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Background: Imprecise articulation has a negative impact on speech intelligi-
bility. Therefore, treatment of articulation is clinically relevant in patients with
dysarthria. In order to be effective and according to the principles of motor learn-
ing, articulation therapy needs to be intensive, well organized, with adequate
feedback and requires frequent practice.

Aims: The aims of this pilot study are (1) to evaluate the feasibility of a vir-
tual articulation therapy (VAT) to guide patients with dysarthria through a boost
articulation therapy (BArT) program; (2) to evaluate the acoustic models’ perfor-
mance used for automatic phonological error detection; and (3) to validate the
system by end-users from their perspective.

Methods & Procedures: The VAT provides an extensive and well-structured
package of exercises with visual and auditory modelling and adequate feedback
on the utterances. The tool incorporates automated methods to detect phonolog-
ical errors, which are specifically designed to analyse Dutch speech production.
A total of 14 subjects with dysarthria evaluated the acceptability, usability and
user interaction with the VAT based on two completed therapy sessions using a
self-designed questionnaire.

Outcomes & Results: In general, participants were positive about the new
computer-based therapy approach. The algorithm performance for phonological
error detection shows it to be accurate, which contributes to adequate feedback
of utterance production. The results of the study indicate that the VAT has a user-
friendly interface that can be used independently by patients with dysarthria who
have sufficient cognitive, linguistic, motoric and sensory skills to benefit from
speech therapy. Recommendations were given by the end-users to further opti-
mize the program and to ensure user engagement.

Conclusions & Implications: The initial implementation of an automatic BArT
shows it to be feasible and well accepted by end-users. The tool is an appropri-
ate solution to increase the frequency and intensity of articulation training that
supports traditional methods.
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What this paper adds
What is already known on the subject
* Behavioural interventions to improve articulation in patients with dysarthria

demand intensive treatments, repetitive practice and feedback. However, the
current treatments are mainly limited in time to the interactive sessions in
the presence of speech-language pathology. Automatic systems addressing the
needs of individuals with dysarthria are scarce. This study evaluates the fea-
sibility of a VAT program and investigates its acceptability, usability and user
interaction.

What this paper adds to existing knowledge
* The computer-based speech therapy approach developed and applied in

this study intends to support intensive articulation training of patients with
dysarthria. The virtual speech therapy offers the possibility of an individual-
ized and customized therapy programme, with an extensive database of exer-
cises, visual and auditory models of the target utterances, and providing ade-

INTRODUCTION

Dysarthria is a neurogenic motor speech disorder caused
by impaired muscular control due to damage to the central
or peripheral nervous system (Darley et al. 1969, 1975). The
impairment may affect the mechanisms involved in speech
production and consequently cause deficits in speech intel-
ligibility. Imprecise speech sound articulation is a hall-
mark of dysarthria (Tjaden 2007, Weismer 2007). Research
in this domain has shown that articulation is the most
essential dimension of speech contributing to the over-
all speech intelligibility in dysarthria (Kent 1992, De Bodt
et al. 2002). Deficient articulatory movements are linked
with reduced acoustic contrast for consonants and vow-
els, which leads to reduced intelligibility (Tjaden 2007,
Tykalova et al. 2017). Even when neurologic bases differ
among different types of dysarthrias, the impact on artic-
ulatory movements and acoustic outcomes is in general
comparable (Tjaden 2007). Reduced speech intelligibility
has a major psychosocial impact. Daily life communication
gets less evident, satisfactory or even impossible for sub-
jects with dysarthria, affecting general quality of life (Dyk-
stra et al. 2007, Dickson et al. 2008). Therefore, behavioural
interventions to improve articulation and, consequently,

quate feedback based on automatic acoustic analysis of speech.

What are the potential or actual clinical implications of this work?

* The automatic BArT overcomes the limitation in time of face-to-face tradi-
tional speech therapy. It offers patients the opportunity to have access to
speech therapy more intensively and frequently in their home environment.

speech intelligibility are necessary for individuals with
dysarthria.

There is scientific and clinical evidence that improving
articulatory skills demands intensive and frequent therapy
(Dufty 2019, Rosenbek and Jones 2009). There is growing
evidence that the content of speech therapy must meet
the principles of motor learning (Duffy 2019). Key ele-
ments of motor learning in clinical neurorehabilitation
are intensive treatment, repetitive practice and sensory
feedback (Kleim et al. 2003, Garvey et al. 2007, Kleim
and Jones 2008, Maas et al. 2008). Extensive research in
the speech therapy domain suggests that providing large
amounts of practice over a shorter period can lead to
better results/outcomes for adults with communication
disorders (Bhogal et al. 2003, Fox et al. 2006). A more
recent study demonstrated that boost articulation therapy
(BATIT), in which participants perform intensive articula-
tory drill and minimal pairs exercises for 5 consecutive
days, has a significant positive effect on speech intelligi-
bility in patients with dysarthria (Mendoza et al. 2021).
However, the current treatments of articulation are mainly
limited in time to the interactive sessions in the presence
of speech-language pathology (SLP). A computer-based
speech therapy approach would overcome that limitation
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offering patients the opportunity to practise more inten-
sively and frequently to reduce the number of fatiguing and
time-consuming transfers to the rehabilitation centre and
to have access to speech therapy in their home environ-
ment. Virtual speech-language therapy would also provide
patients with the possibility of an individualized and cus-
tomized therapy programme. However, this virtual therapy
program only targets those persons with dysarthria who
have sufficient cognitive, linguistic, motoric and sensory
(auditory and visual) skills to benefit from speech therapy
(Weismer 2007).

Virtual therapy technologies are not entirely new; how-
ever, only a few attempts have been made for adults with
motor speech disorders (Lee 2019). Most of the reported
studies using virtual therapy focus on adults with apha-
sia (e.g., Abad et al. 2013, Thompson et al. 2010, Van
Vuuren and Cherney 2014, Cherney et al. 2008, Lee et al.
2009, Kalinyak-Fliszar et al. 2015, Marshall et al. 2016,
Amaya et al. 2018) and children with hearing impairment
(Chaisanit et al. 2010, Eriksson et al. 2005, Massaro and
Light 2004, Silva et al. 2012). Automatic systems address-
ing the needs of individuals with dysarthria are scarce
(Lee 2019). The designed and tested experimental models
include the single case study of Cole et al. (2007), which
investigated the effects of Lee Silverman Voice Treatment
(LSVT) with a virtual therapy system; qualitative evalua-
tion of the system by the user shows positive results. The
study of Palmer et al. (2007) compared the effects of com-
puterized and traditional therapy for speakers with long-
standing dysarthria. The computer-based program consists
of games that target the accurate production of individ-
ual speech sounds and exercises for practising sounds in
words, phonation, pitch and volume, allowing indepen-
dent training with feedback. This approach was demon-
strated to be as effective as traditional therapy improv-
ing the speech of that specific group. The study of Saz
et al. (2009), which evaluated a semi-automated tool that
includes different games for children and young adults,
considers phonation, phonetic articulation and language
understanding for Spanish speakers. The feedback given
about the system by the therapist and end-users was
mainly positive. The study of Orozco-Arroyave et al. (2020)
introduced a mobile application for monitoring and evalu-
ation of patients with Parkinson’s disease. The app consid-
ers different motor aspects such as speech production, limb
movements and finger tapping. It allows patients to track
their progression and can be used as a personal health
assistant. To our knowledge, there is no publicly avail-
able virtual articulation tool providing BArT with adequate
feedback, especially not for Dutch-speaking subjects with
articulatory deficits.

The present pilot study aims to evaluate the feasibility
of a VAT for individuals with dysarthria. The goal of the

system is to guide the patient through an intensive treat-
ment programme based on the principles of motor learning
and relying on speech technology for adequate feedback. It
is intended to improve articulation and consequently pro-
nunciation, intelligibility and communication abilities.

The study also focuses on the evaluation of the system
by end-users. The purpose is to investigate the acceptabil-
ity, usability and user interaction with computer-assisted
articulation therapy. The stakeholder’s opinion is partic-
ularly valuable to ensure that the new virtual interven-
tion provides a suitable and engaging treatment. Some
important aspects to consider are the participants’ abil-
ity to interact independently with the virtual articulation
trainer; whether they find the user interface attractive, sup-
portive and clear, and if they find the material to be use-
ful. It is also important to know how end-users experience
the visual feedback and their general perception of the pro-
gram.

Therefore, the main goals of this study are the design and
development of a new computer-based therapy program
that supports intensive articulation training of patients
with dysarthria, the evaluation of acoustic models’ perfor-
mance used for automatic phonological error detection,
and a general validation by stakeholders of the usability,
acceptability and interaction with the automatic system.

MATERIALS AND METHODS
Participants

The developed program targets patients with dysarthria
who have sufficient cognitive, motor and sensory (auditory
and visual) skills to work with a computer and/or those
who can rely on assistance.

In order to participate in the study, the patients had to be
adults (> 18 years of age) with a diagnosis of dysarthria due
to neurogenic origin (confirmed by an experienced SLP
and neurologist), native speakers of Dutch and with a score
< 90% on the Dutch phoneme Intelligibility Assessment
(DIA) (De Bodt et al. 2006).

Participants were excluded from the study if they had
serious visual or auditory problems, insufficient computer
skills to use the software program independently and if
an intensive articulation therapy was followed less than 2
months before the study in order to exclude possible effects
of the training in the baseline of the intelligibility assess-
ment.

Patients were recruited by an experienced SLP at the
Noorderhart Rehabilitation & Multiple Sclerosis Center
Pelt in Hasselt by convenience sampling. A total of 14 sub-
jects with dysarthria participated in this pilot study; their
severity level was determined perceptually by the SLP.
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TABLE 1 Characteristics of the participants
Neurological Type of Severity
Participant Sex Age (years) pathology dysarthria dysarthria DIA score (%) SHI score
1 M 59 MS Flaccid Moderate 80% 60
2 M 76 Stroke Flaccid Moderate 82% 18
3 F 76 Parkinson’s Hypokinetic Mild 90% 32
disease
4 M 58 MS Mixed Mild 68% 20
5 M 70 Stroke Flaccid Moderate 60% 39
6 M 67 Stroke Flaccid Mild 90% 10
7 M 47 Friedreich Ataxic Mild 82% 17
ataxia
8 M 57 MS Flaccid Moderate 62% 41
9 M 29 TBI Flaccid Mild 84% 13
10 F 76 Parkinson’s Hypokinetic Mild 88% 38
disease
1 F 67 Stroke Flaccid Mild 76% 25
12 F 92 Stroke Ataxic Mild 88% 51
13 F 66 MS Spastic Mild 90% 23
14 M 67 Stroke Spastic Moderate 76% 1

Notes: M, male; F, female; MS, multiple sclerosis; TBI, traumatic brain injury; DIA, Dutch phoneme Intelligibility Assessment.
Score of the Speech Handicap Index (SHI) (score range: 0-60; score < 14 no impact, 14-22 light, 23-31 moderate, > 31 severe impact).

Table 1 displays the subjects’ characteristics. The Speech
Handicap Index (SHI) (Van den Steen et al. 2011) was
administrated to each participant; this instrument is a self-
evaluation of quality of life and quantifies the biopsychoso-
cial impact of the speech disorder.

Ethics permission

Ethical approval for this study was obtained by the
Regional Committee of Medical and Health Research
Ethics (B300201837099). All participants agreed voluntar-
ily to participate in the study and signed an informed con-
sent form.

Software
Design criteria

The VAT was designed for patients with articulation
deficits in which a virtual therapist, acting like a real SLP,
guides the patient through an intensive treatment program
to improve articulation and consequently speech intelligi-
bility. The developed software runs as a desktop applica-
tion and can be installed on any computer. The VAT has
multiple roles and functions: motivating and stimulating
the patient, giving clear instructions, analysing the target

utterance, and providing adequate feedback based on auto-
matic acoustic analysis of speech.

The development of the VAT system consisted of three
main steps: (1) the development of an extensive database of
exercises for articulation training; (2) the implementation
of an algorithm for phonological error detection in order to
provide the necessary feedback to the patients; and (3) the
embedding of the set of new developments in an attractive,
patient-friendly user interface.

Extensive database of exercises and intervention
design

The integrity of speech sounds is a major factor in deter-
mining intelligibility (Kent 1992), thus the direct treatment
of articulation at the segmental level of speech is the aim of
this therapy program. This approach intends to reduce the
speech impairment, and its effects may be also generalized
to connected speech. A strong correlation between word
intelligibility and sentence intelligibility was also found in
previous studies (Yorkston and Beukelman 1978, Weismer
et al. 2001).

The content of speech material consists of two different:
intensive training programs to improve articulation and
phoneme intelligibility in persons with dysarthria. Based
on the principles of motor learning, the training programs
comprise articulatory drill and minimal pairs.
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Target Phoneme

Initial

Medial/Final

Mixed

Level 0: phoneme level

Only 1 series of 20 words - modeled by SLP before patient's response

Starting level
Level 1: fb ** on execution per 5 words (1) / per wordpair (2) *

Series 1: only fb by SLP

Series 2 & 3: fb patient followed by fb SLP

Level 2: fb on result per 5 words (1) / pairs (2) *

iﬁ

Series 1: only fb by SLP

Series 2 & 3: fb patient followed by fb SLP

|¢

Level 3: fb on result per 10 words (1) / pairs (2) *

Series 1: only fb by SLP

Series 2 & 3: fb patient followed ~ Series 4, 5 & 6: fb patient followed
by fb SLP

by fb SLP (2)

Level 4: fb on result per 10 words (1) *

Series 1: only fb by SLP (1)

FIGURE 1

Series 2 & 3: fb patient followed by fb SLP (1)

The intervention design (Mendoza et al. 2021). The components labelled (1) are exclusively intended for the intervention

articulatory drill. The components labelled (2) are intended for the intervention of minimal pairs. When nothing is included, the parts are
common for both interventions. *SLP scores each word by means of a scoring form; and **feedback.

There are four levels of difficulty in each program, struc-
tured per target position of the consonant, in initial, medial
and final position in the words. This allows the patient to
go through intensive therapy. In a previous study, this par-
ticular approach (figure 1) resulted in significant improve-
ments of intelligibility at different levels of speech in a
group of adults with dysarthria (Mendoza et al. 2021). The
extensive, well-structured and hierarchical practice pack-
age of exercises recommended in that previous study is
implemented in the VAT.

The exercises only include a series of mono- and bisyl-
labic words. These types of words are usually not problem-
atic to understand or to read for patients with mild cogni-
tive impairments. Most of the selected words are meaning-
ful and emphasize the correct pronunciation of the target
phoneme, making the therapy more effective and goal ori-
ented. The stimuli were carefully selected by experienced
SLPs from a traditional articulation programme ‘Articula-
tion in Practice’ (Huybrechts et al. 1999) and from the offi-
cial word inventory of Dutch (Renkema 1995) to increase
the number of stimuli.

Algorithm selection and modifications

The algorithm used in the program for phonological
error detection derived from the acoustic signal is based
on existing models (Vasquez-Correa et al. 2019) using
state-of-the-art gated recurrent neural networks (GRNN).
It has been shown to be accurate at evaluating the
dysarthria severity of patients with motor speech disor-
ders, such as patients affected with the neurodegener-
ative Parkinson’s disease (Orozco-Arroyave et al. 2020,
Miller et al. 2020).

The algorithm is a statistical approach to the human
perception process and is based on the speech-production
mechanisms. It extracts the log Mel-filterbank energy
features from the acoustic signal and maps them
into phonological features. Individual speech frames
are represented by a vector with information about
place and manner of articulation. This vector captures
the posterior probability of a speech frame to belong
to one or more phonological classes (e.g., plosive,
nasal, bilabial). The model was originally designed for
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TABLE 2 Consonants place and manner of articulation (Verhoeven 2005)
Bilabial Labio-dental Alveolar Post-alveolar Palatal Velar Uvular Glottal
Plosive pb td (©) k(g) @)
Nasal m (m) n Q) 0
Trill (r) R
Fricative fv SZ O ® Xy A
Approximant w j
Lateral approximant 1 £
Note: Voiced consonants are on the right side.
FIGURE 2 Sound selection. [Colour m—
figure can be viewed at -
wileyonlinelibrary.com]
B N
D NG
F P
G R
H S
J T
K v
L w
M z Select the speech sound you would like to train

Spanish, and most of the extracted characteristics were
related to vowels. Therefore, modifications were nec-
essary in order to reliably characterize consonants,
and extended to detect the Dutch-specific phonological
characteristics.

The combination of place and manner of articulation
and voiced characteristics were used to describe the conso-
nants in Dutch. Hence, the algorithm was retrained using
the language-specific phonological features (Verhoeven
2005) (table 2) along with the read speech part of the Cor-
pus Spoken Dutch (Oostdijk and Broeder 2003), which is
an extensive corpus (903,043 words) of contemporary stan-
dard Dutch as it is spoken nowadays in the Netherlands
and Dutch-speaking part of Belgium. With the refinement
and extension of the models, trained on healthy speech and
capable to recognize all the phonological features, it can
be used to detect more specific articulation errors/deficits
in subjects with dysarthria. Accuracy, precision (posi-
tive predictive value), recall (sensitivity) and F-score (har-
monic mean of the precision and recall) performance mea-
sures to evaluate the models are offered in the results
section.

The newly trained algorithm extracts the phonological
posterior probabilities from the acoustic signal and it is
used to identify phonological errors present during the
articulation training. However, the system does not make
any decision with respect to the type and degree of error at
the phoneme level (if the error was an addition, substitu-
tion, omission or distortion).

User interface

The training program (VAT) has three stages. In the first,
the user selects the target sound that he or she will train
(figure 2). Once the selection is made, a video instruc-
tion with the description and examples of the correct pro-
duction of the sound (visual model) is given. This sup-
port is provided with frontal and lateral video recordings
that show the correct way of sound production in an easy,
friendly and interpretable way (figure 3). Finally, auditory
modelling of the words is also offered when the set of exer-
cises starts. The patient repeats the target words, and the
system will automatically capture and analyse the signal.
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# | Spraaktherapeut

» Play

Il Pause M Stop

FIGURE 3

Visual modelling. [Colour figure can be viewed at wileyonlinelibrary.com]|

| Spraaktherapeut

Manual

«Previous

» Next

—— plosive

Plosiva, Bikiokll, Yolcael ors
030
o0as
P Play 1lPause M Stop 0.00
025
050
078
-1.00
\

Exercises @
Levels o2
030
@1 025
000
O 2 os o
O 3 ~0.50
073
04 -1.00

0.00 025 050 0.75 1.00 125 150

Resuits
bilabial & plosive voice

# Home

FIGURE 4 Auditory modelling, exercises and feedback. [Colour figure can be viewed at wileyonlinelibrary.com]

Subsequently, detailed visual feedback on the articulatory
precision is provided. The graphs show whether or not
the distinctive features of the target sound were present
(figure 4). This detailed information, which is generally
difficult to impossible to detect and quantify by the human
ear, allows patients to work more precisely in the improve-
ment of the articulatory movements. Misclassification or

false detections of distinctive features could occur in the
case of present background noise; therefore, it is recomm-
ended that patients practise in a quiet room and are enco-
uraged to use a head-mounted condenser microphone.

For the general design of the user interface, the font, font
size and button sizes are big, simple and clean, intended for
elderly and patients with brain damage.
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Instruments to measure user interaction,
acceptability and usability

After two therapy sessions of 45 min each, all the par-
ticipants evaluated the computer-based therapy program.
Usability, acceptability and interaction with the software
were assessed through a questionnaire.

A questionnaire designed specifically for this study was
completed by end-users after two sessions of practising
with the VAT. The survey had the intention of evaluating
software usability and acceptability from the user’s point
of view. The questionnaire was designed based on other
questionnaires that addressed similar software-related top-
ics, such as the Software Usability Measurement Inventory
(SUMI) (Kirakowski and Corbett 1993), the General Com-
puter Skill Questionnaire (Klinkenberg et al. 2004) and the
ASISTO questionnaire (Deruyter and Staessens 2018); the
items were restructured focusing on the VAT.

The set of questions addresses important topics that
should be considered in order to succeed in future user
engagement. It has a total of 32 items and is divided into
five sections:

* Usability and operationality: this section is designed to
evaluate the patient’s perception of the software func-
tionality as a tool, if they feel comfortable working with
it, if they can interact independently with it and if they
find it friendly and easy to use, in general.

* Program and layout: this section focuses on how
the users experience the visual and auditory support
received during them practising and how attractive and
clear the layout is perceived.

 Exercises: this section is designed to evaluate the user’s
perception of the usefulness of the training therapy and
if they feel that the selected set of exercises is helpful for
improving articulatory skills and consequently speech
intelligibility.

» Feedback: this section is designed to evaluate the percep-
tion of the visual feedback that is given during therapy.

* Experience in the use of multimedia: with this section
we would like to have the tendency of multimedia usage
in daily life. It will give some insights into how likely or
often we can expect the use of the software.

Each section contains several statements that partici-
pants have to score using a five-point Likert scale, where a
score of 1 corresponds to ‘completely disagree’ and a score
of 5 corresponds to ‘completely agree’. The number of state-
ments varies among sections; therefore, an average score is
necessary for each section. Thereby, the questionnaire can
have a maximum score of 25. The survey has also a sec-
tion where the user might add suggestions or comments in
order to improve the engagement and usability of the soft-

Disorders

ware. The survey is applied after two therapy sessions. For
an overview of the questionnaire, see appendix A.

Training sessions

Before the start of the training, the goal of the virtual ther-
apy and the steps of the program were explained in detail
to every subject who participated in the study.

Training session 1

At the beginning of the first session, the DIA and SHI were
conducted, followed by the supervised training moment.
The selection of the target speech sounds to be trained
was based on the error analysis of the DIA. The speech
therapist started the computer and software and explained
to the patient how to select the target speech sound and
the level. Thereafter, it was demonstrated how to obtain
auditory modelling of a training item, how to click to the
next or preceding item, how to listen again to the patient’s
own speech production and how to go back to start. It was
explained in detail how to understand and manage the
given feedback. After the first session, all subjects received
a printed version of the manual to consult at home if
necessary.

Training session 2

The second session took place after a maximum of 2 days
following the first session. During this session, patients
worked completely autonomously with the VAT. It was
expected to train with the same target sounds at the same
level as during the first session. They were supposed to
understand and manage the visual feedback in order to
adjust their articulation. The questionnaire was adminis-
tered at the end of this session. The supervisor was present
for assistance if necessary.

Statistical analysis

Statistical analysis of the data was performed with the soft-
ware program IBM Statistical Package for the Social Sci-
ences v. 25 (IBM SPSS 25). The distribution of the data was
checked for normality by means of the Shapiro-Wilk test,
with a significance level of 0.05. Correlations between dif-
ferent variables were explored in order to investigate the
relationship between the frequency of multimedia use, and
between subsections of the questionnaire, and the overall
evaluation of the program.
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TABLE 3 Performance of the models for Dutch
Phonological class Accuracy training set Accuracy validation set Precision Recall F-score
Nasal 0.945 0.935 0.957 0.935 0.941
Plosive 0.942 0.910 0.936 0.910 0.917
Fricative 0.926 0.936 0.949 0.936 0.940
Approximant 0.916 0.889 0.965 0.889 0.917
Trill 0.899 0.937 0.969 0.937 0.949
Labial 0.941 0.917 0.948 0.917 0.927
Coronal 0.871 0.884 0.895 0.884 0.887
Dorsal 0.885 0.902 0.934 0.902 0.912
Glottal 0.947 0.979 0.991 0.979 0.984
Voice 0.911 0.935 0.935 0.935 0.935
Vowel 0.898 0.892 0.912 0.892 0.896
Bilabial 0.956 0.916 0.958 0.916 0.930
Labiodental 0.954 0.975 0.985 0.975 0.978
Alveolar 0.874 0.885 0.898 0.885 0.888
Postalveolar 0.975 0.994 0.998 0.994 0.996
Pause 0.975 0.978 0.979 0.978 0.978
Usability and operationality
1 1.5 2 2.5 3 35 4 45 5

The program is user-friendly 4.07

It can be used independently 4.00

It provides clear instructions 421

It is clear the selection of the target sound 4.64
It is clear to play instructions of sound production I 443
It is clear the selection of levels and exercises HITEEETETEEETEEEEEEEEEEESS—————— 379
It is clear to move to a previous or next exercise I 4 9
It is clear to play own pronunciation I 4. ]
Iwould useitdailyathome I —————— 3 64
Overall average EEEEEEEEEEEEEEESSSSSSS—— 4,14
FIGURE 5 Usability and operationality scored on a Likert scale (1 = ‘completely disagree’ and 5 = ‘completely agree’). [Colour figure

can be viewed at wileyonlinelibrary.com]

RESULTS

Algorithm performance

The trained Dutch models achieved high accuracy rates
for the detection of all trained phonological classes. This
statistical approach of the human perception process has
detection rates > 88% (F-score). During the learning pro-
cess frequently occurring speech sounds of the language
were modelled with higher accuracy than infrequently
occurring sounds, but in general the results are consid-
ered accurate enough for the discrimination between each
specific phonological class. Table 3 summarizes the per-
formance of the models for the training dataset and the
validation dataset (also called the development set). Pre-

cision, recall and F-score performance measures are also
offered.

Survey
Usability and operationality

Although some participants needed help with the mouse
control, an average score of 4.14 out of 5 was given to
the section ‘Usability and operationality’ (figure 5). This
means that the patient’s perception of the software func-
tionality was generally found as easy to use and under-
stand. Most participants agreed that the VAT is user-
friendly and can be used independently, but the answers to
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Program and layout

The home screen is attractive

The visual support for the sound production is clear

The visual support for the sound production is attractive
Adequate buttons size

Clear font

Adequate font size

Adequate computer screen size
I would recommend the program
Overall average

FIGURE 6
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Exercises
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The exercises are clear GGG 436

The type of exercises are useful
The number of exercises per target sound is sufficient
The degree of difficulty of the exercises matches my ability

Overall average

FIGURE 7
wileyonlinelibrary.com]

the statement ‘I would use the program daily at home’ were
quite diverse. Half the subjects agreed or totally agreed,
five were neutral and two disagreed. This could be related
to the experience and daily use of multimedia, which was
scored the lowest on the questionnaire, results which are
presented below and that will be analysed later in this
study. Figure 4 summarizes the average score of the items
in this section.

Program and layout

The section ‘Program and layout’ received an average score
of 4.46 out of 5 (figure 6). Most of the users found the pro-
gram attractive, with a clear layout. The visual and audi-
tory support for the target sound production was perceived
as appealing and supportive. Finally, all subjects would
recommend the use of the VAT to other patients.

Exercises

The section ‘Exercises’ received an average score of 4.23
out of 5 (figure 7). The users found the set of exercises to
be clear and useful. This is particularly important because
this type of repetitive and intensive training tends to be
tiresome; therefore, it is essential that users find out the
usefulness of the selected set of exercises that can help to
improve their articulatory ability.

I — 429
I ——— 421
I —— 407

R 4.23

Exercises scored on a Likert scale (1 = ‘completely disagree’ and 5 = ‘completely agree’). [Colour figure can be viewed at

Feedback

The majority of users perceived the visual feedback given
during therapy as clear and attractive. The section ‘Feed-
back’ received an average score of 3.96 out of 5 (figure 8).
However, for this section the patients provided several sug-
gestions to improve the stimulation and motivation of the
user. They recommended also adding auditory feedback by
the VAT in case of correct target production.

Experience in the use of multimedia

The section related to the participants’ use of multimedia
received an average score of 3.06 out of 5 (figure 9), being
the lowest of the questionnaire. These results clarify the
score given before to the statement of daily usage of the
software at home. Although the majority of the partici-
pants have some kind of multimedia device for entertain-
ment, they do not use it every day. This is an interesting
point that should be considered for the assignment of ther-
apy frequency and duration.

A moderate correlation was found between experience
in the use of multimedia and the perceived quality of the
program r = 0.554 (p = 0.04), which was measured as
the total score of the questionnaire. Patients with higher
knowledge or experience with the usage of multimedia
tended to have a more positive perception of the quality
of the software-based therapy. However, patients with less
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FIGURE 9 Use of multimedia scored on a Likert scale (1 = ‘completely disagree’ and 5 = ‘completely agree’). [Colour figure can be

viewed at wileyonlinelibrary.com]

experience or interest in multimedia also showed a positive
attitude to the therapy.

Sections with a higher impact on the patient’s
perception of the program

From a practical and statistical point of view, most of the
aspects that were addressed in the questionnaire are con-
sidered highly significant for the end-users’ perception of
the quality, acceptability and usability of the computer-
based therapy program. The biggest impact on the over-
all score was related to the feedback, followed by the exer-
cises; also usability and operationality were highly signif-
icant for end-users. The program and layout seem to be
important for practical use, but not statistically significant
in the perception of acceptability and usability of the VAT
(table 4).

DISCUSSION

This pilot study evaluated the feasibility of a VAT that
guides patients with dysarthria through a BArT program,
combining speech technology, phoneme-specific feedback
and motor learning principles. It is generally accepted

that for motor speech disorders, greater therapy frequency
leads to better ultimate performance (Dobkin and Thomp-
son 2000). The VAT addresses the need for an accessi-
ble program granting patients the opportunity to train
their articulatory skills more intensively and frequently.
The tool provides a set of exercises, visual and audi-
tory modelling of target utterances, and adequate feed-
back with accurate performance. It has an accessible inter-
face for patients with brain damage who often deal with
other motor and sensory dysfunctions and have limitations
in language and cognition. Additionally, it can consider-
ably increase the capacity of speech therapy for patients
with practical limitations (distance, financial restrictions,
etc.).

The results of the pilot study show that the VAT
addresses the elementary aspects necessary to deliver the
BATIT successfully and to ensure the user’s engagement.
The study-specific questionnaire addressed the function-
ality, layout, content of the speech material used and feed-
back given during training. Quantitative evaluation after
two sessions of interaction with the system shows that this
study cohort, consisting of patients with mild to moderate
dysarthria, but with sufficient cognitive, language, visual
and auditory skills, were in general positive about this new
computer-based therapy approach. These results were con-
sistent with previously published virtual therapies in the
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TABLE 4 Pearson correlation coefficients and significance level between the total score and the subscales of the questionnaire

Use and operation

Total score 0.672** (p = 0.009)

Program and layout
0.408 (p = 0.147)

Feedback
0.785** (p = 0.001)

Exercises
0.761** (p = 0.002)

Note: Correlation is significant at the *0.05 level (two-tailed); and **0.01 level (two-tailed).

field of speech and language therapy (Cole et al. 2007, Saz
et al. 2009, Engwall et al. 2006, Eriksson et al. 2005). The
majority of participants ensured that the VAT is attractive,
user-friendly and can be used independently. The useful-
ness of the software was evaluated by two different state-
ments within the survey, whether they found the type of
exercises to be useful as well as the given automatic feed-
back. Patients’ responses confirmed that it is a useful tool
that can help to improve their communication. The visual
feedback was found to be attractive, clear and easy to inter-
pret; however, there are some suggestions for its improve-
ment and for keeping the user motivated, which is a key
factor for successful training sessions. The recommenda-
tions include the addition of auditory feedback with a more
stimulating and encouraging response, as a suggestion,
applause that is played when the target sound is correctly
pronounced, which can make the success in target pro-
duction more evident to the users. Previous research indi-
cates that rewarding feedback after accurate expressions is
crucial to maintain a high motivation (Halpern et al. 2012,
Oster 2006). Participants also pointed out that providing an
overall score of articulation will grant a better view of their
progress.

The section related to the use of multimedia in daily
life shows that this specific group of participants (mainly
elderly patients or with brain damage) are not highly moti-
vated to use multimedia devices; however, most of them
indicated a positive attitude toward the VAT program. This
could be interpreted as they feel the program can be help-
ful to improve their articulatory skills while practising in
their environment.

The general outcomes from the questionnaire can also
be essential for traditional face-to-face therapy methods
of articulation. SLPs may use these outcomes to provide
better, more efficient and individualized articulatory ther-
apy, taking into account that a well-structured and hier-
archical programme of exercises is necessary and needs
to be goal oriented, and the most valuable information
they can offer to the patients is good and encouraging
feedback.

The involvement of patients in the early stage of the
design and developmental process of the system is a way to
guarantee the usability and acceptability of the program.
The recommendations/suggestions made by the partici-
pants will lead to a suitable, easy-to-use and engaging vir-
tual therapy.

LIMITATIONS

The study was restricted in time to two VAT therapy ses-
sions interacting with the software program in a rather
small cohort. This implies that the results of this pilot
study are preliminary and cannot be generalized. In future
validation studies, a larger number of patients should be
included. Adding qualitative interview data and perspec-
tives of caregivers and patients’ family members may also
lead to additional insights. Finally, the questionnaire can
be upgraded by adding an item related to how accurate the
subjects felt the feedback was.

FUTURE RESEARCH

Future research will focus on the evaluation of therapeu-
tic effectiveness after introducing the VAT in daily patient
care. This will include a higher number of subjects and
objective measures of longitudinal articulatory improve-
ments. Also, future research will focus on the optimiza-
tion of the acoustic models for the automatic error detec-
tion in dysarthric speech, the development of an objective
acoustic measure of sound distortion, and the correlation
analysis of automatic versus perceptual measurements of
the degree of distortion. Qualitative evaluation of the sys-
tem by a wider community that includes caregivers, SLPs
and patients’ family members will also be investigated. The
integration of exercises with higher linguistic levels will
also be the focus of future work. The VAT will be released
as an open-source system, with a general public licence. It
will also be communicated via professional organizations
of speech therapists and patient groups.

CONCLUSIONS

The computer-based articulation therapy for adults with
dysarthria seems to be feasible and well accepted by the
end-users of this pilot study. Most participants have a posi-
tive attitude towards the use of the VAT. Even participants
with limited computer skills/experiences are able to use
the VAT independently. High accuracy was obtained on the
performance of the models used for error detection, which
contributes to adequate automatic feedback. However, the
survey points out that improvements to the system are still
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necessary, and all the suggestions given by the stakehold-
ers will be considered.

The inclusion of patients in the design and develop-
ment of these types of software is significantly important
for usability, acceptability and engagement with e-therapy,
which appears to be a good option to increase the fre-
quency and intensity of practice while supporting the tra-
ditional methods. The VAT offers clear applicability with
an added value for the Flemish health facilities, including
a positive impact for a specific group of patients.
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APPENDIX A

TABLE A1 Applied questionnaire

Use and operation
The program is user-friendly
The program can be used independently
The program provides clear instructions
It is clear how to select a target sound
It is clear how to play, pause, and stop the instructions about the target
sound production
It is clear how to select levels and exercises
It is clear how to go to a previous or next exercise
It is clear how you can listen to your pronunciation
I would use the program daily at home

Exercises
The exercises are clear
The type of exercise is useful
The number of exercises per target sound is sufficient
The degree of difficulty of the exercises matches my ability

Use of Multimedia
T use the internet regularly
I have one or more devices for multimedia (computer, smartphone,
tablet, etc.)
I use multimedia for relaxation/entertainment
I use multimedia for work
I use multimedia to search for things/information

Comments and suggestions:

Program and layout

The home screen is attractive

The visual support for target sound production is
clear

The visual support for target sound production is
attractive

The size of the buttons is adequate/sufficient
The font is clear

The font size is adequate/sufficient

The computer screen size is adequate

I would recommend the program

Feedback

The feedback is attractive

The feedback is clear

The feedback is easy to interpret

The feedback is useful

The feedback is motivating

The feedback ensures that my articulation improves
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