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Being the second most common neurodegenerative disease, Parkinson’s disease

(PD) can be symptomatically treated, although, unfortunately, it cannot be cured yet.

Moreover, diagnosing and assessing PD patients is a complex process, requiring

continuous monitoring. In this vein, the design, development, and validation of innovative

assessment tools may be helpful in the management of patients with PD, in particular.

Based on intelligent ICT interventions, the i-PROGNOSIS project intends to mitigate

PD’s specific symptoms, such as neurological movement disorders of gait, balance,

coordination, and posture, already characterized in the early phase of the disease.

From this perspective, an innovative iPrognosis motor assessment tool is presented

here, taking into consideration the Unified Parkinson Disease Rating Scale (UPDRS)

Part III motor skills testing items, for evaluating the motor skills status. The efficiency

of the proposed Assessment Tests to reflect the motor skills status, similarly to the

UPDRS Part III items, was validated via 27 participants (18 males; mean age = 62

years, SD = 10.36 years; range, 43–79 years) with early (n = 10) and moderate

(n = 17) PD who performed the Assessment Tests. Features from the latter were

then correlated with the corresponding clinically assessed UPDRS Part III items, and

statistically significant negative correlations (range, −0.364 to −0.802) were identified

between the median values of the Assessment Tests and the UPDRS Part III items.
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In this vein, the iPrognosis Assessment Tests were integrated within the personalized

interventions of the i-PROGNOSIS project, providing alternative means of assessing their

effect on the PD patient’s motor skills enhancement. The promising results presented

here elaborate on the concept of using ICT-based assessment means to achieve

comparable outcomes with the clinical standards in motor skills assessment.

Keywords: i-PROGNOSIS, parkinson’s disease (PD), motor assessment tests, unified parkinson disease rating

scale (UPDRS) part III, motor skills decline

INTRODUCTION

Parkinson’s disease (PD) is one of the commonest
neurodegenerative diseases, affecting ∼1% of individuals
older than 60 years and 2–4% over than 75 years, causing
progressive disability that results in a burden of ∼2.2 million
disability-adjusted life years (DALYs), exhibiting the greatest loss
of quality-adjusted life years (QALYs) among 29 major chronic
conditions (Dorsey et al., 2007; Tanner et al., 2008). For the
management of the PD, physiotherapists and/or occupational
therapists have had an important role in improving functional
activity of the patients (Keus et al., 2006). In addition, physical
therapy can be oriented to address loss of mobility, falls,
difficulties in reaching and manipulating objects, as well as self-
care activities, such as eating and dressing (Morris, 2000; Keus
et al., 2006). On the other hand, as part of the (motor) assessment
process, clinicians usually gather information about impairments
and physical activity limitations to inform treatment decisions
based on standardized measurement tools. These are disease-
specific measures, such as the Unified Parkinson’s Disease Rating
Scale (UPDRS) (Martinez-Martin and Forjaz, 2006) and the
Parkinson’s Disease Questionnaire-39 (PDQ-39) (Peto et al.,
1995), which include test items as part of a total composite score,
reflecting overall disability (UPDRS) or quality of life (PDQ-39)
of the patients. However, a combination of standardized and
non-standardized methods can be used to holistically collect this
information (Bernhardt and Hill, 2005; Fawcett, 2007).

In clinical practice, the assessment of PD severity mostly
depends on clinicians’ judgement, supported by common rating
scales, such as UPDRS; nevertheless, the strong dependence
on clinicians’ experience makes the assessment essentially
subjective. In the case where objective measurements exhibit
high correlation with the commonly accepted “gold standard”—
UPDRS overall or subscores, it is reasonable to accept that
an objective measuring system can be seen a useful alternative
to the existing rating scales in the progression monitoring of
PD (Yang et al., 2016). Nowadays, assessing the impact of
medication and behavioral changes in the motor condition of
the PD patients mainly depends on the diaries and memory
of the PD patients, which are neither objective nor reliable.
Additionally, Utsumi et al. (2012) concluded that subjective
assessment of PD patients does not necessarily match the findings
of quantitative objective assessment in PD with gait disorders,
suggesting that objective long-term monitoring system would
be helpful. In fact, many low-cost, body-tracking systems have
been employed in the health care environments; for instance,

the Microsoft Kinect R© sensor has been used for neurological
rehabilitation (Knippenberg et al., 2017), for assessing body
balance and preventing falls (Yang et al., 2014; Stone and Skubic,
2015), for clinical measurement of motor functions (Otte et al.,
2016), for monitoring people with PD (Galna et al., 2014), for
PD gait assessment (Rocha et al., 2015), for PD hand tracking
(Ferraris et al., 2014), and for analyzing PD posture and lower
limb tasks (Ferraris et al., 2019). However, in the fall of 2017,
the manufacture of the Kinect sensor was discontinued1. As an
alternative solution to the Kinect device, since its creation in
2015, the use of the MentorAge R© sensor tracking system has
proven its capabilities and potentialities in real-life scenarios (e.g.,
Anzivino et al., 2019; Petsani et al., 2019).

In this vein, and motivated by the aforementioned
perspectives, an innovative and personalized motor assessment
tool capable of monitoring and tracking the behavioral change
of PD patients (mostly related to posture, walking/gait, agility,
balance, and coordination impairments) is presented here,
within the context of the i-PROGNOSIS framework (www.i-
prognosis.eu) that aims to develop early and unobtrusive PD
detection and intervention based on the interaction of the users
with intelligent devices.

BACKGROUND

Motor Assessment in PD
Clinimetrics, seen as a set of rules behind indexes (Fava et al.,
2012), can result in a difficult and complex task, since the
assessment of PD patients is mainly subjective. Overall, the basic
motor symptoms of PD (e.g., bradykinesia, posture instability,
lack of arms co-movements, handwriting difficulties, rigidity
in the muscles, tremor appearance) can hardly be assessed.
Moreover, the symptoms variability due to collateral effects from
drugs, such as Levodopa, sets an extra difficulty. Hoehn and
Yahr (1967) proposed the first PD scale using observational
data from 856 patients. In fact, they distinguished five stages of
injury/disability corresponding to five disease progression stages
from Stage I: as unilateral damage without disorders, to Stage
V: patient is confined in a wheelchair or bed. Later, Fahn and
Elton (1987) proposed the most often used Unified Parkinson’s
Disease Rating Scale (UPDRS), with six integral different parts,
i.e., (1) the state of intellectual and mood disorders (Part I); (2)
activities of daily living (separately for phase “on” and “off”)
(Part II); (3) motor examination (Part III); (4) complications of

1https://developer.microsoft.com/en-us/windows/kinect
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treatment (Part IV); (5) stages of the disease (Part V); and (6)
self-assessment of independence using the Schwab-England Scale
(Part VI). The evaluation is based on a Likert scale (0–4), in
terms of increasing severity in disorder from “No involvement”
(0) up to “No function or Severe disorders” (4). UPDRS Part III
relates with themotor skills and assesses the speech, faces, tremor,
rigidity, rapid movements of the fingers, rapid hand movements,
alternating movements, leg movements, getting up from a chair,
posture, stability of posture, starting walking, and bradykinesia.
In fact, the motor examination part is the only component of
the UPDRS where items are scored by the physician instead by
patient self-report. In Goetz et al. (2008), presented a modified
UPDRS, termed as revised MDS-UPDRS, consisting of 65 items,
containing 48 items ranging from 0 to 4, and 7 options with
answers “yes” or “no”; however, the old versions of theHoehn and
Yahr scale and UPDRS are still in usage. Furthermore, the motor
assessment and corresponding tests of balance and posture, arm
and hand function, and gait/walking for PD have been extensively
explored, as described below:

• Balance/posture in PD: Statistical data reveal that falls affect
more than 50% of PD patients (Bloem et al., 2001; Canning
et al., 2014; Opara et al., 2017). To assess the balance and
control of posture, the Timed Up and Go Test (TUG) is
frequently used (Podsiadło and Richardson, 1989) to measure
the time that is needed for the patient to get up from a
chair, walking to a line on the floor 10 feet, turn, walk back
to the start point, and then sit down. Morris et al. (2001)
assessed the appropriateness of TUG for identifying changes
in mobility of PD patients and its usefulness was confirmed.
In addition, posturometric and stabilometric evaluation has
been used for assessing balance training (van der Burg et al.,
2006). Song et al. (2012) concluded that compared to healthy
controls, people with early-stage PD altered their postural
control strategies (i.e., shorter distance between the center of
pressure and the extrapolated center of mass) during the step
turn and seem to decrease their general movement amplitude,
suggesting that dynamic postural control during turning is
altered, even in the early stages of PD. Overall, the most
commonly used tests for assessment of balance and posture
in PD are the following: UPDRS part III (Fahn and Elton,
1987), the TUG (Podsiadło and Richardson, 1989), the Berg
Balance scale (Berg et al., 1992), the Tinetti Balance and Gait
Assessment Tool (Tinetti, 1986), Brunel Balance Assessment
(Tyson and DeSouza, 2002), Functional Reach Test (Behrman
et al., 2002), Activity Specific Balance Confidence (Powell
and Myers, 1995), Balance Evaluation Systems Test (Horak
et al., 2009), and Balance Evaluation Systems ib32Mini Test
(Franchignoni et al., 2010).

• Arm/hand function in PD: Arm and hand dysfunction are
common findings in patients with neurological movement
disorders; overall, motor dysfunction compromises the
efficiency of grip force scaling during object handling
among patients with PD and focal hand dystonia (Agostino
et al., 2003; Uitti et al., 2005; Bleton et al., 2014). Motor
dysfunctions/disorders of the hand, in particular, is expressed
via upper extremity clumsiness, fine motor problems, poor

manual dexterity, incapacity to control grip force output,
as well as difficulty in reach to grasp movements regarding
amplitude, speed, and coordination (Pradhan et al., 2015).
The most commonly used tests for assessment arm and hand
movements in PD are the following: the UPDRS Part II and
III (Fahn and Elton, 1987), Purdue Pegboard Test (Tiffin
and Asher, 1948), Nine-Hole Peg Test (Kellor et al., 1971),
Jebsen and Taylor test (Jebsen et al., 1969), Frenchay Arm Test
(Wade et al., 1983), Action Research Arm Test (Lyle, 1981;
van der Lee et al., 2002), Wolf Motor Function Test (Wolf
et al., 1989), Fugl-Meyer Motor Assessment Scale (Fugl-Meyer
et al., 1975), Södring Motor Evaluation (Sødring, 1994), and
the Finger-Tapping Test (Shimoyama et al., 1990).

• Walking in PD: PD patients have a significantly slower speed
of walking and reduced step length in comparison to controls
(Rochester et al., 2004). Including a total of 153 PD patients,
Elbers et al. (2013) conducted a study to investigate the
predictive value of gait speed for community walking in PD
and to develop amultivariate predictionmodel for community
walking. The authors concluded that timed walking tests
are valid measurements to predict community walking in
PD; however, the evaluation of community walking must
consider an assessment of fear of falling. In another study,
King et al. (2013) studied which outcome measures are
sensitive to exercise intervention and to explore the effects
of different exercise programs (i.e., Agility Boot Camp and
Treadmill training; 4 × /week for 4 weeks) in order to
enhance mobility in PD patients. The results suggest that
future randomized clinical trials of mobility intervention must
include objective measures of balance and gait at the body
structure/function level of the International Classification
of Functioning (ICF) to discriminate between two types of
physical therapy intervention with reasonable size groups.
More recently, Schlachetzki et al. (2017) developed a wearable
sensor-based gait analysis system, which consists of inertial
sensor units attached laterally to both shoes, as a diagnostic
tool that could objectively assesses gait in PD. The results
revealed that wearable sensor-based gait analysis reaches
clinical applicability and can provide a high biomechanical
resolution for gait impairment in PD. Moreover, the most
commonly used tests for assessment of walking in PD are
the following: UPDRS Part II and III (Fahn and Elton, 1987),
Time 10-Meter Walk Test (Bohannon et al., 1996), Time 20-
Meter Walk Test (Cunningham et al., 1982), 2-min Walk
Test (Butland et al., 1982), 6-min Walk Test (Balke, 1963),
Functional Ambulation Category (Holden et al., 1984), and
Emory Functional Ambulation Profile (Wolf et al., 1999).

• Leg Agility in PD: Several works have been focusing on the
evaluation of the performance of specific motor tasks, such
as gait analysis and tremor; yet, limited attention has been
devoted to the evaluation of the leg agility in PD, with
specific focus on the lower limbs (Giuberti et al., 2014).
Leg agility is an item in the UPDRS; however, just a visual
detection of the related features is commonly used, leading
once again to subjectivity (Ornelas-Vences et al., 2019).
Based on the recommendations of the Movement Disorder
Society (MDS), the leg agility task should be assessed by
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observing different parameters, namely, amplitude, slowing,
hesitations, interruptions, and freezing. The parameter related
to the amplitude of movements directly corresponds to a
physical measure, and the quantitative evaluation of the
other parameters normally depends on the experience of the
neurologists; as a result, inter-neurologist score variations
cannot be excluded (Giuberti et al., 2014).

• Visuo-motor coordination (VMC) in PD: Due to the inability
of the body to coordinate movements in PD, it progressively
becomes more demanding to maintain adequate posture and
coordination during walking. Moreover, the intact capability
to initiate grip and load forces simultaneously and to adapt
the force level during precision grip is as interesting as the
impairments, since it has been reported that patients with PD
have difficulties coordinating two movements simultaneously
(Schwab et al., 1954; Benecke et al., 1986; Ingvarsson et al.,
1997). By definition, VMC in particular requires normal
cognitive executive functionality, a capability to transform
visual inputs into movement plans and motor-execution skills
(Inzelberg et al., 2008). Moreover, it is well-reported that VMC
is deficient in patients with PD (Flowers, 1978; Stern et al.,
1983; Johnson et al., 1996), in early PD patients (Cooper et al.,
1991; Hocherman and Giladi, 1998), as well as in moderate
(Hocherman and Aharon-Peretz, 1994) and advanced PD
patients, and it appears to pertain to a high level linkage
between perception and action (Fucetola and Smith, 1997).
Additionally, strong correlations were found between the
UPDRS gait/posture items and the measures of directional
control in VMC (Inzelberg et al., 2008).

To sum up, motor assessment of PD patients, in particular,
can be divided into different types of clinimetrics indexes,
e.g., assessment of balance/posture, arm/hand function, and
gait/walking; however, it is clear that the most used in the clinical
practice are the H&Y stages of progression of the disease and
the UPDRS.

Innovative Technologies for Motor
Assessment in PD
An exponential increase in the use of innovative technology
in the healthcare sector has been reported in recent years.
More specifically, in the area of neurological disease, research
is being conducted into novel assessment and treatment
technologies based on motion analysis, robotics, virtual reality,
and telerehabilitation fields. However, these innovative and
intelligent solutions are often very costly, limiting their use in
clinical practice, regardless of their effectiveness. In PD, possible
uses of innovative devices and solutions include (i) increase in
the collaboration between multidisciplinary teams, in order to
reduce time and distance limitations in communication between
patients and healthcare professionals, and (ii) the development of
systems for tracking and monitoring patient’s status progression.

Furthermore, in the last decades, researchers have developed
several non-invasive, objective methods for detecting
early symptoms of PD by using physiological biomarkers,
including electromyography (EMG) (Ruonala et al., 2013) and
electroencephalogram (EEG) (Handojoseno et al., 2012) signals,

techniques based on 3D motion analysis or imaging modalities
[computed tomography (CT) scans, magnetic resonance imaging
(MRI), and depth sensors] (Burrus et al., 1997; Long et al., 2012;
Stawarz et al., 2012; Procházka et al., 2015), and techniques to
examine motion signals by using unimodal wearable sensors
(Patel et al., 2009; Cancela et al., 2011). Moreover, an ideal home-
based monitoring intelligent system should (i) record movement
data continuously over a long-term period, (ii) include enough
portability to avoid interfering with the daily activities of the PD
patients, (iii) be able to test PD patients in a home-based and
unsupervised environment, (iv) reveal the real motor condition
of the PD patients (for instance, to work as a remote UPDRS
assessment), and (v) have the ability to capture the occurrence of
PD patients’ motor fluctuations (Yang et al., 2016).

Overall, this diversity of objective assessments can be seen
as favorable tools/techniques that allow long-term home-based
monitoring, having the possibility of improving the medical
standards, delivering healthcare and, probably, becoming an
effective and cost-saving procedure in PD progression. In the
succeeding section, an unobtrusive ICT-based PD early detection
and related risk-reduction intervention, namely, i-PROGNOSIS
approach, is presented in detail.

THE i-PROGNOSIS PARADIGM

Overall Concept
The cardinal objective of the i-PROGNOSIS ecosystem (www.i-
prognosis.eu) is the development of (i) an ICT-based behavioral
analysis approach for capturing, as early as possible, the
PD symptoms appearance, and (ii) the application of ICT-
based interventions countering identified risks. To achieve
this, awareness initiatives have been employed, resulting in i-
PROGNOSIS community, targeting older individuals, in order
to unobtrusively sense large-scale behavioral data from its
members, acquired from their natural use of mobile devices
(smartphone/smartwatch). Ensuring anonymization and secure
Cloud archiving, i-PROGNOSIS developed and employed
advanced big data analytics and AI-based techniques, in
a distributed and privacy aware fashion, instantiating a
PD behavioral model and constructing reliable early PD
symptoms detection alarms. The data handling includes pseudo-
anonymization, secure transmission, and storage of data. The
user ID and the actual data are stored in separate places via secure
methods, so that collected data cannot be traced back to a single
individual without the act of the authorized data administrator
and/or authenticated medical doctor. i-PROGNOSIS project was
based on the privacy-by-design approach following the European
General Data Protection Regulation (EU GDPR) restrictions
(https://gdpr-info.eu/). The selected Microsoft Azure Cloud
environment has full GDPR compliance.

To those identified and clinically validated as early-stage
PD patients, ICT-based interventions are provided via the i-
PROGNOSIS Intervention Platform, including: (i) a Personalized
Game Suite (ExerGames, DietaryGames, EmoGames, and
Handwriting/VoiceGames) for physical/emotional support, (ii)
targeted nocturnal intervention to increase relaxation/sleep
quality, and (iii) assistive interventions for voice enhancement
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FIGURE 1 | The i-PROGNOSIS ecosystem. AI, Artificial Intelligence; ML, Machine Leaning; ADL, Activities of Daily Living.

and gait rhythm guidance. In this way, i-PROGNOSIS
constructively uses the AI in order to contribute to active
and healthy aging.

Furthermore, the main innovative elements of i-PROGNOSIS
that make it unique compared to the competition are
(i) the introduction of new diagnostic tests for early PD
symptoms based on features extracted from securely Cloud-
stored behavioral and sensorial data, collected by smart devices
(e.g., smartphone, smartwatch), wearable biosensors, and IoT-
based everyday living sensorial artifacts, and processed by
advanced big data analytics and AI-based techniques; (ii) design
and implementation of novel ICT-based adaptive, gamified, and
personalized interventions, along with assistive interventions,
taking into account older adults’ physical and psychological
status, promoting his/her health self-management at the family
setting by providing dynamic feedback toward the improvement
of older adult’s skills and functionalities for reduction of the PD-
related risks of frailty, depression, and falls; and (iii) fostering
of social awareness for volunteerism in early PD detection
and construction of socio-economic and informed behavioral
models for new cost-effective ICT-based PD early detection and
related risk-reduction intervention practices and policies for
the sustainability of health and care systems and the benefit
of the older adults (see Figure 1). i-PROGNOSIS leverages and
extends the state of the art in a number of different areas, such
as behavioral, physiological and lifestyle monitoring, motion
capture, physical activity evaluation, personalized gaming,
home-based human–computer interfaces, multi-parametric data

modeling, and decision support systems, ensuring valuable
intellectual property. For the present study, part of the i-
PROGNOSIS ecosystem will be presented and discussed, namely,
the iPrognosis Assessment Tests included in the Personalized
Game Suite (see Figure 1), also referred to as iPrognosis Games.

The iPrognosis Games
The iPrognosis Games application, an Android mobile
application, already available on Google Play Store, consists
of 14 different games, taking into account the PD symptoms
(i.e., Exergames, Dietarygames, Emogames, Handwriting, and
Voicegames), constituting the Personalized Game Suite (PGS),
along with the Warming up game and motor Assessment Tests.

The developed battery of 14 interventional and quality-of-life
improving games are based on the following PD-targeted
symptomatology: (1) Motor improvement (six games): posture,
gait, postural instability, fine motor skills impairment, and
tremor; (2) Non-motor improvement (five games): facial
expression/depression and constipation; and (3) Speech-
improvement (three games): voice and speech difficulties. More
detailed information about the design and development of the
games can be found in Dias et al. (2016, 2017a,b, 2018), Savvidis
et al. (2018, 2019), and Grammatikopoulou et al. (2019). The
iPrognosis Games differ in the required equipment for playing
them, which also defines different target uses; more specifically,
(i) games requiring theMentorAge R©2 sensor device (four games)

2https://www.nively.com/en/
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are targeted to be used inside specialized PD clinical centers or
at home if the user purchases the sensor device (∼e700), and
(ii) games requiring a smartwatch or tablet (with microphone
and frontal camera) (10 games) can be played either at a home
environment or under supervision in clinical settings.

Tackling the most often appearing PD symptoms via the
gamification concept, iPrognosis Games can provide a user-
friendly environment with bilateral functionality, i.e., both
engaging the user into long-lasting supportive activities, which
could retard the evolution of the symptoms, and providing the
physician with necessary information for monitoring the PD
patient’s status in a quantitative and detailed way.

The iPrognosis Motor Assessment Tests
In order to evaluate the effect of the iPrognosis Games on the
PD patient’s status, a set of Assessment Tests that accompany
the iPrognosis Games has been constructed. It is important
to note that all motor aspects related to these Assessment
Tests are reflected in multiple ways in the general design and
development of the different games included in the iPrognosis
Games. In this way, the Assessment Tests and the iPrognosis
Games can be seen as a holistic alternative to the PD patient’s
conventional status monitoring and intervention processes,
aiming at optimizing the improvement of his/her quality of life
by increasing his/her QALYs.

The design of the proposed motor Assessment Test was
informed by expert neurologists coming from three European
medical centers (Greece, UK, and Germany). Six different
motor Assessments Tests (i.e., Test 1–Test 6) integrated in the
iPrognosis Games were designed and developed based on the
UPDRS Part III examination (mostly related to motor postural,
balance, agility, coordination, and hand movements), namely,
items 18, 23, 24, 25, 26, and 28; Table 1 provides an analytical
description of each Assessment Test.

User Interface of the Assessment Tests
The setting of the user interface (UI) of the Assessment Tests
of the iPrognosis Games environment is depicted in Figure 2.
As it is clear from the latter, it is possible to select one
of the six aforementioned motor Assessment Tests out of a
dropdown menu and push play button (top left), in order
to view the corresponding tutorial video. Moreover, while PD
patients watch the videos, they can synchronously perform
the selected Assessment Test and receive an instant, real-time,
evaluation after its completion (see Figure 2). The UI of the
motor Assessment Test presents the user’s performance on the
right side and the expert’s performance on the left, so the players
can easily synchronize their movement along with the expert’s
and detect misfires (see Figure 2).

During the realization of each motor Assessment Test, PD
patients can receive helpful guidelines and instructions to execute
the tests in a successful manner, and they can also follow its
progress via the slider on the top left of the screen, informing
them about the time left to finish the selected Assessment Test
(see Figure 2).

Assessment Tests Motor Score Calculation
For the evaluation of the patient’s performance, the iPrognosis
Assessment Tests environment analyzes the movement/action of
the PD patient and estimates an assessment Motor Score (MS)
related to the metrics/features of each Assessment Test. More
specifically, the skeletal data (i.e., the 3D coordinates of each joint
of the skeleton) of the user (PD patient) are initially estimated and
then normalized to be independent of the user’s height and/or
his/her position from the MentorAge R© sensor. For each out of
six Assessment Tests of the iPrognosis Games, two types of joints
(or more) are selected in order to perform a comparison between
the performance of the PD patient and the recorded experts’
performance (MentorAge R© motion data were received during
the performance of the Assessment Tests). For each Assessment
Test performance, three parameters of movement are taken into
consideration regarding the selected joints, namely, Accuracy,
Speed, and Angle. These were selected so as to extract clinically
interpretable indices based on the clinical routine followed by the
clinicians during the UPDRS Part III itemsmarking; they actually
are focused on speed, halts, hesitations, and amplitude variations
of eachmovement. All the latter are reflected in the way accuracy,
speed, and angle are used and incorporated in the final score, as
explained below. Moreover, the selection of only those specific
parameters offered to the patients substantial indications on how
to improve themselves in future efforts, and at the same time, not
overwhelm them with information.

For the Accuracy parameter, the movement of the
following selected joints is verified for every received skeleton
frame, namely:

• Assessment Test 1 (Balance and Walking): Comparison of the
Euclidian distance between the right (AR) and left (AL) ankle
joint movement in the x and z vectors for both the patient’s
and the physician’s movement:

√

(ALx − ARx)2 + (ALz − ARz)2 (1)

• Assessment Test 2 (Leg Agility): Comparison of the Euclidian
distance between the right and left ankle joint in the y vector
for both the patient’s and the physician’s movement:

|ALy − ARy| (2)

• Assessment Test 3 (Balance and Lateral Weight Shift):
Comparison of the Euclidian distance between the right and
left ankle joint in x, y, and z vectors for both the patient’s and
the physician’s movement:

√

(ALx − ARx)2 + (ALz − ARz)2 + (ALy − ARy)2 (3)

• Assessment Test 4 (Coordination and Stepping): Comparison
of the Euclidian distance between the right and left ankle
joint in the x and z vectors for the patient’s and the
physician’s movement:

√

(ALx − ARx)2 + (ALz − ARz)2 (4)
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TABLE 1 | Description of the Assessment Tests (Test 1–Test 6) of the iPrognosis Games based on the UPDRS Part III motor items.

Motor assessment tests Description

Test 1: Balance and Walking [adapted UPDRS III Items 26 and 28] In Test 1, the PD patient has to perform the following tasks: (a) Standing

with your feet, shoulder-width apart and hold for 30 s. (b) Next, stand with

your feet together. Keep your body upright. Hold for 30 s. (c) Then, stand

with one foot in front of the other, so your heel and toe are in line (Keep your

body upright and maintain your balance. Try to look straight ahead). Hold for

30 s. (d) Repeat with the other foot in front and hold for 30 s. (e) Next, repeat

the same exercise in a “backwards walking” fashion. (f) You can progress

this exercise into a dynamic one. Choose a spot ahead of you and focus on

it to keep steady as you walk by placing your heel just in front of the toe of

your other foot. Repeat for 20 steps

Test 2: Leg Agility [adapted UPDRS III Item 26] In Test 2, the PD patient has to perform the following tasks: (a) Raise the

right leg so that you are balancing on your opposite side. Hold for 10 s. (b)

Repeat with the other leg. As you feel steadier, you can balance for a longer

time. [You can also do this test in a simpler/modified version of the exercise;

for that, use a step platform for instance]

Test 3: Balance and Lateral Weight Shift [adapted UPDRS III Items 26 and 28] Test 3 is a dynamic balance test; the PD patient has to maintain his/her

balance while moving his/her body and to perform the following tasks: (a)

Stand with feet shoulder width apart. (b) Slowly, shift weight to right as far

as possible without taking a step. (c) Return to the starting position, and

then repeat to the left side. Hold each position for 3 s. Repeat 10 times

Test 4: Coordination and Stepping [adapted UPDRS III Item 26] Test 4 is a dynamic balance/coordination test (side stepping), where the PD

patient has to maintain his/her balance while moving his/her feet and to

perform the following tasks: (a) Take a step sideways with one leg, followed

by the other. (b) Continue walking sideways for 10 steps. (c) Repeat in the

other direction. [This test can also be done in a simpler/modified version of

the exercise, in order to avoid to progress in walking]

(Continued)
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TABLE 1 | Continued

Motor assessment tests Description

Test 5: Coordination and Foot [adapted UPDRS III Item 26] Test 5 evaluates the leg high coordination of the PD patient. In this test, the

PD patient has to perform the following tasks: (a) Sit on a chair with the

back of the chair supporting your back, lift your hip up bringing your foot off

the ground, and place your foot back on the ground to its original starting

position. Repeat the same on the other side. Repeat 30 times. [Time and

number of repetitions can be shown on the screen synchronized with the

voice counting]

Test 6: Hand–Eye Coordination, finger2finger [adapted UPDRS III Items 23, 24,

and 25]

Test 6 is based on eye–hand coordination movements. In this test, the PD

patient has to perform the following tasks: (a) Sit on a chair with the back of

the chair supporting your back; try to touch the tip of your left index finger to

the tip of your right index finger. Watch and pay attention to this motion.

Hold for 5 s. Repeat 30 times

*Permission and consent have been obtained from the first author to appear in the videos.

• Assessment Test 5 (Coordination and Foot): Comparison of
the Euclidian distance between the right (KR) and left knee
(KL) joint in the y vector for both the patient’s and the
physician’s movement:

|KLy − KRy| (5)

• Assessment Test 6 (Hand–Eye Coordination): Comparison of
the Euclidian distance between the right and left wrist joint
and the neck (NC) joint in the y vector for both the patient’s
and the physician’s movement:

√

(WRLy − NCy)2 + (WRy − NCy)2 (6)

Taking into consideration the possibility of frame rate
fluctuations, the timestamp of each received skeleton frame
is also recorded. In addition, the aforementioned Euclidian
metrics are being calculated for each received skeleton frame for
both the patients and physician’s movements and the distance
metrics are being added for each second of each Assessment Test.
In this way, the patient’s and physician movement difference
is being compared per sec, which is being added to the final
difference score.

For the Speed parameter, the average speed value of selected
joints was calculated per 2 s and compared to physician’s
corresponding average speed values. Specifically:

• Test 1 (Balance andWalking Test): Comparison of the average
speed of left and right ankle in the z vector,

• Test 2 (Leg Agility): Comparison of the average speed of left
and right ankle in the y vector,

• Test 3 (Balance and Lateral Weight Shift): Comparison of the
average speed of left and right ankle in the y vector,

• Test 4 (Coordination and Stepping): Comparison of the
average speed of left and right ankle in the x vector,

• Test 5 (Coordination and Foot): Comparison of the average
speed of left and right knee in the y vector, and

• Test 6 (Hand–Eye Coordination): Comparison of the average
speed of left and right wrist in the y vector.

Similarly, regarding theAngle parameter, the average angle values
for the aforementioned selected joints were calculated per 2 s and
compared to the physician’s corresponding average angle values.

Finally, for each Assessment Test of the iPrognosis Games, a
series of testing took place before a lower and upper threshold
were established regarding the final accuracy, speed, and angle
subscores for evaluating the success of the patient’s performed
test. In this vein, the three generated metrics, namely, accuracy,
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FIGURE 2 | User Interface of the Assessment Test 1(Balance and Walking) of the iPrognosis Games. The user’s performance (on the right side) and the expert’s

performance (on the left side), so the players easily synchronize their movement along with the expert’s movement. The general score of the user (75%) (represented

by red circle on the center of the panel) is displayed in real-time, as well as intermediate metrics (i.e., Diff score, Angle score and Speed score) (on the top). The

MentorAge® tracking system sensor allows to display the skeleton of the user and corresponding joints (right panel). [Permission and consent have been obtained

from the first author to appear on the image (on the left)].

speed, and angle score, formed the final score outcome according
to the following equation:

FinalMotorScore = (AccuracyScore · w1)+ (SpeedScore · w2)

+(AngleScore · w3)/100, (7)

where wi, i = 1, 2, 3, denote the weight factors used for each
subscore in the calculation of the FinalMotorScore. Here, the
weighting set of [65, 25, 10] was adopted, as the AccuracyScore
was considered most relevant to measure the overall degree
of success of the patient’s performance. Then, the SpeedScore
was weighted more than the AngleScore, as, for the specific
Assessment Tests, improving the synchronization with the
expert’s movements was considered as more important than
matching joint angles with those of the expert.

An example of the AccuracyScore estimation of the
Assessment Test 1 (Table 1: Balance and Walking) is depicted
in Figure 3. In the latter, the results from the expert and three
users are presented, and for each one, the distance between
user’s ankles is estimated [see Equation (1)] and the produced
one-dimensional time series is compared against that of the
expert user.

The time series from each user and the expert are of the same
size, meaning that the user has to complete the Assessment Test
1 in a specific time interval. Hence, any deviations from the
predefined motion of the expert create a measurable difference

FIGURE 3 | User output from motor Assessment Test 1 (Balance & Walking)

related with the distance between user’s ankles [see (1)]. The blue color

indicates the motion of the expert user, while the lines with the other colors

belong to three different users (green: good performance, red: wrong

execution, yellow: no execution).

between the two signals. The mean square error between the
two time series is calculated and normalized, providing the
AccuracyScore to be inputted in Equation (7). The similar
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procedure is followed for the estimation of the SpeedScore and
AngleScore to be used in Equation (7), so as to produce the
FinalMotorScore that is shown to the user via the UI (see
Figure 2).

Spiral Development of the iPrognosis
Assessment Tests
The Assessment Tests of the iPrognosis Games followed a spiral
development model. Initially, they were mainly performed by the
i-PROGNOSIS technical partners, who were also developers of
the iPrognosis Games. Then, a testing group of five PD patients
and five controls performed the Assessment Tests at the North
Greece Parkinson’s Disease Association (Greece), in order to
refine the ongoing technical process and involve the users as “co-
creators” of the Assessment Tests. In practice, the co-creation
concept adopted here took the form of a collaborative work in
which PD patients, exercise professionals, clinicians, researchers,
designers, and developers explored and improved the solution
together, taking into account their (different) approaches, needs,
and perspectives. From this perspective, major and minor
enhancements were considered; for instance, from a technical
and accessibility point of view, based on user and medical
feedback, different languages (i.e., English, Greek and German)
were included in the iPrognosis Assessment Tests, as well as the
integration of the option of audio captions in the instruction
panel of the UI of the Assessment Tests.

VALIDATION OF THE IPROGNOSIS
ASSESSMENT TESTS

Study Protocol, Participants’ Selection,
and Clinical Assessments
Twenty-seven patients with PD were successfully enrolled
in the validation study of the i-Prognosis Assessment Tests
and recruited from three different medical centers [i.e., The
Third Neurological Clinic of the Papanikolaou Hospital of
Thessaloniki (Thessaloniki, Greece); Department of Neurology
of the Technical University Dresden (Dresden, Germany); and
Department of Basic and Clinical Neuroscience of the King’s
College Hospital (London, United Kingdom)], from September
2019 to January 2020. The protocol included periodic sessions
(one per month) of the iPrognosis Assessment Tests under the
controlled environment at the three medical centers. The PD
patients could perform each Assessment Test up to four times
per session. At the beginning of each session of the Assessment
Tests, an exercise game (ExerGame) was first performed by the
PD patients, serving as a warm-up game, mainly to provide the
PD patient with an initial contact with the sensor device and
related environment and to gradually increase their heart rate
and body temperature, including general coordination activities
to prepare the PD patients for the preceding Assessment Tests.

The PD patients were selected according to the following
inclusion criteria:

1) Diagnosis of idiopathic PD based on the
neurologist/movement disorders expert opinion in

compliance with the UK brain bank criteria as diagnostic
standard criteria for PD;

2) Hoehn and Yahr stages 1 to 3 in the ON state and stages 1 to 4
in the OFF state, and

3) No relevant cognitive impairment (MOCA ≥ 22 points).

Moreover, the exclusion criteria considered for recruitment
purposes were the following:

1) Use of a smartphone other than an android smartphone;
2) Not willing to provide an informed consent;
3) Age <40 years or older than 90 years;
4) Relevant cognitive impairment (MOCA < 22 points);
5) Severely disabled persons with expected physical interference

when engaging in the intervention study based on the opinion
of the principal investigator (e.g., orthopedic diseases, relevant
heart insufficiency with reduced capacity for exercise); and

6) Language barrier (meaning that English, German, or
Greek language cannot be spoken or understood in an
adequate manner).

The majority of the recruited 27 PD patients were male (n =

18, 66.7%). The mean age was 62 years (SD = 10.36 years),
ranging from 43 to 79 years. All but one PD patients were under
PD medication.

For clinical assessment, the impairment and severity
of PD-related symptoms were initially assessed by
neurologist/movement disorders experts in the corresponding
medical center (in Greece, Germany, andUnited Kingdom) using
the UPDRS part III and H&Y clinical rating scales. In particular,
the scores of the UPDRS Part III Item 23 (Finger Taps), Item
24 (Hand Movements), Item 25 (Rapid Alternating Movements
of Hands), Item 26 (Leg Agility), and Item 28 (Posture) were
assessed based on interview and clinical observation, aiming to
compare these values with the relevant results (FinalMotorScore)
derived from the Assessment Tests of the iPrognosis Games
data [see Equation (7)]. Overall, due to the early-mid stage of
the disease, PD patients presented values mostly between 0 and
2 points and rarely values of 3 and 4 points (note that 4 points
is the max of the UPDRS symptom severity scale, meaning
that higher values represent more severe symptomatology)
(see Table 2). Moreover, in order to measure how Parkinson’s
symptoms progress and the level of disability of the patients,
the H&Y scale was used. Most of the PD patients were rated in
H&Y mid-stage 3 (n = 17, 63%) (meaning that the PD patient
has balance impairment, mild to moderate disease, physically
independent), seven patients were rated in H&Y early-stage 1
[meaning that the symptoms were observed on one side only
(unilateral)], two patients were rated in H&Y early-stage 2
(meaning that the symptoms were observed on both sides but no
impairment of balance), and one patient was rated in H&Y early
to mid-stage 2.5 (meaning that mild symptoms on both sides
were observed, with recovery when the “pull” test3 was given).

Apparently, when there is new media to use, there are always
some transitional effects until the user gets acquainted with the

3In the “pull” test, the doctor stands behind the patient and asks tomaintain his/her

balance when pulled backwards.
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TABLE 2 | Demographics and UPDRS Part III clinical assessments of the recruited PD patients.

Patient no. Medical

center/country

Age

(years)

Gender Med. (Y/N) Stage (H&Y)a Stage UPDRS score Part IIIb–motor examination

Item 23 Item 24 Item 25 Item 26 Item 28

1 GR 74 M Y 3 Mid 2 2 2 2 2

2 GR 59 M Y 3 Mid 2 2 2 1 2

3 GR 64 F Y 3 Mid 1 1 1 2 1

4 GR 72 M Y 3 Mid 2 2 2 2 1

5 GR 77 M Y 3 Mid 2 2 2 2 1

6 GR 69 M Y 3 Mid 2 2 2 2 1

7 GR 45 M Y 1 Early 1 1 1 1 1

8 GR 65 F Y 1 Early 1 1 1 1 0

9 GR 59 M Y 1 Early 1 1 2 1 0

10 GR 50 M Y 3 Mid 2 1 1 1 0

11 GR 70 M Y 3 Mid 2 2 2 2 1

12 GR 69 M Y 3 Mid 1 1 1 1 2

13 GER 73 F Y 3 Mid 1 0 0 2 1

14 GER 51 F Y 3 Mid 3 3 2 4 0

15 GER 79 F Y 3 Mid 4 4 2 4 2

16 GER 73 M Y 3 Mid 0 0 0 0 2

17 GER 54 M Y 2 Early 1 1 3 1 0

18 UK 57 F Y 2 Early/M 2 1 1 0 0

19 UK 69 M Y 3 Mid 2 1 1 0 1

20 UK 70 M Y 3 Mid/ A 3 3 3 3 2

21 UK 50 F N 1 Early 2 1 1 2 0

22 UK 43 M Y 1 Early 1 1 1 0 1

23 UK 56 M Y 2.5 Early/M 2 0 1 0 1

24 UK 55 F Y 1 Early 1 1 1 0 0

25 UK 57 M Y 3 Mid/A 2 2 4 1 1

26 UK 51 M Y 3 Mid/A 2 2 2 3 2

27 UK 63 F Y 1 Early 1 1 0 0 0

GR, Greece; GER, Germany; UK, United Kingdom; M, Male; F, Female; Y, Yes; N, No; Med., Medication; Mid/A., Mid to Advance; Early/M, Early to Mid.
aH&Y, Grading the severity of PD into stages 1–5 according to classification by Hoehn and Yahr (1967).
bUPDRS Part III—Item 23: Finger Taps; Item 24: Hand Movements; Item 25: Rapid Alternating Movements of Hands; Item 26: Leg Agility; Item 28: Posture.

process involved. Here, there were introductory demonstrations
to the users and trials until they felt confident that they have
understood the process and could follow the guidelines with no
any performance issue related to miscomprehension.

The demographics along with their clinical assessment test of
the selected participants are tabulated in detail in Table 2.

Data Acquisition Setup
Developed in Unity 3D (https://unity.com/), the i-Prognosis
Assessment Tests were applied at the premises of the three
medical centers involved in the study to monitor the motor
symptoms of the PD patients by acquiring data that are mostly
related to posture, walking/gait, agility, balance, and coordination
impairments. For that purpose, each medical center involved in
the present study was equipped with the depth sensor tracking
system Mentorage R© and assisted with technical support. The
proper position of the PD patient facing the MentorAge R© was
verified by the neurologists, in order to secure the availability
of the whole MentorAge R© skeleton and its correct positioning.
Overall, the PD patients were able to perform the iPrognosis

Assessment Tests by moving in front of the MentorAge R© sensor,
placed at least 1.5m in front of it, as it can be seen in Figure 4.
MentorAge R© is a commercially available depth sensor; it is
a plug-and-play Android device, connected via HDMI with a
monitor (e.g., TV, projector, computer screen), that is easy to be
configured. In this study, the configuration setup was performed
by the technical support of each medical center; yet, the whole
operational interface and functionality can easily be perceived
and followed, after a simple training, by the PD patients. This
was verified by the users themselves, who did not report any
negative user experience during their interaction with it. The
acquired data were de-identified and securely stored in the
backend database of the i-PROGNOSIS.

Validation Data Analysis
The FinalMotorScore [see Equation (7)] acquired from the
multiple use of the Assessment Tests of the iPrognosis Games
by the PD patients were subjected to feature extraction, in
order to be compared with the corresponding clinical feature
set, i.e., UPDRS Part III item scores [23, 24, 25, 26, 28,
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FIGURE 4 | The experimental setup of the Assessment Tests of the iPrognosis Games.

their average denoted as Motor Score (MS)] and the Hoehn
and Yahr (1967) stage level. According to the structure and
definition of the Assessment Tests (see Table 1), the correlation
analysis considered the pairs of (T1 :T5, {26, 28,MS,HY}) and
(T6, {23, 24, 25,MS,HY}), where T1:T6 corresponds to Test
1:Test 6. The Assessment Test feature vector was constructed
using the Max, Min, Average, Std, and Median values of the
Assessment Tests FinalMotorScore. It was then subjected to
Pearson correlation analysis with the corresponding clinical
feature set, in order to identify those features that have
statistically significant correlation index r and corresponding
coefficient of determination (r2). The level of statistical
significance for the probability of false alarm p was initially set to
a = 0.05, i.e., p < a; then, it was corrected, accordingly, using the
Holm–Bonferroni correction method (Holm, 1976). Moreover,
linear regression equations were estimated and superimposed on
the corresponding scatter plots for those features that exhibit
statistically significant r values across multiple comparisons
between the FinalMotorScore from the Assessment Tests and
clinical feature set. The whole analysis was implemented using
Matlab (The MathWorks, Inc., ver. 2020a).

RESULTS AND DISCUSSION

Correlation Analysis Results
In Figure 5, the results from the correlation analysis between
the data from the Assessment Test of the iPrognosis Games
and the data from the medical evaluation are presented, in
the form of inactive (p > a; r = 0) and active (p <

a; r ∈ [−1, 1]r 6=0) elements of the r matrix. Clearly, a
different correlation distribution among the features of the
Assessment Tests FinalMotorScore and the clinical feature set
is noticed. In particular, Figures 5A–E illustrate the significant
correlations between the Max, Min, Average, Std, and Median
FinalMotorScore values of the Assessment Tests and the clinical

feature set, respectively. From Figure 5E, it is apparent that
the Median of the FinalMotorScore values of the Assessment
Tests is the feature that exhibits the highest number of
statistically significant correlations with the clinical feature set,
when compared to the correlation analysis results of the other
four features (Figures 5A–D). In this vein, Table 3 tabulates
the estimated correlation r and coefficient of determination
(r2) between the Median of the FinalMotorScore values of the
Assessment Tests (T1–T6) and the clinical feature set. The
enhanced performance, in terms of higher number of significant
correlations, of the Median final score values is due to its
insusceptibility to outliers (unlike the average) and ability to
efficiently capture the underlying trends in the final score data.
From Figure 5E and Table 3, it is apparent that all estimated
correlations based on the Median FinalMotorScore values are
negative, reflecting the expected relation between the low (high)
final score values with the high (low) clinical feature set,
as the high (low) values of the clinical features reflect the
advanced (early) stage of the PD pathology. Moreover, the
highest correlation value was found between T6med and HY
[r(T6med,HY) = −0.802], whereas the lowest one was found
between T3med and UPDRS Part III Item 27 [r(T3med,27) =

−0.329]. In addition, T1med and T3med showed significant
correlation with both UPDRS Part III Items 26 and 28; T2med
and T4med showed significant correlation with UPDRS Part III
Item 28; T5med showed significant correlation with UPDRS Part
III Item 26, and T6med showed significant correlation with all
related UPDRS Part III Items 23, 24, 25, MS, and HY. From all
assessments, T4med results in the weakest correlation with the
MS and HY clinical features, as the PD patients exhibited quite
high final score T4med values, although their MS and HY scores
were medium and/or high, revealing feasibility of PD patients in
performing the T4 assessment test.

Figure 6 illustrates the scatter plots of the Median
FinalMotorScore values with all correlated pairs of the
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FIGURE 5 | Correlation analysis results (r matrix) between the UPDRS Part III items and the features extracted from the Assessment Tests FinalMotorScore data, i.e.,

(A) Max value, (B) Min value, (C) Average value, (D) Std value, and (E) Median value. Inactive and active r matrix elements are defined as (p > a; r = 0) and (p < a; r ∈

[-1,l]r6=o ), accordingly.

clinical feature set, i.e., (T1med :T5med, {26, 28,MS,HY}) and
(T6med, {23, 24, 25,MS,HY}); the corresponding estimated r, r2,
and linear regression lines and equations are also superimposed
on the scatter plots, accordingly. The scatter plots and the
regression lines in Figure 6 facilitate the graphical expression of
the correlation degree between the examined data pairs, showing
tight (high degree) or loose (low degree) data distribution around
the regression line.

The lowest correlation (absolute) value seen between T3med
and UPDRS Part III Item 28 (Table 3) can be explained by
the fact that T3 test relates with the standing balance in one

foot that should be sustained aside for 3 s across the test (see
Table 1). According to the estimated UPDRS Part III Item 28
(Table 2), there is a dispersion in the Item 28 values across the
PD patients, and a dispersion in the T2med values (Figure 6,
middle panel, first row, middle subfigure) caused by the nature
of the T3. In fact, the latter targets the assessment of postural
instability, which is one of the four primary motor symptoms
of PD. This viability, though, is explained by the fact that
not all patients with PD experience issues with balance in the
same way. Actually, each patient with PD eventually will get
postural instability; yet, the severity of each type of balance
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TABLE 3 | Estimated correlation r and coefficient of determination (r2) between the median values of the Final Motor Score for (T1− T6) and the UPDRS Part III Items.

Assessments UPDRS Part III Items

23 24 25 26 28 MS HY

T1med NA NA NA −0.446 (0.199) −0.631 (0.398) −0.398 (0.158) −0.795 (0.632)

T2med NA NA NA −0.253 (0.064) −0.422 (0.178) −0.236 (0.055) −0.517 (0.267)

T3med NA NA NA −0.720 (0.518) −0.329 (0.108) −0.477 (0.227) −0.549 (0.301)

T4med NA NA NA −0.127 (0.016) −0.427 (0.182) −0.073 (0.005) −0.317 (0.100)

T5med NA NA NA −0.364 (0.132) −0.270 (0.073) −0.283 (0.080) −0.722 (0.521)

T6med −0.583 (0.339) −0.614 (0.377) −0.455 (0.207) NA NA −0.745 (0.555) −0.802 (0.643)

NA, Not applicable; MS, Motor Score; HY, Hoehn and Yahr (1967). Boldface indicates statistically significant correlations (p < a).

FIGURE 6 | Scatter plots of the Median FinalMotorScore values with all correlated pairs of the clinical feature set, i.e., (T1med:T5med, {26,28, MS, HY }) and

(T6med,{23,24,25, MS, HY }); the corresponding estimated r, (r2) and linear regression lines and equations are also superimposed on the scatter plots, accordingly.

impairments may be very different (Park et al., 2015). Apparently,
this dispersed behavior is reflected in the relevant scatter plot
of Figure 6, justifying the low values of the relevant correlation

between T3med and UPDRS Part III Item 28. On the other
hand, the highest correlation (absolute) value is seen between
T6med and HY (Table 3), with T6 being based on eye–hand
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coordinationmovements (Table 2). In particular, the VMC that is
involved in T6 requires normal cognitive executive functionality.
This ability that transforms visual inputs into movement plans,
along with motor-execution skills, is known to be impaired in PD
patients (Inzelberg et al., 2008). This is evident in even early-stage
PD patients and are deteriorated further as the PD progresses
(Muilwijk et al., 2013). As HY expresses the severity of the PD,
reduction in the related T6med values is expected, justifying
the high correlation between them tabulated in Table 3 and
illustrated in the increased negative inclination of the regression
line seen in Figure 6 (last subfigure).

Age and Gender Effect
In order to examine if age and gender had any effect on the
FinalScore, a linear regression analysis was performed between
the {age, gender} and the Timed (i = 1 : 6), since these
metrics have exhibited the highest absolute correlation with the
corresponding UPDRS Part III Items (see Table 3). The linear
regression analysis has resulted, for all cases, in p > 0.05 values,
i.e., [p

age

T1med
= 0.629; p

age

T2med
= 0.114; p

age

T3med
= 0.099; p

age

T4med
=

0.675; p
age

T5med
= 0.408; p

age

T6med
= 0.173], [p

gender

T1med
= 0.082;

p
gender

T2med
= 0.782; p

gender

T3med
= 0.117; p

gender

T4med
= 0.123; p

gender

T5med
=

0.472; p
gender

T6med
= 0.246]. These results clearly indicate that the

proposed metrics are not affected by the age and gender of the
PD patient.

Practical Implications
Early interventions via the use of objective assessments have a
significant benefit to the older adults with PD, as from one hand,
it is widely accepted that patients with PD who remain untreated,
or insufficiently treated, will experience ongoing and substantial
symptomatic deterioration and negative effects on their quality
of life, whereas early intervention could slow disease progression,
delayed and diminished symptoms, coping with related risks of
frailty, falls, and depression, limiting deterioration of patient’s
quality of life and achieving long-term cost savings.

The Assessment Tests of the iPrognosis Games can be used
as an important component of self-management, by bringing PD
symptoms handling to patients at their own home, to be used
and accessed at their convenience 24-7. Since the Assessment
Tests of the iPrognosis Games have been designed to reflect
the motor status of the PD patient and, as shown by the
experimental results, the median score value exhibits a high
negative correlation with the severity of the PD patient’s motor
symptoms, it can be used as ameasure tomonitor the evolution of
the pathology and identify changes in their physical performance.
For example, as shown in Figures 5, 6 and Table 3, T6med has
statistically significant negative correlation with the UPDRS Part
III Items 23, 24, and 25 that relate to hand skills. Clearly, early
PD patients perform fast and smooth movements of their hands,
exhibiting a good ability to move their hands toward the expert’s
hand target; this results in high T6med values. On the other
hand, advanced-stage PD patients face significant challenges
when moving their hands, subjected to the expert’s video targets,
resulting in low T6med values. Such results verify the connection
of the T6med feature to the symptom of the exaggeration of

long-latency reflexes, a major contributor to rigidity in PD
(Tatton and Lee, 1975; Berardelli et al., 1983; Rothwell et al.,
1983). PD patients experience them more intensely and they
can occur even if the stretch is applied when muscles are
not contracting. A motor control theory, known as “optimal
feedback control” (Todorov and Jordan, 2002; Diedrichsen et al.,
2010) states that for every mobility task, the motor system sets
how easily the movement can be changed. Optimal feedback
control theory suggests that the brain sets “feedback gains,”
which determine how powerfully the hand resists alterations in
trajectory (Liu et al., 2013). Taking into account the hypothesis
that muscle tone, mediated by long-latency reflexes, normally sets
the amount of limb stability, the interpretation of Parkinsonian
rigidity at the level of motor control is feasible (Mazzoni et al.,
2012). In this vein, the experimental results suggest that the
iPrognosis Game Assessment Tests could contribute toward such
direction, as they can be used as a tool that can serve as a
PD motor impairment status evaluator. As the PD progresses,
motor disorder symptoms are expected to become more severe;
hence, monitoring of this deterioration via the proposed motor
Assessment Tests is feasible, as the difficulties in following the
expert’s performance by the PD patient at more severe stages will
be reflected in the gradual reduction of his/her subscores and
final score [see Equation (7)]. Apparently, these deviations from
the expert would signal profound motor symptom deterioration
that can trigger an alarm to the caring physician, evoking more
intensive interventions.

Moreover, the Assessment Tests of the iPrognosis Games
are beyond the current state of the art, by individualizing
the information based on automatically sensed and processed
data from the smart devices, social interaction, and behavioral
change information sources, enabling PD patients to understand
their own health and its challenges, helping them to identify
ambiguity to behavioral change and to develop their own
appropriate action plans and have the self-confidence to improve
their own health. Furthermore, the Assessment Tests of the
iPrognosis Games have the potential to be adapted (easily
and with low cost) in other diseases/conditions that would
equally benefit from a behavioral change program, centered
around physical activity (e.g., obesity/anorexia/diabetes type
2/osteoporosis/cancer/high blood pressure) and musculoskeletal
injuries (e.g., osteoarthritis/back pain/soft tissue ruptures). This
offers a significant potential for accessing new markets and
provides the potential for a sustainable plan beyond the
initial targeting of PD, which itself is a very sizeable market.
Additionally, within the i-PROGNOSIS consortium, some initial
contacts have been established with representatives from relevant
stakeholders (e.g., national heath executive, health service
regulators, healthy aging centers, insurance, and PD patient
advocacy), forming a holistic strategy to adopt the iPrognosis
Games and the Assessment Tests within the health system.

The monitoring of the motor feasibility offered by the
proposed iPrognosis Assessment Tests could also be transferred
to the assessment of the prodromal PD phase. For example,
people that have higher propensity toward PD, such as PD
relatives, could adopt it as a predictive assessment tool, to validate
their motor skills and feasibility. It is estimated that 15% of people
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with PD have a family history of the condition (Jankovic and
Tolosa, 2007). This motivates the use of ICT-based tools, such
as the proposed iPrognosis Assessment Tests, to shed light upon
motor skills dynamic alteration across time, setting the proposed
approach at the center of efficient assessment, both at the pre-
and post-PD phases.

As it was presented in Section Background, motor assessment
of PD patients involves different types of clinimetrics indexes,
with the most often used in the clinical practice being the H&Y
stages of progression of the disease and the UPDRS. Hence, these
indices are the gold standard for the evaluation of any ICT-based
motor skills assessment approach. This was clearly followed in
the proposed approach, as described in the correlation analysis
(Section Correlation Analysis Results). As it is well-documented,
most of the proposed ICT-based motor skills assessment tools are
based on wearables, such as accelerometers placed on the user’s
body (i.e., on feet, wrist), that try to capture the user’s movement
parameters (Suppa et al., 2018). The proposed approach here,
unlike the other approaches, adopts the concept of natural
interfacing; hence, the user is free of any embedded sensor and
his/her body becomes the information interface. This allows for
more naturalistic expression of the motor gestures and fosters
the objective observation of the user’s motor skills status. Clearly,
the proposed approach normalizes the technology to the user’s
needs and not vice versa, sustaining, at the same time, the high
compatibility with the clinical evaluation scores.

Limitations
Clearly, the number of participants in the current study sets
a limitation in the generalization of the findings; nevertheless,
the controlled environment where the data were captured and
clinically validated secures the validity of the findings, which
establish a solid bed-set for the expansion and validation to large-
scale pilots. Efforts toward such direction are already on the
way, via the extension of the i-PROGNOSIS project for more
than 4 years, reaching a wider PD community. Moreover, the
proposed Assessment Tests target the motor skill impairment
of the PD patients. Focus to fine motor skills assessment by
handwriting testing is also considered to be integrated at the
current technical setting, as a paperless handwriting assessment
test (e.g., by touchless finger movements at predefined letter-
/spiral drawing-driven paths seen on the screen). Furthermore,
non-motor skills degradation is also evident in PD patients and
additional Assessment Tests could be proposed. In this vein,
a new Assessment Test has been designed that targets voice
degradation; yet, it has not been validated in the clinical setting.
Finally, at a step further toward such direction, a sleep assessment
test is also explored, though this will demand a different
technical setting, such as a smartwatch or sleep-dedicated
hardware for sleep quality estimation, such as the Oura Ring
(www.ouraring.com).

CONCLUSIONS

An early, innovative, and personalized intervention iPrognosis
Assessment tool capable of monitoring and tracking the
behavioral change of PD patients (mostly related to posture,
walking/gait, agility, balance, and coordination impairments) was

presented here. Twenty-seven early PD patients were involved
in the present study performing six motor Assessment Tests-
based experimental metrics, integrated in the iPrognosis Games,
revealing high correlation with themedical validation indices and
justifying the validity of the Assessment Tests in evaluating the
progress of the PD state and symptoms. Future work includes the
connection of the iPrognosis Game scores with the Assessment
Tests scores and the clinical scores, so as to further evaluate the
contribution of the iPrognosis Games interventions in the PD
patient’s motor skills enhancement. This will offer an integrated
solution to the PD patient in confronting his/her motor skills
degradation, providing him/her with a holistic tool that includes
both reliable intervention and assessment means for his/her
motor skills monitoring.
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Stawarz, M., Polański, A., Kwiek, S., Boczarska-Jedynak, M., Janik, L.,

Przybyszewski, A., et al. (2012). “A system for analysis of tremor in patients with

Parkinson’s disease based on motion capture technique,” in Computer Vision

and Graphics. ICCVG 2012. Lecture Notes in Computer Science, Vol. 7594, eds

L. Bolc, R. Tadeusiewicz, L. J. Chmielewski, and K. Wojciechowski (Berlin;

Heidelberg: Springer), 618–625.

Stern, Y., Mayeux, R., Rosen, J., and Ilson, J. (1983). Perceptual motor

dysfunction in Parkinson’s disease: a deficit in sequential and predictive

voluntary movement. J. Neurol. Neurosurg. Psychiatr. 46, 145–151.

doi: 10.1136/jnnp.46.2.145

Stone, E. E., and Skubic, M. (2015). Fall detection in homes of older adults

using the Microsoft Kinectics. IEEE J. Biomed. Health Inf. 19, 290–301.

doi: 10.1109/JBHI.2014.2312180

Suppa, A., Irrera, F., and Cabestany, J. (2018). New advanced wireless technologies

for objective monitoring of motor symptoms in Parkinson’s Disease. Front.

Neurol. 9:216. doi: 10.3389/978-2-88945-486-0

Tanner, C. M., Brandabur, M., Dorse, E. R. (2008). Research Reports-Parkinson’s

Disease: A Global View. Parkinson Report, 9–11.

Tatton, W. G., and Lee, R. G. (1975). Evidence for abnormal long-

loop reflexes in rigid Parkinsonian patients. Brain Res. 100, 671–676.

doi: 10.1016/0006-8993(75)90167-5

Tiffin, J., and Asher, E. J. (1948). The purdue pegboard: norms and studies of

reliability and validity. J. Appl. Psychol. 32:234. doi: 10.1037/h0061266

Tinetti, M. E. (1986). Performance-oriented assessment of mobility

problems in elderly patients. J. Am. Geriatr. Soc. 34, 119–126.

doi: 10.1111/j.1532-5415.1986.tb05480.x

Todorov, E., and Jordan, M. I. (2002). Optimal feedback control as a theory of

motor coordination. Nat. Neurosci. 5, 1226–1235. doi: 10.1038/nn963

Tyson, S. F., and DeSouza, L. H. (2002). The Brunel balance assessment:

a new measure of balance disability post-stroke. Physiotherapy 88:700.

doi: 10.1016/S0031-9406(05)60114-9

Uitti, R. J., Baba, Y., Wszolek, Z. K., and Putzke, D. J. (2005). Defining

the Parkinson’s disease phenotype: Initial symptoms and baseline

characteristics in a clinical cohort. Parkinsonism Relat. Disord. 11, 139–145.

doi: 10.1016/j.parkreldis.2004.10.007

Utsumi, H., Terashi, H., Ishimura, Y., Takazawa, T., Okuma, Y., Yoneyama,

M., et al. (2012). How far do the complaints of patients with Parkinson’s

disease reflect motor fluctuation? Quantitative analysis using a portable gait

rhythmogram. ISRN Neurol. 2012:372030. doi: 10.5402/2012/372030

van der Burg, J. C., van Wegen, E. E., Rietberg, M. B., Kwakkel, G., van

Dieën, J. H., et al. (2006). Postural control of the trunk during unstable

sitting in Parkinson’s disease. Parkinsonism Relat. Disord. 12, 492–498.

doi: 10.1016/j.parkreldis.2006.06.007

van der Lee, J. H., Roorda, L. D., Beckerman, H., Lankhorst, G. J., and Bouter, L. M.

(2002). Improving the action research arm test: a unidimensional hierarchical

scale. Clin. Rehabil. 16, 646–653. doi: 10.1191/0269215502cr534oa

Wade, D. T., Langton-Hewer, R., Wood, V. A., Skilbeck, C. E., and Ismail, H. M.

(1983). The hemiplegic arm after stroke: measurement and recovery. J. Neurol.

Neurosurg. Psychiatr. 46, 521–524. doi: 10.1136/jnnp.46.6.521

Wolf, S. L., Catlin, P. A., Gage, K., Gurucharri, K., Robertson, R., and Stephen,

K. (1999). Establishing the reliability and validity of measurements of walking

time using the emory functional ambulation profile. Phys. Ther. 79, 1122–1133.

doi: 10.1093/ptj/79.12.1122

Wolf, S. L., Lecraw, D. E., Barton, L. A., and Jann, B. B. (1989). Forced use

of hemiplegic upper extremities to reverse the effect of learned nonuse

among chronic stroke and head-injured patients. Exp. Neurol. 104, 125–132.

doi: 10.1016/S0014-4886(89)80005-6

Yang, K., Xiong, W. X., Liu, F. T., Sun, Y. M., Luo, S., Ding, Z. T., et al.

(2016). Objective and quantitative assessment of motor function in Parkinson’s

disease—from the perspective of practical applications. Ann. Transl. Med. 4:90.

doi: 10.21037/atm.2016.03.09

Yang, Y., Pu, F., Li, Y., Li, S., Fan, Y., and Li, D. (2014). Reliability and validity

of Kinect RGB-D sensor for assessing standing balance. IEEE Sens. J. 14,

1633–1638. doi: 10.1109/JSEN.2013.2296509

Conflict of Interest: HS and GT were employed by the company PLUX, Wireless

Biosignals. Moreover, KF, ET, and GL were employed by the company COSMOTE

Kinites Tilepekoinonies AE.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2020 Dias, Grammatikopoulou, Diniz, Dimitropoulos, Grammalidis,

Zilidou, Savvidis, Konstantinidis, Bamidis, Jaeger, Stadtschnitzer, Silva, Telo,

Ioakeimidis, Ntakakis, Karayiannis, Huchet, Hoermann, Filis, Theodoropoulou,

Lyberopoulos, Kyritsis, Papadopoulos, Delopoulos, Trivedi, Chaudhuri,

Klingelhoefer, Reichmann, Bostantzopoulou, Katsarou, Iakovakis, Hadjidimitriou,

Charisis, Apostolidis and Hadjileontiadis. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Computer Science | www.frontiersin.org 19 July 2020 | Volume 2 | Article 20

https://doi.org/10.3233/978-1-61499-880-8-78
https://doi.org/10.1371/journal.pone.0183989
https://doi.org/10.1001/archneurpsyc.1954.02330050061010
https://doi.org/10.1001/archneur.1990.00530060095025
https://doi.org/10.1155/2012/386962
https://doi.org/10.1136/jnnp.46.2.145
https://doi.org/10.1109/JBHI.2014.2312180
https://doi.org/10.3389/978-2-88945-486-0
https://doi.org/10.1016/0006-8993(75)90167-5
https://doi.org/10.1037/h0061266
https://doi.org/10.1111/j.1532-5415.1986.tb05480.x
https://doi.org/10.1038/nn963
https://doi.org/10.1016/S0031-9406(05)60114-9
https://doi.org/10.1016/j.parkreldis.2004.10.007
https://doi.org/10.5402/2012/372030
https://doi.org/10.1016/j.parkreldis.2006.06.007
https://doi.org/10.1191/0269215502cr534oa
https://doi.org/10.1136/jnnp.46.6.521
https://doi.org/10.1093/ptj/79.12.1122
https://doi.org/10.1016/S0014-4886(89)80005-6
https://doi.org/10.21037/atm.2016.03.09
https://doi.org/10.1109/JSEN.2013.2296509
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/computer-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/computer-science#articles

	Innovative Parkinson's Disease Patients' Motor Skills Assessment: The i-PROGNOSIS Paradigm
	Introduction
	Background
	Motor Assessment in PD
	Innovative Technologies for Motor Assessment in PD

	The i-prognosis Paradigm
	Overall Concept
	The iPrognosis Games
	The iPrognosis Motor Assessment Tests
	User Interface of the Assessment Tests
	Assessment Tests Motor Score Calculation
	Spiral Development of the iPrognosis Assessment Tests

	Validation of the Iprognosis Assessment Tests
	Study Protocol, Participants' Selection, and Clinical Assessments
	Data Acquisition Setup
	Validation Data Analysis

	Results and Discussion
	Correlation Analysis Results
	Age and Gender Effect
	Practical Implications
	Limitations

	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


