combinatie met een directe benadering
het meeste potentieel te bieden. Deze en andere waardevolle lessen worden in meer
detail beschreven in hoofdstuk 5.

In Treasure Hunters 1 interacteren twee spelers verbaal om de weg naar de schat te
vinden, terwijl ze automatische feedback krijgen over de luidheid en toonhoogte van
hun stem. Deelnemers speelden met de game in verschillende sessies en konden het
over het algemeen waarderen, wat wijst op de mogelijkheden voor spraaktraining
bij oudere patiénten. In hoofdstuk 6 wordt een within-subjects experiment met
vijf dysartrische patiénten beschreven waarin Treasure Hunters 1 werd vergeleken
met een op een computer gebaseerd spraaktrainingssysteem zonder game elementen:
E-learning-gebaseerde Spraaktherapie (EST). Het onderzoek richtte zich op drie vari-
abelen: spraakverstaanbaarheid, gebruikerstevredenheid en gebruikersvoorkeur. Er
werd een aanzienlijke variabiliteit tussen de deelnemers waargenomen in de uitkom-
sten van deze drie variabelen en hun relaties. Dit toonde aan dat een ’one size that
fits” all niet van toepassing is op computergebaseerde spraaktraining, maar dat een
gepersonaliseerde aanpak nodig is.

In hoofdstuk 7 wordt onderzoek beschreven naar de effecten van Treasure Hunters
2 op spraakverstaanbaarheid en patiénttevredenheid. Treasure Hunters 2 is een ver-
beterde, spelgebaseerde spraaktraining die automatische feedback geeft op luidheid,
toonhoogte en uitspraak. Acht volwassen dysartrische sprekers met de ziekte van
Parkinson volgden een vier weken durende spraaktraining in hun thuisomgeving. Er
werd een significant, positief effect gevonden op de spraakverstaanbaarheid van de
trainingsperiode in vergelijking met een periode zonder training. Bovendien leken
de patiénten over het algemeen tevreden met het spel. Ze waren het ook over het
algemeen eens met de automatische feedback en konden deze gebruiken om hun
manier van spreken positief te veranderen.

Met het eerder beschreven onderzoek als input, bevat hoofdstuk 8 de algemene
discussie met als leidraad de drie hoofdonderwerpen van het huidige proefschrift,
dysartrie en het meten van verstaanbaarheid, serious gaming en spraaktechnologie.
De onderzoeksvragen uit het eerste hoofdstuk worden opnieuw besproken en beant-
woord met behulp van de resultaten uit de eerdere hoofdstukken. Verder worden de
beperkingen van het huidige proefschrift en suggesties voor toekomstig onderzoek
bediscussieerd.

Zoals uit het huidige proefschrift blijkt, is het geven van betrouwbare automatis-
che feedback van groot belang voor het geven van spraaktraining op afstand bij
patiénten thuis. In het huidige proefschrift is onderzoek gedaan naar automatische
feedback met behulp van spraakanalyse en automatische spraakherkenningsalgorit-
men als onderdeel van een spelgebaseerde spraaktraining. Het heeft aangetoond
dat spraakanalysealgoritmen gebruikt kunnen worden om automatische feedback te
geven over luidheid en toonhoogte door adequaat gebruik te maken van drempel-
niveaus. Er is ook aangetoond dat het geven van uitspraakfeedback op woordniveau
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in een bijna realtime gamecontext technisch haalbaar is en positieve effecten kan
hebben op de spraakverstaanbaarheid. Bovendien zijn dysartrische sprekers in staat
om die feedback te interpreteren en hun uitspraak aan te passen tijdens het spelen
van het spel. Het huidige proefschrift heeft echter ook aangetoond dat een “one size
fits all”’-benadering van een op een spelgebaseerde spraaktraining niet van toepassing
is. Individuele dysartrische sprekers of in ieder geval groepen dysartrische sprekers
hebben individuele voorkeuren voor games die ze willen spelen, feedbackdrempels die
gepersonaliseerd moeten worden en feedback op uitspraak dat per individu gekali-
breerd moet worden. Vanuit een klinisch perspectief heeft het huidige proefschrift de
mogelijkheden onderzocht van een spelgebaseerde spraaktraining als alternatief voor
face-to-face en webgebaseerde trainingssystemen. Hoewel de spelgebaseerde spraak-
training goed werd ontvangen, kunnen individuele spraakoefenscenario’s een andere
set spraakoefeningen vereisen dat beter geschikt is voor een face-to-face of webge-
baseerde aanpak van spraaktraining. Om die reden beschouwt het huidige proef-
schrift alle benaderingen als noodzakelijk. Op deze manier kunnen de sterke punten
van alle soorten spraaktraining gebruikt worden om de spraakverstaanbaarheid bij
patiénten met dysartrie te verbeteren of te stabiliseren.

Deze samenvatting is tot stand gekomen door automatische vertaling van de Engelse
samenvatting via DeepL’s translate text functie?. Het resultaat is nadien bewerkt
door de auteur van dit proefschrift.

2DeepL.’s translate text functie: https://www.deepl.com/en/translator. Laatst gebruikt op 1 juli
2025.
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extensive feedback on the draft version of the research article.

Chapters 3 and 4

Chapters 3 and 4 are based on original research articles featuring the PhD candidate
as second author. The articles first author is dr. Emre Yilmaz. Other co-authors
were dr. Catia Cucchiarini, and dr. Helmer Strik.

PhD candidate

The candidate conducted a literature review, assisted in the experiment design,
analysis and interpretation of the experiment results, and wrote the draft version of
the research article.

First author

The first author proposed the experiment design, selected the data sets to be used
in the experiments, ran the experiments, led the analysis and interpretation of the
experiment results and co-authored the research article.
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results and provided extensive feedback on the draft version of the research article.
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Chapter 5 is based on an original research article featuring the PhD candidate as first
author. The article was co-authored by promotor dr. Helmer Strik (co-promotor
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at the time of writing), and co-promotor prof. dr. Toni Rietveld (promotor at the
time of writing). Additionally, the article was based on a technical report written
by Douwe-Sjoerd Boschman of Waag, a creative partner in the research project. He
led the game concept development process.

PhD candidate

The candidate worked closely with Douwe-Sjoerd Boschman to provide ideas and
input on the topics of dysarthria, dysarthric speakers and their capabilities, and
dysarthric speech technology during the game concept development process. Also,
the candidate conducted a literature review, analysed the lessons learned, and wrote
the draft version of the research article.

Co-authors

The co-authors also worked closely with Douwe-Sjoerd Boschman to provide ideas
and input on the same topics as the PhD candidate. Additionally, they provided
extensive feedback on the draft version of the research article.

Chapters 6 and 7

Chapters 6, and 7 are based on original research articles featuring the PhD candidate
as first author. The articles were co-authored by dr. Marjoke Bakker, dr. Lilian
Beijer, promotor dr. Helmer Strik (co-promotor at the time of writing), and co-
promotor prof. dr. Toni Rietveld (promotor at the time of writing).

PhD candidate

The candidate proposed the experiment designs, assisted in coordinating and run-
ning the experiments with dysarthric speakers, set up the speech technology and
corresponding infrastructure, manage the recording data set, create and run the
listening experiments, assist in the analysis and interpretation of the results, and
wrote the draft version of the research article.

Co-authors

The co-authors assisted in designing the experiments, in coordinating and running
the experiments with dysarthric speakers, led the analysis and interpretation of the
results, and provided extensive feedback on the draft version of the research article.
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Dankwoord

Het is alweer ’even’ geleden, dat ik aan mijn promotietraject begon. Januari 2014
was het, dat ik startte op de 8e verdieping van het Erasmusgebouw in Nijmegen. Na
zo'n twee en een half jaar als wetenschappelijk programmeur aan de Rijksuniversiteit
Groningen te hebben gewerkt en promotiestudenten te hebben ondersteund, begon
het bij mij zelf toch ook te kriebelen. Alleen, vier jaar onderzoek doen naar één
onderwerp of onderzoeksgebied? Ja, dat leek mij wel wat. Helemaal toen de vacature
op het CHASING-project mij passeerde waarin de onderzoeksonderwerpen uit dit
proefschrift werden omschreven. Kort door de bocht gezegd, werken met/aan games,
natuurlijke interactietechnologie met ook nog eens een evidente maatschappelijke
relevantie? Voor mij de ideale combinatie voor langdurig onderzoek: waar kon ik
tekenen!? Er was natuurlijk wel een sollicitatieprocedure te doorlopen, maar aan
het eind bleek ik toch het predicaat 'PhD candidate’ te mogen gaan voeren!

Nu, een prachtig aantal jaren (zullen we ze maar niet tellen?) en drie kinderen
verder, breng ik de periode van wetenschappelijk onderzoek doen ten einde. In dit
gedeelte van mijn proefschrift wil ik dan ook menigeen danken die tijdens die peri-
ode direct of indirect hebben bijgedragen.

Allereerst bedank ik mijn huidige promotor, associate professor dr. Strik. Helmer,
dank voor je begeleiding en supervisie al die jaren. Je ruime kennis en ervaring op
het gebied van spraaktechnologie voor spraakpathologie en taalverwerving is bewon-
derenswaardig. Tijdens onze besprekingen, die ik altijd als prettig heb ervaren, kon
ik daar altijd op rekenen. Je stuurde me tijdens die besprekingen ook altijd bij wan-
neer ik teveel de diepte in ging op een specifiek gedeelte van het onderzoek. Echter,
wist je ook wanneer ik de behoefte had een onderwerp verder zelf uit te zoeken. Op
persoonlijk vlak hebben we ook het één en ander van elkaar meegemaakt, zoals mijn
bruiloft, dat ik vader werd, maar ook jouw 60-feest en pensionering waren memo-
rabele momenten. Door mijn, zogezegde, ’lange staat van dienst’” moest je in het
afgelopen jaar zelfs mijn promotor worden zodat ik tiberhaupt nog kon promoveren.
Tot mijn geluk kon en wilde je dat, waarvoor heel veel dank!

Enorme dank gaat ook uit naar mijn huidige copromotor professor dr. Rietveld.
Toni, ook jij hebt het lang met mij uitgehouden. Voor meer dan 10 jaar ben jij mij
promotor geweest, zelfs nadat je met emeritaat ging. Helaas kon het ius promovendi
niet (nog een keer) verlengd worden en slaagde ik er niet in het proefschrift binnen
die termijn af te ronden. Desondanks, bleef jij 'am Bal’, zoals ze colloquiaal in het
Duits zouden uitdrukken, want ook in het laatste jaar als copromotor begeleidde je
mij in het afronden van het proefschrift. Je grote kennis van fonetiek, methodolo-

gie, en statistiek waren van enorme waarde in het opzetten en uitvoeren van mijn
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gebruikers- en luisterexperimenten. Op persoonlijk vlak hebben we allebei iets met
"die deutsche Sprache’. Samen met collega Henk werd er, tot mijn genoegen, nog wel
eens een klein woordje over de Duitse grens gesproken. Ook jij hebt mijn bruiloft en
dat ik vader werd meegemaakt, naast dat ik dat heb wat betreft jouw emeritaat en
verhuizing naar Harlingen. Mooi, hoe je jouw grote liefde voor het nautische daar
verder hebt op kunnen pakken, maar hoe zat het ook alweer? Had je nu een boot
of een schip? Volgens mij een scheepje®. Toni, dank voor al die jaren supervisie en
je geduld in de lange afrondende fase van het proefschrift!

Mijn directe collega’s in het CHASING-project in Nijmegen wil ik ook danken. Lilian
Beijer, voor je inhoudelijke bijdrage vanuit de klinische wereld van de spraakpatholo-
gie en het meedenken over het opzetten van de experimenten met patiénten. Marjoke
Bakker, voor je organisatietalent en kennis van statistiek. Catia Cucchiarini, voor
je kennis op het gebied van toepassingsgericht inzetten van spraaktechnologie, en
Emre Yilmaz, voor je kennis en enthousiasme over automatische spraakherkenning.

In Amsterdam zaten mijn andere CHASING-collega’s, gelieerd aan Waag’s Creative
Care Lab: Sabine Wildevuur, Paulien Melis, en, Jurre Ongering, dank voor jullie
project management vaardigheden met betrekking tot het ontwikkelen van de se-
rious games. Douwe-Sjoerd Boschman voor je kennis en kunde op het gebied van
game concept development en Lodewijk Loos voor je allround softwareontwikkel-
ingsvaardigheden.

Met z'n allen hebben we een flink aantal goede, maar ook stevige sessies gehad om
de multidisciplinaire aandachtsgebieden bij elkaar te brengen.

Natuurlijk vergeet ik niet mijn collega’s van de 8e verdieping! Sara, Joop, Nelleke,
Hans, Hella, Bert, Henk, Eric, Wessel, Micha, Erwin, Marina, Pepi, Remy, Roeland,
Ferdy, Claire, Stephen, Bart, Joost, Wei, en alle anderen, dank voor jullie steun
in de vorm van de befaamde koffiepauzes, lunches (de vrijdagse pannenkoek met
appel), tot aan de toneelstukjes bij de promotiefeesten! Ik voelde me vanaf dag één
direct op mijn plek.

Mijn huidige werkgever Telecats, inmiddels opgegaan in het internationale Concen-
trix wil ik tevens danken voor de tijd die ik in het begin van mijn functie kreeg
om verder aan mijn proefschrift te werken. Tijdens werktijd heb ik zo mijn laatste
resultaten kunnen verwerken in een publicatie. Daarnaast ook mijn collega’s van
de Speechlab-afdeling, Nadine, Gregor, Martin, Lluvia en Bertine. Dank voor het
meeleven, maar met name jullie humor en relativerende woorden wat betreft de duur
van het afronden van mijn proefschrift! Het duurde, maar het is nu toch mooi gelukt!

3Binnenvaarttaal, https://www.debinnenvaart.nl/binnenvaarttaal /index.php?scheepstype=boot,
laatst geopend op 2 september, 2025.
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Paranimfen, jullie rol is misschien niet ingewikkeld, maar het idee alleen al twee
mede-ICT ers naast mij te hebben staan gaf deze burger moed. Isaac en Wessel,
enorm dank dat jullie mij bijstaan tijdens mijn verdediging!

Lieve papa, mama en grote zus Natalie, dank voor jullie belangstelling en steun al
die jaren! Tevens in de laatste jaren voor het geloven, en meermaals de overtuiging
uitspreken, dat ik mijn proefschrift af zou krijgen. Ook mijn schoonfamilie dank ik
voor al die jaren steun.

Lieve (Dr.) Suzanne, jij weet als geen ander hoe het is om aan een proefschrift
te werken en te promoveren. Jij hebt mij de laatste jaren scherp gehouden door
geregeld mijn klankbord te zijn. Ook gaf jij mij vaak ideeén om zaken omtrent
het promoveren efficiénter aan te pakken. Je hebt me vaak genoeg ’s avonds aan de
keukentafel achter mijn laptop zien tikken, dat zal nu voorgoed voorbij zijn. Tijdens
mijn promotietraject zijn we getrouwd en hebben we ook een mooi gezin gekregen.
Drie prachtige dochters die de broodnodige afleiding hebben gegeven om op het
volgende moment weer hernieuwd verder te gaan. Heel veel dank voor je steun al
die jaren! Het is me gelukt om het proefschrift af te krijgen en ben dan ook erg blij
dat wij deze dag, na die van jou, samen mogen meemaken!
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