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Summary

In recent years, there has been a notable growth of the aging population [1]. Aging
alone cannot be defined as a pathology, however it is often related to the decline of
one or more systems, thus leading to a reduced functioning in the motor, sensory,
and cognitive domains [2]. When the decline in the cognitive domain is greater
than expected for an individual’s age and education level, the diagnosis is often
of Mild Cognitive Impairment [3]. This neurological condition is characterized
by an impairment of one or more cognitive domains according to standardized
tests; nonetheless, it is not so severe as to compromise the autonomy and the
quality of life of the individual [4]. MCI has a prevalence in older adults over 65
varying from 3% to 19% [5]. It often represents a prodromal stage of dementia,
but sometimes it reverts back to a normal cognitive status [6]. Because of this
reason, the MCI population represents the optimal target population for which
to administer interventions aimed at improving cognitive outcomes or halting the
progression of symptoms of dementia.

Currently, pharmacological treatment of MCI is not common [7]. It is gener-
ally limited to people who have a great risk of developing dementia, as it implies
uncertain prognosis, frequent side-effects, and thus ethical concerns. On the other
hand, non-pharmacological treatments appear more promising. In particular, re-
searchers are focusing on multi-domain interventions that target possible risk fac-
tors for dementia; these are: the provision of healthy lifestyle guidance (e.g., about
Mediterranean diet or the administration of physical exercise), the treatment of
possible co-morbidities (i.e., obesity, cardiovascular disorders), and the stimulation
of cognitive functions [8, 9, 10]. These interventions have been proven effective
in controlling psychological and physical comorbities associated to MCI, by hav-
ing a positive impact not only on cognitive and functional outcomes, but also on
isolation, depression, sleep quality, weight gain, hyperlipidemia, and vascular risk
functions.

In this context, Virtual Reality (VR) has recently emerged as a promising
tool [11]. Due to its nature, it could provide many benefits to rehabilitation [12],
and to cognitive interventions too. First, it allows for the creation of ecological
training scenarios that elicit natural behaviours, and thus facilitate the transfer of
the acquired capabilities to real-life [13]; additionally, it is a flexible medium, thus
it allows for the easy generation of controllable and adaptive training programs,
which could be customized in terms of level of difficulty and feedback according
to each participant’s needs [14]. Lastly, VR has been proven to be engaging and
to increase the motivation to train. In the context of therapy and rehabilitation,
in which obtaining results is often linked to repeating the same task over time,
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this may represent an essential feature. Indeed, more motivated users have better
performances, and gain better results [12, 15].

It appears that one of the factors causing the user to feel engaged in a VR-based
scenario is Sense of Presence (SoP). SoP is defined as the feeling of “being there”
in a computer generated environment [16]; it has been proven to be dependent
on many objective and subjective factors, among which there is the degree of
immersion provided by the device. More immersion generally results in higher
SoP, and thus in the increased motivation to train of the users [17], [18]. However,
some drawbacks should also be taken into account: higher immersion – e.g. when
using head mounted displays (HMDs) – often causes cyber-sickness, i.e., a series
of negative symptoms resulting from the mismatch among sensory cues [19].

Due to these reasons, this thesis addresses the topics of feasibility and ( when-
ever possible), effectiveness of VR-based interventions aimed at improving cogni-
tive outcomes in older adults suffering from MCI. The work has been carried out
following a pathway going from the less immersive application, to the most im-
mersive ones. Additionally, in the case of immersive VR technologies, being aware
of their possible side-effects, required the conduction of additional trials involving
non-vulnerable populations (i.e., healthy young adults).

2D Virtual Reality-based combined Physical and Cognitive
Training for MCI Patients

This Chapter addresses the effectiveness of a program composed by Physical Ex-
ercise (PE) and Cognitive Training (CT) from a multi-domain perspective. Two
studies are presented.

The first pilot trial foresaw the design and the implementation of a system based
on a projected touch-screen and a cycle-ergometer [20, 21, 22]. Three scenarios
were developed to support the execution of PE and CT; (1) a park in which the
users travelled while performing a HR-based aerobic PE; (2) an urban scenario
with congested cross-roads aimed at training visuo-spatial abilities; (3) a virtual
supermarket scenario in which the users had to search for a specific aisle and
specific grocery items among distractors (Figure 1).

The protocol of this pilot study foresaw the administration of 15-20 minutes
of cycling and about 25 minutes of CT (cross-roads + supermarket) for six weeks,
3 times a week. Ten volunteers aged > 65, and with mild to moderate dementia

Figure 1: Participants of the pilot study while performing the exercises in the park, in the
road-crossing, and in the supermarket scenario.



were randomized into an intervention and a control group. The latter received no
treatment.

Analyses conducted post-training revealed a tendency toward improvement in
cognitive outcomes for the intervention group, assessed through standardized tests.
Significant improvements were found in physiological outcomes (i.e., reactive oxy-
gen species concentration, +8% in the experimental group, −4% in the control
group; creatinine, −49% in the experimental group, no differences in the control
group), indicating that the intervention, though short and administered to a small
sample, had a significant effect on biomarkers indicating an initial impairment of
the nervous system due to Alzheimer’s Disease.

Finally, the intervention was largely accepted by all participants, who had good
adherence, and reported to feel engaged and interested by the use of an innova-
tive means. They also reported a subjective improvement of their Quality of Life
(QoL), resulting from the reduced anxiety they had during the accomplishment of
activities of daily living (ADLs).

A second study was then carried out with a system resembling the same features
of the previous one, with the exception of minor improvements to the interactions
and the graphical representation of items. The study was designed as a randomized
controlled trial with a 2x2 factorial design, in which the first randomization de-
cided whether the participant received CT, the second whether he/she received PE.
Twenty participants aged over 60 with subjective or objective cognitive complaints
were recruited in each group and evaluated at the baseline (t0 ), post-training (t1 ),
and at 4-months follow-up (t2 ).

The protocol foresaw the administration of training twice a week for 12 weeks.
Three groups (n = 20 each) received CT, PE and CT+PE; controls (n = 20)
received no treatment. In this case, significant improvements in cognitive outcomes
were found for the groups who had undergone CT, and in particular in long-
term memory. Indeed we found differences for Short Story Delayed Recall between
controls and CT+PE at t1 (F (3, 76) = 2.82, p = 0.045; p = 0.032 for post-hoc
analysis); and between controls and CT+PE (p = 0.024), and controls and CT
(p = 0.047) at t2. Also Phonological Fluency (F (6, 152) = 2.254, p = 0.041)
and depression (Geriatric Depression Scale, H(3) = 1.826, p = 0.05; p = 0.046)
improved over time for CT group (p = 0.008).

In terms of treatment acceptance, my research team and I recorded positive
results, even though the fact of having included less impaired participants for a
longer period of time may have caused them to be a little more critical toward the
system. In any case, 95% of the participants we interviewed at t2 said that they
would continue with the training, and many reported a perceived improvement of
their QoL.

Both the results of these trials were encouraging, though the question of what
is the optimal intervention – in terms of frequency, duration, intensity – to improve
cognitive outcomes still remains open. The fact that PE alone did not elicit any
improvements in our second study was in contrast with previous outcomes [23]. In
future studies, designing a more customized treatment, depending on the person’s
physical and cognitive status may be of help. Research should continue searching
for the most effective combination of multi-domain interventions for each specific



individual. On the other hand, also improving the VR-based training scenario
could be useful, e.g., increasing SoP to elicit higher motivation, thus trying to
reach better performances and outcomes [12, 15].

Training with higher Sense of Presence: Cycling in immer-
sive virtual reality

This Chapter explores the possibility of increasing SoP during the accomplishment
of PE. Since introducing a navigational component in immersive VR could cause
the arousal of sickness, a first preliminary trial was conducted enrolling healthy
young adults [24]. In this study, the same scenarios using cycling (i.e., the park
and the road-crossing) were modified to run on a HMD. We then performed a
comparative study with a large projected screen with the aim of assessing whether
SoP would increase with the use of the HMD, and if cyber-sickness would arise.

Thirty-three healthy young adults were enrolled and performed 10 minutes of
cycling while wearing the HMD, and while looking at a projected screen in front of
them. We found that almost all of them (n = 26 out of 30 included) preferred the
experience with the HMD. This was probably the result of higher SoP (mean IPQ
score: 56.8 ± 10.39 vs 36.5 ± 8.32, t = −12.06, p < 0.001) and higher motivation
elicited by this condition. However, also cyber-sickness levels were higher in the
HMD condition (SSQ median/q1-q3: 30.00/25.75− 34.00 vs. 22.00/21.00− 25.25,
z = −4.71, p < 0.001): this occurred because of the expected lateral and forward
accelerations that were missing during bends and brakes.

These results showed that the occurrence of cyber-sickness could be somehow
masked by the higher engagement of participants, who despite the occurrence of
some side-effects preferred the experience with the HMD. Nonetheless, side effects
were considered too high to administer this intervention to vulnerable individuals.

Figure 2: One participant cycling in the CAVE [25].

Thus, another immersive device was considered for the development of a cog-
nitive intervention based on cycling for older adults: the Cave Automatic Virtual
Environment (CAVE) [25]. In particular, in the CAVE, we implemented an exercise
allowing for the training of cognitive functions using the Dual Task (DT) paradigm.
DT is based on the concurrent administration of a physical and a cognitive task
[26]; it is motivated by the fact that the simultaneous execution of cognitive and
motor tasks can cause a decline either in the physical or in the mental execution,
or even in both [27].



The setup comprised a cycle-ergometer placed inside a room-sized CAVE with
3 walls, plus the floor projected with stereoscopic 3D projectors (Figure 2). Par-
ticipants (5 older adults either with a normal cognitive status or MCI) were asked
to cycle in the park for 15 minutes and to recognize some target animals appearing
along the route throughout the trial.

All participants, interviewed after the experience, reported a good system us-
ability (SUS score: 76.88±17.0 out of 100), good levels of SoP, and no side-effects.
Levels of flow, i.e., the feeling arising when an individual feels that his/her ca-
pabilities are challenged to the right extent, were also very positive (SFS score:
4.33± 0.75 out of 5). The small sample surely reduced the generalizability of the
obtained results, but the homogeneity of the collected data might allow hypothe-
sizing that criticisms would not emerge when extending the experiment to a larger
sample of participants.

In conclusion, the CAVE-based training may be promising to administer VR-
based PE to older adults, either in concurrency with CT or not.

A HMD-based environment for cognitive training: feasibil-
ity and evaluation of naturalness of an immersive supermar-
ket

After having sought the best way to administer PE to older adults, the feasibility
of an intervention taking place in an immersive supermarket to train visuo-spatial
abilities was also explored.

To do this, a virtual environment containing an aisle and a cash-register scenes
was deployed for the HTC Vive HMD (Figure 3). As for the park, a preliminary
study enrolling healthy participants was performed [24]; also in this case, we ob-
tained very good results in terms of SoP (ITC-SOPI spatial presence: 3.78± 0.42,
engagement 3.80±0.33, naturalness 4.15±0.42). Few complaints were recorded in
terms of oculomotor disturbances (SSQ-TS: 18.70/3.74− 38.34; SSQ-O: 22.77/0−
39.80), but the correct placement of the HMD solved almost all of them.

Figure 3: The two scenes of the immersive virtual supermarket.

Prior to evaluating the feasibility of the immersive supermarket on a sample
of older adults, we performed a study aimed at assessing whether the naturalness
of the reaching movement was preserved in immersive VR [28, 29]. The final goal
was investigating whether interacting with VR caused the user to employ higher
cognitive resources (due to the elicitation of unnatural behaviours [30]), and thus
to distract them from the main (cognitive) task they should perform.



Figure 4: Participants reaching for grocery items in the VR and RWC conditions. On the
right side, a screenshot of the motion capture system software [29].

Figure 5: Movement times during the reaching phase in the three conditions of testing [28].

We thus compared 3 different conditions, in which participants had to reach
and transport grocery items presented on a simplified version of the supermarket
shelves. The 3 conditions were real world (RW), real world while holding the HTC
Vive controller (RWC), and virtual reality (VR). Ten healthy adults aged < 40,
and 3 healthy older adults (> 65) were enrolled (Figure 4). Their movements were
captured with a stereophotogrammetric motion capture system.

Analyzing data collected for young adults, we found, in agreement with previous
studies [31, 32, 33, 34, 30, 35], that movement times were significantly longer in
VR, and we confirmed that this was not dependent on holding the controller in
participants with no motor impairment. We found that the reaching (Figure 5) and
the transport phase were influenced by the fact of being in VR, with the exception
of transfer peak velocity that was different for RWC only.

On the other hand, we found that curvature, interjoint coordination, and almost
all joint ranges of motion were not affected by the fact of wearing an HMD. This
could be considered as a promising result in accordance with other findings [36],



Figure 6: The comparison of SSQ and ITC-SOPI scores obtained for the older and the young
adults trying the Virtual Supermarket.

as movement pattern and joint angle synergies were preserved.
Older adults reached even slower than young participants when immersed in

VR, and we hypothesized this could be due to the resources required by the target
searching, the reduced visual fidelity (vision declines with age [37]), and to the
reduced familiarity they had with technology [38]. Due to the very small sample,
however, these results have to be treated cautiously.

Clearly, further studies should better address these issues, and try to intro-
duce the investigation of objective performances (e.g., accuracy or precision of the
output), the measurement of objective variables (e.g., cognitive workload through
EEG), and exploit all the available technological means to try to render the most
realistic sensations as possible (e.g., haptic devices).

Lastly, given the good results of the preliminary study on healthy young adults,
both in terms of good usability and low cyber-sickness, and the acceptable similar-
ity in between the movements performed in virtual and physical reality (indicating
possibly a limited cognitive workload), a feasibility study was conducted enrolling
target users [39].

The same scenario used for young adults (with minor modifications aimed at
simplifying the interactions with the controllers) was administered to a sample of
57 older adults with either MCI or subjective cognitive complaints. Participants
navigated in the VE for 15 minutes and then answered to questionnaires aimed at
investigating their subjective experience.

The intervention demonstrated feasibility and acceptablility (TAM3 score: >
5.33 out of 7), and was capable of eliciting high SoP (ITC-SOPI spatial presence:
3.51 ± 0.50, engagement 3.85 ± 0.68, naturalness 3.85 ± 0.82). Levels of realism
were high, and only slight side-effects were recorded (SSQ score: 3.74/0 − 16.83).
No differences emerged when comparing the results obtained by the young and the
older adults (Figure 6). Thus, also the employment of HMD for the administration
of CT programs not implying navigational components (e.g., the cycling) should
be considered for further investigations for the implementation of cognitive inter-
ventions.



Conclusions and future work

This work has assessed the clinical impact of a VR-based intervention providing
PE and CT to older adults with MCI, and the feasibility of immersive VR in-
terventions aimed at improve cognitive outcomes in the same population. The
followed pathway allowed testing of the feasibility of such interventions implying
an increasing SoP, while always balancing for their potential side effects.

Therefore, the final outcomes of this thesis are: (1) VR could be a promising
means to administer CT and PE, and its potential in terms of customization and
adaptation of the treatment should be exploited to provide each individual with the
best program as possible; (2) immersive VR was largely accepted by older adults,
though a good design of the applications is essential.

The limitations of these studies partially reduced the generalizability of the
obtained results to the entire MCI population, and especially to older adults with
more severe impairments. Nonetheless, the promising outcomes we obtained sug-
gest that the application of (immersive) VR to cognitive interventions is worthy of
further investigations.

Future works should focus on the development of VR-based applications able
to incorporate novel technologies and exploit the new knowledge emerging from
previous studies [11]. Additionally, controlled trials are needed to provide evidence
that these interventions are really effective in improving the cognitive status of
older adults with MCI.
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Chapter 1

Cognitive Decline in Aging

1.1 Aging

In recent years, there has been a notable growth of the aging population. According
to the World Health Organization, the proportion of people older than 65 years is
increasing faster than that of all the other age groups, and is expected to triple to
1.5 billion by the mid-21st century [1]. Aging is a process leading to the structural
and functional deterioration of many physiological systems, even in absence of
specific pathologies [2].

Although aging alone is not a pathology, it may cause the decline in one or more
systems, thus leading to reduced functioning in the motor, sensory, and cognitive
domains. Moreover, aging is characterized by a status of increased vulnerability,
in which not only the risk of an adverse event (e.g., minor infection and falls) is
increased, but also the body response to a small insult results in a disproportionate
change in the health condition (from independent to dependent lifestyle or from
lucid to cognitive impaired status) [40].

Given the increased life-expectancy of recent years, many studies have tried to
examine the process of aging and how the decline in cognitive, motor and sensory
processes occur. This has led to a number of models of aging, though they all can be
categorized according to two main leading theories [41]. The first theory includes
all those models focusing on the internal causes of aging, thus to the concept that
lifespan is genetically determined (Figure 1.1, above). According to them, specific
genetic programs lead to a breakdown in the cell replication, immune or endocrine
mechanisms, which subsequently result in the death of the individual. This type of
aging has been identified as primary aging, since it is dependent on the individual.
Primary aging is the process leading to slowed movements, fading vision, impaired
hearing, reduced ability to adapt to stress, decreased resistance to infections [42].

The theory suggests that aging is due to external causes, rather than internal
ones (Figure 1.1, below). Lifespan would be thus indefinite without the damages
caused by the environment, viruses and bacteria, foods, and pollutants. This
series of models, presenting the so-called secondary aging, could explain why some
systems can be severely affected by pathologies, while others keep a high level of
functioning throughout the whole lifespan [43].

In spite of those conflicting theories, the search for a single cause of aging has



Figure 1.1: The two models of aging; the first (above) model suggests aging occurs as a
consequence of an inevitable decline in the nervous system. The second model (below) states
that the normal functioning of the neuronal system is kept until a catastrophic event or a
specific pathology arises. Adapted from [44].

been replaced in the ‘90s by the view of aging as an extremely complex, mul-
tifactorial process [45, 46], in which both primary and secondary aging factors
contribute to different extents. This interaction between primary and secondary
factors is particularly relevant for medicine and for research, since – in spite of
the inevitable decline due to the genetic makeup – secondary aging can be kept
under control. In particular, nutrition, exercise, insults and pollutants are factors
that may be addressed to limit the physiological age-related decline. For instance,
exercise programs can improve the cardiovascular fitness, thus helping in control-
ling obesity, motor and cognitive functions. The same is true for nutrition, and
preventive health care measures [44].

1.2 Mild Cognitive Impairment and dementia

For what concerns cognitive functions, the beginning of the decline can be asso-
ciated with the onset of the so-called Mild Cognitive Impairment (MCI). MCI is
a syndrome defined as “cognitive decline greater than expected for an individual’s
age and education level, but that does not interfere with the accomplishment of the
activities of daily living (ADLs)” [3]. It is thus different from dementia, in which
cognitive deficits are more severe and widespread and have a significant effect on
daily function [4].

The term Mild Cognitive Impairment has been firstly introduced in association
with stage 3 of the Global Deterioration Scale for aging and dementia (GDS). The
GDS, published in 1982, identified 7 clinical stages ranging from normality (1)
to very severe cognitive decline (late dementia, 7). People at GDS stage 3 have
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subtle deficits in cognition and may present some deficits in executive functions
affecting complex occupational and social activities. Instead, a GDS score of 4
corresponds to the definition of mild dementia. Nowadays, a general definition of
MCI is still considered controversial, as the criteria for diagnosis neither specify
methods to assess cognitive or functional capacity, nor provide clear cut-offs for
cognitive or functional scales to differentiate MCI from normal aging, and MCI
from mild dementia [4].

Currently, there are also some attempts to broaden the definition of MCI to
include deficits in several cognitive domains other than memory; the clinical phe-
notypes of amnestic (i.e., the patient has memory complaints) and non-amnestic
MCI, and the further classification in single- or multiple-domain MCI have been
introduced [47].

Because of these uncertainties, different longitudinal studies have reported a
prevalence of MCI in older adults over 65 varying from 3% to 19%, depending on
the diverse diagnostic criteria [5]. The same is worthy also for incidence, which
was found to be 8‰ to 58‰ per year, and for the risk of developing dementia
– especially Alzheimer’s Disease (AD) – once diagnosed with MCI, which ranges
from 11 to 33% over two years [6]. On the other hand, MCI could also regress:
in one year after the first visit, up to 44% of the individuals diagnosed with MCI
register the return to a normal cognitive status [6, 48].

1.2.1 Pathophysiology of cognitive decline

Dementia arises when specific pathological processes occur in addition to the phys-
iological depletion of cognitive resources. The progression of these processes leads
to a condition characterized by the progressive decline of different functions, and
also of personality tracts and behaviours, thus resulting in a great impairment in
the accomplishment of the ADLs, and in the social participation of the affected
individual [49]. The most common cause of dementia is AD; MCI is often consid-
ered its prodromal stage, even if no clear relationship between these two statuses
has been established yet [50].

Pathogenesis of AD is related to the deposition of a protein, the β-amyloid,
both at intra and extracellular level [51]. β-amyloid damages neurons through a
direct mechanism leading to cell apoptosis, and by stimulating immunity cells nor-
mally deputed to central nervous system protection (i.e., astrocytes and microglia)
to produce inflammatory and toxic neuron mediators [52]. The most common
morphological characteristic of a brain belonging to an AD patient is the marked
atrophy, which is mainly due to the neurons’ degeneration and to the subsequent
decrease of dendritic spines and of synaptic junctions [53]. Compared with people
affected by AD, those with MCI have an intermediate amounts of AD pathological
findings, with amyloid deposition often limited to the mesial and temporal lobes
[54].

In addition to the neurodegerative damage, cardiovascular diseases have been
shown to be related to the occurrence of MCI. The importance of white-matter le-
sions and small lacunar infarcts is becoming more and more apparent in individuals
with cognitive impairments [55]. Findings from the Religious Order Study have
demonstrated that the cerebrovascular involvement in MCI is indeed intermediate
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between what seen in aging and in early AD phases [56].
This evidence has led to the hypothesis that each type of progressive dementia

has its own sub-type of MCI (i.e. amnestic and non-amnestic, single or multi-
domain) [47]. If confirmed, this would mean that each form of pre-dementia pre-
dicts a specific prognosis, with specific effects on survival times. With regard to
this theory, Petersen et al. [47] suggested the outline presented in Figure 1.2.

Figure 1.2: Outline of the syndrome of MCI. The Figure shows that amnestic and non-
amnestic types of MCI may be interpreted as prodromal stages of different types of dementia,
also depending on the cause. Other medical disorders, such as metabolic and nutritive deficits,
upper airways’ obstruction and head trauma, can contribute to the development of dementia.
Adapted from [47].

As it can be seen from the Figure 1.2, also the presence of behavioural and
psychological signs, including depression, predicts a high likelihood of progression
toward the status of declared dementia [57]. It is thus plausible that, in the future,
the definition of MCI will include also non-cognitive symptoms that may represent
the prodrome of disorders that belong to dementia types, but are different from
AD, such as fronto-temporal and Lewy-body dementia [4].

1.2.2 Criteria for diagnosis

In spite of the increasing interest in dementia research, currently there are no
clear cut-off points that allow distinguishing normal cognition from MCI [58], and
MCI from mild dementia. However, an International Working Group has tried to
propose some core clinical criteria for the identification of MCI [49]. These are:

1. presence of concerns regarding a change in cognition; there should be ev-
idence of concern about a change in cognition, in comparison to the per-
son’s previous status. Such concerns can be communicated by the patient
him/herself, from a care-giver, or can be observed by a clinician with expe-
rience in the field.

2. impairment in one or more cognitive domains, i.e. memory, language, exec-
utive functions, attention and visuo-spatial skills. The impairment must be
greater than what expected for a person of that age, and with that educa-
tional level.

3. preservation of independence in functional abilities, in a MCI subject, the
accomplishment of complex functional task is less efficient, requires more
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time, and the person is more prone to make errors; however, autonomy of
functioning in daily life, with minimal aids or assistance, is preserved.

4. the person is not demented : all the measured cognitive impairments must
not be significantly affecting the social and occupational functioning of the
individual.

MCI can also be accompanied by other changes, such as impairments in balance
and coordination [59].

Since it remains fundamental to assess whether there is an objective cognitive
decline, and if so, the degree of such a decline, psychometric tests are currently
the way to make a diagnosis. The most widespread scales used for the diagnosis of
MCI and dementia are the Mini-Mental Evaluation Scale (MMSE) [60, 61] and the
Montreal Cognitive Assessment (MoCA) [62]. Both have high levels of sensitivity
for moderate-to-severe cognitive impairment, but showed lower sensitivity for mild
dementia and MCI; however, their easy and quick administration still makes them
the preferred tests in clinical settings [4]. In this context, much research has under-
lined the increasing need of sensitive and user-friendly cognitive tests for clinicians.
However, in absence of these tests, a variety of validated clinical neuropsychologi-
cal measures is available to assess several cognitive abilities. Since MCI may affect
different cognitive functions, it is indeed recommended to administer a battery of
tests, rather than only one. Analysing more scores together allows, in fact, ob-
taining a more complete clinical picture of the patient [63]. In general, the scores
obtained by individuals with MCI are 1 to 1.5 standard deviations below the mean
for their age- and education-matched peers on culturally-appropriate normative
data (i.e., regarding each impaired domain(s), when available) [64].

Biomarker-based diagnosis

Beside the diagnosis that could be obtained from the administration of standard-
ized psychometric tests, there are some recently-introduced clinical research criteria
which incorporate the use of biomarkers [65, 49]. Those criteria are dedicated only
to research settings, due to some limitations they have, mainly because of their
recent advent: (1) more research is still needed to confirm whether the use of a spe-
cific biomarker is effective in identifying cognitive decline, and its extent; (2) there
is a limited standardization of procedures, and cut-off points must still be defined;
finally, (3) access to biomarkers is limited in non-dedicated research settings.

Biomarkers, especially in the case of MCI due to AD, can be categorized into
several different classes. Some biomarkers directly reflect the pathological status by
highlighting the presence of key proteins deposited in the brain during the course
of AD, such as the β-amyloid protein and tau [65]. In particular, β-amyloid can be
detected and quantified in the cerebrospinal fluid and in the plasma of the patient,
and reflects the presence of amyloid plaques in the brain, i.e., one of the hallmarks
of AD [66, 67].

Other biomarkers provide less direct or nonspecific evidence of AD by tracking
a variety of indices of neuronal injury; they can include a number of structural
and functional measures, including brain atrophy, and hypometabolism or hypop-
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erfusion obtained with magnetic resonance (MRI), positron emission (PET) and
single-photon emission computed tomography (SPECT) imaging [68, 69] .

A third category of markers is constituted by the ones related to biochemi-
cal changes. Indeed, the progression of dementia – and of AD in particular –
is characterized by numerous biochemical events, including oxidative stress, and
inflammation [70].

1.2.3 Risk factors

Several known risk factors for the development of dementia have been identified
throughout years, and, in parallel to the aging factors, they can be grouped under
two categories: the non-modifiable and the modifiable risk factors [71].

Among the non-modifiable risk factors, there are aging and the person’s genetic
characteristics. The most consistent risk factor for the development of Alzheimer-
type dementia has been identified in the allele APOE ε4 [72]; carriers of such
an allele are more than 2 times as likely to manifest dementia. Those who are
homozygotes for APOE ε4 have a 4-fold increase in the probability of developing
AD [73].

For the secondary, i.e. modifiable risk factors, several comorbidities have been
identified; they include diabetes mellitus, hypertension, hypercholesterolemia, heart
disease (history of coronary artery disease, atrial fibrillations, heart failure, or
valvular heart disease) [74]. Being less educated seems to contribute to the de-
velopment of dementia [75], so as having had a traumatic brain injury or having
sleeping disturbances [74]. In addition to these personal characteristics and clin-
ical conditions, there are some other factors correlated with the person’s lifestyle
that seem to negatively influence the progression of dementia. These are: lack of
physical exercise, of cognitively stimulating activities, and of social engagement;
smoking, alcohol consumption, and unbalanced diet [74].

The relationships between the above-mentioned factors and the development of
different forms of dementia are still uncertain, and further studies and randomized
clinical trials are needed to shed new light on these topics. Nevertheless, it is also
true that there is enough evidence from a population-based perspective to affirm
that it is possible to reduce the risk of cognitive decline acting on the modifiable
risk factors. Physical exercise, management of cardiovascular pathologies, a healthy
diet, lifelong learning and cognitive training seem to be able to halt or, at least, to
slow down the decline both from a normal cognitive status to MCI and from MCI
to severe dementia [71].

With the increasing population age worldwide, and the increasing incidence of
dementia, it becomes fundamental that all the interventions aimed at preventing
or managing cognitive decline act for modifying one, or – preferably – more of the
risk factors, thus promoting a healthy, active and social engaging lifestyle [76].
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1.3 Management of cognitive impairment in older

adults

Currently, there is no therapy proven to reverse the neurological damage due to de-
mentia [7]. However, the increased risk of developing dementia while being affected
by MCI requires an appropriate management, also considering the psychological
influence of knowing to be cognitively impaired. Many older adults show the so-
called excess disability after MCI diagnosis, meaning that they withdraw from any
activities, even if they would be able to accomplish them [77]. This behaviour, not
only contributes to make dementia symptoms appearing worse, but also reduces
social participation and engagement in cognitively stimulating activity, making the
progression toward the pathological condition faster.

Both pharmacological and non-pharmacological interventions have been devel-
oped and tested to try and halt the occurrence of new symptoms or make MCI
patients to return to a normal cognitive status [78]. Pharmacotherapy is currently
not common, and generally limited to people who have a great risk of develop-
ing dementia. Medical side-effects and uncertain prognosis, together with ethical
concerns [7], limit the pharmacological treatment of MCI. For instance, acetyl-
cholinesterase inhibitors (i.e., galantamine) are among the most employed drugs to
improve cognition; however, they increase the death rate, and have no sure effect
on the conversion from MCI to dementia: an adequate evaluation of risks and ben-
efits must thus be done prior to prescription. Moreover, even if their functioning
may appear promising, their effectiveness seems to be limited only in APOE ε4
patients with amnestic MCI [79].

On the other hand, considering non-pharmacological treatments, results are
more encouraging. Positive outcomes have been obtained in several trials, and
meta-analyses have started showing the efficacy of: periodic monitoring of patients,
providing lifestyle guidance [8], treating lifestyle-related diseases [9], and training
cognitive functions [10]. Considering secondary aging factors, these treatments
have been proven effective in controlling psychological and physical co-morbities
associated to MCI, by having a positive impact on isolation, depression, sleep
quality, weight gain, hyperlipidemia, and vascular risk functions [80]. A few of
these interventions, their administration and effectiveness are better described in
the following paragraphs.

1.3.1 Cognitive interventions

Cognitive interventions may bring an important benefit to people suffering from
MCI, because these individuals have a high need for treatment, and they could re-
tain the cognitive capabilities to learn and apply sets of new strategies. If designed
properly, cognitive interventions could optimize the functioning of persons with
MCI, thus reducing their limitations and preventing the anxiety resulting from
their condition awareness, and from their cognitive failures [81]. Different forms
of cognitive interventions have been described in literature. Clare et al. [82] have
identified three approaches to cognitive intervention. These are:

• cognitive stimulation, which refers to the involvement in group activities
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specifically designed to increase cognitive and social engagement in a non-
specific way; cognitive stimulation may include supervised leisure activities,
group discussion, reality orientation, or reminiscence therapy.

• cognitive rehabilitation, which foresees individually-tailored programs defined
together with the patient and his/her care-givers; cognitive rehabilitation
focuses on specific ADLs that are defined as “aims” by the older adult
him/herself.

• cognitive training, which involves a guided practice on a set of standardized
tasks designed to reflect particular cognitive functions such as memory, atten-
tion or problem-solving. It includes repeated problems and exercises aimed
at training specific cognitive abilities in different conditions, and strategies
to exploit spared cognitive capacities to improve the impaired ones (e.g.,
memory-training techniques that rely on visual imagery to support episodic
memory).

Cognitive training (CT) is the intervention that has been tested most often.
Programs based on CT should address each individual’s impaired cognitive domain,
and consider both the ecological validity and the impact of the intervention on the
person well-being. The mechanisms with which CT can contribute to improve
cognitive functioning are still not well understood, but are thought to involve the
enhancement of neurobiological processes that support cognitive function, includ-
ing synaptic reinforcement, long-term potentiation, and the activation of diverse
neural networks [83]. In recent years, evidence has shown that CT changes both
brain structure [84] and function [85]. Nonetheless, the final aim of CT should
be an improvement in cognition which generalize to functional outcomes, i.e. a
perceivable improvement in the activities of daily living [86]. With respect to
this outcome, evidence in literature is mixed, and researchers call for more stud-
ies aimed at identifying barriers and facilitators to transferring abilities acquired
during the training period to real life [81].

In CT field, the current tendency is going toward the implementation of tai-
lored training, rather than applying the one-size-fits-all paradigm. This is favoured
by the progressive substitution of paper and pencil-based training with Computer-
ized Computer Training (CCT) and Virtual Reality (VR)-based training programs,
which can both adapt the level of difficulty and the typology of the proposed tasks
depending on the cognitive profile of each user [86].

A Cochrane review [81] has reported a positive effect of CCT and VR-based
programs in the cognitive domains of attention, executive functions and memory,
assessed through standard psychometric tests. Improvements on psychological as-
pects, such as mood, depressive symptoms and anxiety were also found. On the
other hand, the assessment of ADLs demonstrated no significant improvements,
highlighting the need of better investigating the transfer of gain also in the case of
computer-based programs, (often) characterized by high ecological validity.

Nowadays, CCT interventions are very diverse and span from the use of com-
mercial software targeting specific cognitive domains (e.g., NeuroPsychological
Training, Brain Fitness) to ad-hoc developed applications. Batteries of exercises
generally include identification of target sounds, memorization, visual matching,
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target detection, discrimination and localization, mathematical operations, tasks
to train reaction times. VR-based study make use of multisensory stimulation in
environments simulating living environments; exercises in this case dealt with route
finding, memorization, performance of simple ADLs [87].

1.3.2 Physical exercise

Physical inactivity is one of the modifiable risk factors for the development of AD,
and dementia in general [23]. Vice versa, doing physical exercise (PE) is known to
improve general health reducing the occurrence of infarction, stroke, and diabetes
and facilitating neurogenesis and improving cerebral perfusion. Because of these
reasons, it is plausible to hypothesize that PE may be helpful also in preventing
the occurrence of AD, and dementia in general [88]. Different studies have started
investigated this field, and, as for CT, results appear to be promising. In 2016,
Stephen et al. [88] reviewed the results of 24 longitudinal observational studies to
determine whether PE can be considered as a preventive intervention with respect
to AD development. Eighteen studies out of 24 confirmed this hypothesis and the
results of previous reviews of the literature, showing that being physically active
throughout life can contribute to the maintenance of a good cognitive status in old
age, and also that increasing the level of PE during mid- or even late-life may be
to be beneficial.

Interventions based on the provision of PE – also for a limited period of time
– have also proven effective in improving cognitive outcomes. In 2013, a RCT
was performed enrolling 86 older adults with subjective memory complains [89];
participants were randomized in three groups: two intervention groups performing
either resistance or aerobic training twice a week for 26 weeks and a control group
doing stretching and balance exercises. Results showed improved verbal memory
for the aerobic training group, and improved reaction times in spatial memory tests
for both intervention groups. These outcomes were in agreement with previous
studies [90, 91]. In particular, the first reported that the group who performed 6
months of aerobic training 4 days/week improved in both executive functions and
attention domains, whereas the control (stretching) group remained stable. The
second study, instead, showed improvements in global cognition and logical memory
in MCI patients undertaking aerobic exercise, strength and postural training for 6
months.

However, as for other types of cognitive interventions, evidence is mixed, with
studies obtaining no significant improvements [23] or showing that PE is not supe-
rior to other preventive interventions, e.g., health education program [92]. This is
probably due to high heterogeneity of the conducted studies. Also for PE, in fact,
it remains difficult to define which type(s) of PE, and which intensity, frequency,
and duration are needed to obtain an effective reduction of the risk of developing
dementia.

1.3.3 Multi-domain interventions

The shortage of high-quality evidence in the field of dementia prevention has
not allowed identifying all the factors (i.e., training frequency, duration, inten-

23



sity) contributing, either positively or negatively, to the effectiveness of the non-
pharmacological interventions [93]. Thus, the definition of standard protocols
aimed at halting or delaying the cognitive decline in older adults is still lacking.
Given this, and given the multifactorial aetiology of dementia, researchers have re-
cently shifted their focus toward longer (e.g., 2 to 6 years) interventions targeting
multiple risk factors simultaneously.

The conduction of three large RCTs addressing different risk-factors, and con-
cluded in the last years, constitutes the demonstration that the multi-domain ap-
proach appears today as the most effective strategy to try and halt the occurrence
of cognitive impairments in the older population [94].

The Finnish Geriatric Intervention Study to Prevent Cognitive Impairment
and Disability (FINGER) [95], ended in 2014, was the only study demonstrating
the effects of a multidomain approach made of physical exercise, diet, cognitive
training, social stimulation, and vascular risk factors management, in improving
or maintaining cognitive functioning in older adults at risk of dementia. FINGER
enrolled 1260 participants showing the presence of modifiable risk factors (old age,
low education, sex [M], high body mass index and cholesterol, no physical activity,
assessed with CAIDE Dementia Risk Score ≥ 6 pts) and cognitive performance
slightly lower than what expected for age-matched normative samples. At the end
of the intervention period, the between-group difference in neuropsychological test
battery was in favour to the intervention: improvement in the total score was 25%
higher in the intervention group than in the control group.

Moreover, the intervention had a significant beneficial effect on processing
speed, executive function and complex memory tasks, and reduced the risk of cog-
nitive decline acting on non-cognitive outcomes such as body-mass index (BMI),
diet, PE and quality of life (QoL). Finally, sub-group analysis demonstrated that
also participants carrying APOE ε4 allele benefitted from the intervention [96].
This meant that APOE ε4 appeared not to hinder the intervention-related im-
provement, thus opening the way to a series of practical positive implications for
further non-pharmacological treatments, also for APOE-related genetic suscepti-
bility to dementia.

On the other hand, the two other RCTs – the French Multidomain Alzheimer
Preventive Trial (MAPT) [97] and the Dutch Prevention of Dementia by Intensive
Vascular care (preDIVA) [98] – obtained no significant results in their primary
outcomes, i.e., cognition and dementia incidence, respectively.

In the former study, researchers enrolled 1680 frail elder individuals, and tested
the efficacy of omega-3 polyunsaturated fatty acid supplementation either alone,
or in combination with a multidomain intervention composed of cognitive training,
advice on diet, and physical activity. In spite of non-significance of the primary
outcome, i.e., general cognition assessed via a psychometric test battery, positive
results were found through post-hoc analyses by pooling together both groups
receiving the multidomain intervention. Both groups showed a beneficial effect
on MMSE and orientation tests. Furthermore, the multidomain intervention was
found to be effective among individuals with an increased risk of dementia de-
fined either as a CAIDE (Cardiovascular Risk Factors, Aging, and Incidence of
Dementia) score ≤ 6, or presence of amyloid-β in PET images.

In preDIVA, the effectiveness of a 6-year multidomain cardiovascular interven-
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tion was assessed in comparison with standard care, in a sample of unselected
population of older people with all-cause dementia. The intervention consisted in
3 visits per year to a general practice, in which customized lifestyle advices were
given to the study participants, after the assessment of cardiovascular risk factors:
smoking habits, diet, physical activity, weight, and blood pressure. Control group
received standard care. Also in this case, the intervention did not result in an over-
all decrease of dementia incidence, which was the primary outcome, but additional
analyses showed that the intervention had a protective effect for non-Alzheimer
dementia, and that treating hypertension was beneficial to dementia occurrence.

In conclusion, what emerges from these trials, other smaller RCTs, and obser-
vational cohort studies, is that multidomain interventions that target several risk
factors at the same time might be the key for an effective prevention. Nonetheless
some essential aspects, such as age, severity of symptoms of the target population,
or the intervention intensity, still have to be determined in order to identify the (po-
tentially different) optimal treatment(s) addressing at-risk and early-symptomatic
individuals with diverse types of dementia [93].

1.4 Virtual reality and rehabilitation

VR is a computing technology that generates simulated or artificially 3-dimensional
environment, which imitates reality; thanks to input and output devices, VR users
are brought to believe that they actually perceive sensory information that is sim-
ilar to that of the real world, and are invited to respond with natural behaviours.

A growing number of devices is currently available for interaction with VR
(e.g., joysticks, gloves, surfaces, etc.), and for stimuli presentation (e.g., screens,
audio headsets, speakers, haptic interfaces); however, VR system can be roughly
classified into the following 3 categories [99].

• Non-immersive systems ; in this case, the user experiences 3D environment
using a conventional monitor, and usually interacts using keyboard, joysticks,
trackball and mouse.

• Semi-immersive systems comprise relatively high-performance graphics com-
puting systems, coupled with a large screen monitor, or a large projected
screen, or a multiple television projection system. Stereographic imaging, in
this case, can be achieved using shutter glasses.

• Immersive systems ideally would consist of a set of displays (visual, auditory,
haptic) and a tracking system. Immersive VR is currently lacking a clear
definition in literature, but the minimum requirements for a system to be
considered immersive are: (1) a display allowing for stereoscopic vision, and
(2) a tracking system enabling the adjustment of the point-of-view in the
virtual scene, according to the user’s head orientation in space. Up to now,
two different categories of devices are believed to be fully-immersive: head
mounted displays (HMDs) and the Cave Automatic Virtual Environment
(CAVE).
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Going from desktop-based system to immersive VR technologies, users can
theoretically experience increasing levels of Sense of Presence (SoP). SoP, i.e., the
feeling of “being there” in an environment that is different from the actual physical
locale, is influenced by immersion (the feeling of being part of the virtual world,
interacting directly with the environment) and involvement (the focusing of one’s
attention toward a specific set of stimuli). The elicitation of SoP depends on many
factors, such as the control the user has, the quality and the synchronization of
the sensory stimulation, the realism of the virtual scene. Subjective characteristics
may also have an influence: the willingness of the user to be distracted from reality
[16] or the susceptibility to motion sickness [100] could play a role in the experience
of SoP.

Because of the presence of subjective factors, and of the fact that none of the
above-mentioned factors is effective in isolation, obtaining SoP is not a straight
process. Rather, high SoP is achieved only considering the complex interaction of
the many elements involved.

1.4.1 The potentialities of virtual reality in rehabilitation

VR has recently emerged as a promising tool in many domains of therapy and
rehabilitation. It has been defined as more than a simple linear extension of exist-
ing information and communication technology for human use [14], because of its
advantages and potentialities with respect to other media. In the field of rehabili-
tation and training, the following points of strength have been identified [14].

• High ecological validity, i.e., the degree of similarity that a test or training
system has with respect to the real world, and its value for predicting or
improving functioning in ADLs. Indeed, VR allows for the creation of realistic
environments in which challenges requiring real-world functional behaviours
can be easily included, tested and trained in a systematic fashion; this is
generally not possible in standard laboratories dedicated to rehabilitation.
An important point to highlight is that ecological validity is often related to
the graphical realism of the virtual scene. However, this element alone could
not be enough; or, vice versa, very unrealistic scenarios could be considered
ecologic as humans are capable of suspending disbelief and of embodying
in a non-existing character with no particular effort [12]. In essence, as
long as the VR scenario resembles the real world and its challenges, and
the system responds well to user interaction, ecological validity could be
considered preserved, and probably enhanced with respect to standard real-
life laboratory-based scenarios (which are usually simplified due to space and
cost-related constraints).

• Controlling stimuli delivery : VR gives researchers the possibility of control-
ling the amount of stimuli to be conveyed to the end user. Virtual Envi-
ronments (VEs) can be developed to present simulations that allow for the
rehabilitation of physical, cognitive or psychological processes under a range
of stimulus-conditions that are not easily controllable in real-world. This
flexibility can be used to increase or decrease the level of difficulty of the pro-
posed tasks, according to user’s capabilities, and his/her progress throughout
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time. It can also support a learning-by-doing approach, in which cues are
given to the patient prior to a response, in order to elicit an error-free perfor-
mance. Finally, creating adaptive environment that are adjustable according
to various patients’ needs may also constitute an added-value [101].

• Real-time feedback and performance record ; in rehabilitation, as in all learning
scenarios, performance feedback is necessary to foster learning and skill ac-
quisition processes. VR embeds the possibility of computing the performance
in real-time – considering objective measures collected during the simulation
by appropriate sensors – and to return feedback that would not be occurring
(e.g., sounds, red signs, etc.), or that would be impossible to achieve in real-
ity (e.g., seeing an avatar mimicking the patient’s movements from different
point-of-views [102]). The information collected during the training session
can also be stored, analysed and reviewed in the form of a complete digital
record of performance, which remains available for the therapists.

• Independent practice and spontaneous behaviours ; VR can be assumed to be
able to provide theoretically high levels of SoP. When SoP is high, the sus-
pension of disbelief is enhanced and a particular psychological state, defined
as flow, occurs [103]. In such a state, the user’s attention is directed toward
the VE, he/she feels that challenges and skills are progressively balanced, and
the user experience can become somehow less conscious, with, for instance,
the perceived removal of the therapist from the room, or the feeling to be
elsewhere with respect to a clinical lab. Flow has been hypothesized to influ-
ence task performance, and to create a unique window in which individuals
perform in an independent and autonomous fashion, giving the therapists the
possibility to assess how personal compensatory or problem-solving strategies
are spontaneously applied when challenging situations occurs.

• Increased motivation and treatment adherence; one of the main limitations af-
fecting rehabilitation programs deals with the repetitiveness of the proposed
tasks; bored patients have less motivation to train, and thereby reduced
outcomes that often result in decreased treatment adherence and increased
possibility of withdrawals. In such a context, VR has emerged as a means to
overcome this limitation. Whether exploring a novel world or performing fa-
miliar actions, people naturally consider VEs to be fun and more stimulating.
Likewise, studies have shown that the employment of innovative technologies
causes users to have more positive reactions to their experiences [104]. Ad-
ditionally, the excitement produced by VR and relevant technologies may be
intensified if the program includes entertaining and gaming elements, and
if a scoring system – based on actual performance – exists. Whether in-
creased motivation leads to increased treatment outcomes is still an open
issue, whereas the positive correlation between VR-based programs and pa-
tients’ motivation has been repeatedly demonstrated.

• Safety represents an important concern whenever patients need to be trained
in ADLs that are intrinsically dangerous, such as driving, crossing streets,
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cooking, and operating mechanical or industrial equipment. Clearly, practis-
ing in a simulated environment preserves the users (and the therapist) from
all potential risks; also, it offers the patients the possibility of performing a
self-assessment and of increasing their awareness of limitations, thus allowing
a more informed decision about whether they feel confident enough to go on
performing that activity in real life [105].

• Telerehabilitation constitutes one of the possibilities enabled by VR-based
treatments [106]. Having the chance to exercise at home, in a controlled way,
would mean to increase client access, to enhance rehabilitation outcomes and
to reduce costs related to transfers and to the treatment itself. A remote con-
nection with the therapist could allow periodic monitoring and adaptation of
the exercise, both to increase the difficulty, and to insert new scenarios in or-
der to avoid boredom. Possibilities are many, but the actual implementation
of telerehabilitaion is still limited by the potential risks connected to lack of
supervision, security of the collected data, and the concerns of the patients
in terms of being disconnected or abandoned by the therapist, or, again, in
terms of privacy.

As mentioned, the advantages offered by VR-based treatments are many, but some
existing issues must also be considered [14]. First, limitations in terms of software
and hardware development still constitute a barrier to the application and the dif-
fusion of VR technologies in the field of rehabilitation. Lack of platform compati-
bility, of appropriate human-machine interfaces allowing for a natural interaction,
or for the restitution of a realistic feedback, or, again, that are very expensive, still
halt the large diffusion of VR technologies in many clinical settings.

Second, as the development of technologies proceeds, researchers may be tempted
to increase the complexity of their applications and of their interfaces; however,
this may cause the occurrence of usability problems, as a result of the lack of un-
derstanding of the meaningfulness and of the functioning of the VR application. If
not taken into account, low usability, especially when dealing with vulnerable in-
dividuals (e.g., older adults, people with disabilities, and children), can negatively
affect treatment acceptance [107].

Finally, another important aspect to consider in order for VR to become a safe
and widespread tool for rehabilitation is the potential occurrence of side-effects.
Cybersickness, i.e., a form of motion sickness including nausea, eyestrain, dizziness
and disorientation occurring during the VR experience [108], and aftereffects, i.e.,
disturbed balance and locomotion, flashbacks, fatigue, drowsiness occurring as a
consequence to the exposure to a non-real world, are the two categories of symp-
toms to be aware of when developing VR-based rehabilitation programs [109].

These limits, and some others (e.g., the difficult exploitation of collected data),
do exist, and further research in the field cannot neglect them. However, given
the expected evolution of the current systems, and the results obtained until now,
it appears worthy to continue investigating the potential of VR. Indeed, from the
one hand, VR and gaming industries are evolving fast and thus better technologies
would be probably available soon; on the other hand, developers should continue
their work not disregarding an appropriate design of the applications, which should
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be user-centered, targeted to respond to specific patients’ needs, and to be used by
them; taking care of possible side effects and reducing them as much as possible is
also mandatory [110].

1.4.2 Virtual reality for cognitive interventions

The potential opportunities of VR for rehabilitation can be applied to the field of
cognitive stimulation, and in general, to all those interventions dedicated to MCI
and early-dementia patients [104]. Several studies have ascertained the feasibility
of this approach, even though the involved population can be considered some-
how critical. Older adults are indeed less prone to accept new technologies: lack
of familiarity, mistrust, privacy concerns, difficulties in operating the equipment,
and comfort-related complaints are some of the motivations underlying this fact.
Evidence remains mixed, with studies indicating that patients had high sense of
control and enjoyment while interacting with the VE, and few others reporting low
acceptance [111, 11].

An analysis of the state-of-the-art highlighted that different cognitive domains,
and diverse risk factors, have been targeted with VR-based application. Among
the others, the first category of applications targets memory impairments. In [112],
a VR system proposing path recall has been shown to improve memory functions,
after 6 months of training. Man et al. [113] investigated the effectiveness of a
VR-based memory training for older adults with questionable dementia; the VE
foresaw the visualization of a living environment, and users were asked to move
around and remember objects present in such locales. The group that trained in
VR had better outcomes, with respect to the control group, who trained with a
therapist using colour-print images. Other studies did not focus on the effectiveness
of the intervention, but showed the potentialities of VR-based training on episodic
memory [114], and assessed treatment acceptance [115], also when using HMDs
[116].

Dealing with visuo-spatial and orientation abilities, a VR-based application in
which people at the early stages of AD had to navigate within a virtual building
is presented in [117]. Results showed that older adults were able (with training)
to find the correct route in the VE, which was displayed via a HMD; benefits in
real-life and enjoyment were also reported. In [118], a virtual museum including
activities aimed at training basic and executive functions, and encouraging a light
physical exercise is presented. The treatment resulted in positive outcomes for
amnestic MCI patients undergoing the training for 5 months, though their degree
of improvement was variable from subject to subject.

Different types of VR system allow for the simulation and training of ADLs,
with the aim of improving a person’s ability to live independently and trying to
facilitate the transfer of the acquired capabilities to real world-scenarios. A single-
case study investigating whether it is possible to increase autonomy in cooking
activities has been conducted with positive results, both in terms of transfer to
real life, and of retention of the acquired capabilities over time.

Many other VR applications were focused on the assessment of cognitive abil-
ities, rather than on providing cognitive interventions [119], or targeted different
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populations with different cognitive complaints (e.g., stroke patients [120] or sub-
jects with traumatic brain injury [121]).

In addition to cognitive training, few studies have been exploited VR to support
physical activity in older adults with MCI or mild dementia. Some of them tackled
balance and gait issues, and fear of falling. In [122], a prospective randomized pilot
study was conducted in an assisted living facility enrolling 22 mild-AD volunteers.
At the end of 8 weeks, the group who trained with VR and the Wii Balance
Board, and the walking group showed the same improvements in all balance and
gait-related assessed variables. The same positive results were obtained also on
mild AD individuals living at home, with the supervision of a caregiver [123].

In [124], instead, authors evaluated the feasibility of a PE-based intervention
and its effects on cognitive outcomes; 10 people with dementia were invited by a
trainer to exercise their upper limbs by blowing up blue bubbles with “EyeToy”
application. Results were positive both in terms of technology acceptance, with
people with more technical attitude appreciating the game and perceiving it as a
tool to improve their health-status, and of cognitive outcomes, with a significant
increase of MMSE score after the trial. In [125], researchers showed that cyber-
cycling (i.e., cycling while looking at a virtual path) resulted in better cognitive
function than traditional exercisers requiring the same effort, suggesting that simul-
taneous cognitive and (light) physical exercise had greater potential for preventing
cognitive decline.

1.5 Aims

Within the above-presented context, the general aim of this PhD work was inves-
tigating the potentialities of VR-based technologies as instruments to counteract
cognitive decline in older adults. More in details, the two main objectives pursued
while working on this thesis have been:

Aim 1: The assessment of the impact, in terms of clinical outcomes and accep-
tance, of a 2D VR-based system providing PE and CT to older adults
with MCI or subjective cognitive decline (SCD).

Aim 2: The evaluation of the feasibility and of the acceptance of immersive VR
interventions for the administration of both cycling-based PE (a), and
CT (b).

The distinction in two Aims has been made because 2D technologies were con-
sidered already known in their potentialities and limitations, and “safe” enough as
previous experiences (§1.4.2) confirmed. The novelty of such investigation lies in
the combination of VR-based PE, administered using a cycle-ergometer, and CT.

For what concerns immersive VR technologies, instead, the approach was dif-
ferent, because their employment for older adults’ rehabilitation is still an open
field. Surely, the recent advent of improved devices has paved the way to their ap-
plication, but scientific contributions on the topic are sparse [126]. Consequently,
it was fundamental to focus first on these technologies’ acceptance, by performing
studies aimed at evaluating their usability, and the SoP and the side-effects that
they may convey (§1.4.1).
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1.6 Thesis outline

This thesis presents the work I did from 2015 to 2019 at the Institute of Intelligent
Industrial Systems and Technologies for Advanced Manufacturing (STIIMA) of the
Italian National Research Council (CNR) and involved the design, the development
and the validation of VR-based applications dedicated to the physical and/or to
cognitive training of older adults with cognitive impairments.

To achieve the objectives mentioned in §1.5, the whole work has been developed
following a pathway that goes from the design and development of a “classical” 2D
VE, to the assessment of the feasibility of interventions exploiting totally immersive
VR devices. Such a path resulted in the development of the 3 main systems that
are presented in Figure 1.3. The Figure also shows their classification in terms of
provided intervention (either only cognitive or both cognitive and physical), and
level of immersion.

To better clarify how the evolution toward more immersive and more complex
scenarios occurred, Figure 1.4 represents the timeline of all the sub-activities that
have been performed to complete the work reported in this thesis, in the form of
a Gantt diagram; such a timeline also shows the importance of preliminary tests
that must be conducted prior of administering new interventions to vulnerable
populations (i.e., §3.2 and §4.2), as older adults with cognitive impairments are.

The design, development, feasibility and clinical tests (whenever it had been
possible to make them) of each system are addressed in each of the following
Chapters.

More in details, Chapter 2 describes two studies addressing Aim 1, and evalu-
ating the effects of PE and CT, administered via a 2D-projected screen, in older

Figure 1.3: A schema depicting the three main systems discussed in this thesis and their
classification in terms of intervention provided and immersion of the VR system.
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adults with MCI. The Chapter describes the scenarios we developed (a park for
the PE, road-crossings and a supermarket for CT) and the results obtained in two
randomized clinical trials (RCTs) foreseeing of their use.

Chapter 3 investigates the possibility of making the PE (i.e. the park) scenario
more immersive, using a phone-based HMD first, and a CAVE system after (Aim
2a). As more immersion is sometimes related to the occurrence of side-effects,
particular attention has been paid on the evaluation of cyber-sickness before per-
forming a trial enrolling a vulnerable population. This Chapter also describes what
dual-task is, and how it was integrated in the CAVE-based system to enhance the
effectiveness of cyber-cycling training.

Chapter 4 reports the results of two feasibility studies performed on healthy
young subjects, and on older adults with MCI, using the Virtual Supermarket, i.e.,
a HMD-based version of the supermarket scenario described in Chapter 2 (Aim 2b).
The Chapter also proposes a study assessing whether the movements performed
in immersive VR occur in a natural way. The aim of this latter investigation was
to determine if the interaction with immersive HMD technologies requires a high-
cognitive workload, and thus if it distracts individuals with cognitive impairments
from the main (i.e., cognitive) task they should perform during the training.

Finally, Chapter 5 draws the conclusions of all the work, and outlines future
works and perspectives.
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Chapter 2

2D Virtual Reality-based
combined Physical and Cognitive
Training for MCI Patients

2.1 Introduction

This Chapter presents two different studies addressing Aim 1 (§1.5), i.e., the as-
sessment of the impact of a multi-domain intervention, administered using 2D VR
technologies, in samples of older adults with MCI. Both studies aimed at inform-
ing about the feasibility of the proposed interventions, and provided preliminary
estimates of treatment clinical effects.

In details, the first study (§2.2) was a pilot trial that evaluated the impact of
the combination of PE and CT (vs. no intervention) according to different criteria:
(1) cognitive outcomes, (2) physiological outcomes, and (3) treatment feasibility
and acceptance.

The second study (§2.3) foresaw the enrolment of a larger sample, and ad-
dressed the potential effectiveness of CT and PE in counteracting the progression
of cognitive decline, either in conjunction, or when administered separately. Treat-
ment acceptance, and participants’ satisfaction were evaluated also in this case.
User’s acceptance of technology is indeed a critical success factor for the adoption
of the proposed innovative means [107, 127]. It is thus fundamental to give it the
proper attention, in particular when dealing with a vulnerable population, as older
adults with MCI are.

2.2 Goji: a pilot study on older adults with MCI

This section presents the results of a research project found by the Italian Ministry
of Health 1 that CNR-STIIMA carried out together with Fondazione Santa Lucia
(Rome, Italy). Results of this work have been previously described in [20, 21, 22].

1Progetto di Interesse Invecchiamento CNR: Goji – an Advanced Virtual Environment Sup-
porting Training of Physical and Cognitive Activities to Prevent Dementia Occurrence in Elderly
with Minor Cognitive Disorders



2.2.1 Methods

The training system

Three different scenarios have been designed to support older adults while perform-
ing PE and CT. The design of the intervention, and of the required VR applications,
were carried out through a focus group. Such a focus group was composed of two
neuropsychologists working with MCI and AD patients, two biomedical engineers,
a psychologist, a designer, a humanist with yearly expertise in the study of human
factors.

The final decision was of simulating 3 activities taken from daily living. The
3 designed scenarios thus foresaw: (1) riding a bike in a park while performing
the PE, (2) crossing streets avoiding moving cars, and (3) going shopping in a
supermarket. The last two scenarios implied the use of cognitive functions, and, in
particular, of visuo-spatial abilities, which we believed that could be easily targeted
with the use of VR.

The hardware devices composing the training system were a cycle-ergometer
(Cosmed Euro-Bike 320), a smart garment, aimed at measuring the hearth rate
in real time (Wearable Wellness System, Smartex), a finger touch projector (EB-
1430WI, Epson) and a PlayStation controller anchored on the cycle-ergometer
handlebars. All the VEs (further descripted in the following paragraphs) were
developed using Unity.

The choice of the hardware equipment The rationale behind the choice of
a cycle-ergometer lied first in its higher safety; with respect to the treadmill, i.e.,
the other device used in PE studies allowing for the modification of the workload,
the use of a cycle-ergometer is associated with a lower risk of injury, especially
in case of older and frail users [128]. Moreover, previous studies have shown that
performing stationary cycle exercises could improve balance, weight shifts and gait,
and general lower limb functioning, thus significantly reducing the risk of falling
[129, 130, 131].

Dealing with the projected screen, its choice was the result of a preliminary
qualitative test conducted on healthy volunteers [22]. Given the premise that hav-
ing a large display depicting the supermarket shelf would have been more realistic,
5 healthy young adults were asked to try different interaction technologies, and ex-
press their judgment in terms of intuitiveness, timing, fatigue, and accuracy. Costs
were also considered in the analysis.

For all participants, the task was to pick 5 products displayed on the projected
shelf, as indicated in the shopping list (also shown in the corner of the screen).

The technologies included in the analysis were the following: Microsoft Kinect
v1, used both with the gesture recognition [132], and the touchless touch [133]
protocols, a projected finger-touch screen, a Leap Motion sensor [134], and a 3D
mouse. The results of such a test are summarized in Figure 2.1.

In spite of higher costs, the finger-touch projector emerged as the only feasi-
ble solution. Devices causing fatigue, and not able to guarantee an appropriate
response both in terms of time and accuracy had to be excluded because our tar-
get users were expected to be less familiar with technologies, and more prone to
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Figure 2.1: Results of the usability test [22].

experience physical and cognitive fatigue [135].

The park scenario. While performing the PE, the user had to ride the cycle-
ergometer, facing the projected screen and wearing the smart garment. Though
some studies have reported the training of some cognitive abilities while just paying
attention to a virtual scene [125], the dual aim of this VE was increasing the user’s
engagement, while providing him/her with information on the exercise, i.e., speed,
covered distance, revolutions per minute, time elapsed and heart rate.

The VE represented a trail in the park that the user travelled in first person
and that flew according to cycling velocity (Figure 2.2). To pass this piece of infor-
mation from the bike to the computer running the Goji application, we created an
ad-hoc protocol exploiting the SDK provided by the cycle-ergometer manufacturer
in order to allow the exchange of data between the bike and the VR environment.

The path to follow within the virtual scene was predefined, and foresaw turns
and slopes to increase realism. However, only slight bends were present along the
whole path to try to avoid the occurrence of cyber-sickness due to the expectation
of lateral accelerations [136]. The users could not deviate from the predefined path.
Such a path to follow was created by a series of nodes that were then dynamically
interpolated at run-time using quaternion spherical linear interpolation (slerp).

To further increase the realism of the projected scene, and thus the SoP, few
animations were added: trees’ leaves and grass moved as the wind blew, and wild
animals appeared in the sky or on the trail sides. We also added auditory elements,
i.e., a rustle simulating the cycling on an untarmacked road, and, sometimes, birds’
sounds.

To control the participant effort during the PE, the cycle-ergometer workload
was adjusted according to the heart rate (HR) of the user, measured through the
garment. A digital controller integrated in the VE allowed keeping the HR of the
participant in a specific target range, so that he/she could train with constant
effort, and avoid over-exhaustion. The server allowing for the data exchange be-
tween the garment and the computer running Goji application was developed by
CNR-IMM.
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Figure 2.2: A screenshot of the park scenario.

The range for acceptable heart rates (HRt, target heart rate) for each partici-
pant has been computed using the Equation 2.1 and Equation 2.2. Such a range
was set to obtain a training effect throughout time, in agreement with ACSM/AHA
guidelines [137].

HRt max = 0.75(220− age) (2.1)

HRt min = 0.55(220− age) (2.2)

For the algorithm to work correctly, participants had to keep their cycling velocity
between RPM = 50 and RPM = 70. To indicate the correct ranges, we used
a color code showing RPM in green when within the range, and red when out-
side. While being in the range, if a participant’s HR was not between the two
values computed with the formulas, the workload was either increased (+5 W, if
HRcurrent ≤ HRt min) until a maximum of 75 W, or decreased (-5 W, if HRcurrent

≥ HRt max) until a minimum of 30 W.
Before the training session started, the operator supervising the entire session

had the chance to set the duration of the physical training, choosing between 15 or
20 minutes. After that the selected duration has elapsed, the application loaded
automatically the road crossing scenario.

The road crossing scenario. After the completion of the physical training,
the park turned into an urban scenario. In this second scene, the user still had
to ride the cycle-ergometer, but the task required only cognitive abilities, i.e., the
workload was set to 0; the participant, in fact, had to face the crossing of five
traffic-congested and non-regulated crosswalks (Figure 2.3), thus training his/her
visuo-spatial and attentional abilities.

In details, the sub-tasks to accomplish in this scenario were: (1) cycling to
reach the border of the sidewalk, (2) braking when being near it, (3) checking on
both sides if there are cars moving closer and, if the way was clear, (4) restarting
cycling to reach the following cross. To reach the crosswalk and proceed forward
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Figure 2.3: The road crossing scenario.

the user has to pedal on the cycle-ergometer, while to brake he/she must stop
cycling and press the X button on the PlayStation controller. The brake was only
digital because it was impossible to access the wheel compartment and create a
physical brake able to stop the inertial rotation of the wheel; moreover, this would
have compromised the ergometer medical CE certification.

The controller (its right joystick, in particular) was also used to turn the user’s
point-of-view. In this way, when the sidewalk border was reached, the participant
could check on both sides if there were cars moving closer.

Cars were generated by the application at fixed interval time, but their velocities
were randomly set. To signal the occurrence of an accident, the sound of a car
braking abruptly and of glass breaking were reproduced. After the accident, the
participant was taken to a safe position, and could proceed forward as the cars
disappeared from that cross. The number of total accidents and the total time
needed to reach the supermarket were saved on a XML file, containing also the
data regarding the shopping scenario.

The shopping scenario. The last cognitive task took place in a virtual su-
permarket, in which the participant was required to buy some grocery items as
indicated on a shopping list. Such a list was either displayed on the left side of the
projected screen, or presented to the participant and then hidden with the aim of
targeting also memory functions.

The tasks proposed by this scenario had to be performed while standing in
front of the projected screen. In particular the users had first to tap on the correct
aisle (aisle task), and then on the product to buy, choosing it among other items
on the shelves (shelf task). Both the aisle and the products were 2D buttons. In
between the aisle and the shelf task, an animation in a 3D scene brought the user
from viewing the aisles to standing in front of the shelves.

Both tasks had 5 different levels of increasing difficulty. They were independent
so the operator could set, at the beginning of each virtual shopping session, the
level of difficulty for both the aisle and the shelf tasks. For the aisle scenario, the
parameters used to implement the increasing difficulty are shown in Table 2.1.

As shown in the Table, starting from the third level, a word that looks similar
either semantically or orthographically to the name of the target item was placed
in one of the non-target aisles, with the aim of misleading the participant if he/she
did not pay enough attention. An example of orthographically similar word is the
misleading word menta [mint] used instead of the target item’s name mela [apple];
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Table 2.1: Parameters to set the difficulty of the aisle task for each level [21]

.

# level # aisles #elements/aisle #misleading word
1 2 1 no
2 2 3 no
3 2 3 yes
4 3 4 yes
5 4 4 yes

an example of a semantically similar word is Pepsi used instead of Coca Cola.
For the implementation of the 5 levels of difficulty in the shelf task, the algo-

rithm foresaw setting different parameters:

• distractors number (#); this value defined how many distractors appeared
on the shelf in addition to the target item.

• discount (yes/no) determined if discounted items were present on the shelves
or not. Each item had a correspondent discounted version.

• small products (yes/no) determined if a small version of the target product
(and also other items) were present on the shelves or not. Only some items
had a classification by dimension (i.e. bottles and jars); others had not (fruits,
clothes, etc.).

• variability (%): this value identified the percentage of the items placed on
the shelves by picking completely random object from the whole database of
products (i.e., products that were not similar).

• similarity (#): the percentage of items that were not random; the highest
complexity is thus obtained having the majority of items (i.e., low variability)
very similar among them (i.e., high similarity). Similarity was computed
by determining if each item the belonged (value 1) or not (value 0) to a
certain category, and then comparing the resulting binary numbers using an
algorithm based on the Hamming distance. A similarity value of 1 meant
that the two items have one category in common (i.e., they were both fruits
or bottled items); a similarity value equal to 2 meant having two categories
in common (i.e. products were fruit and round-shaped).

• Shelf area (center/border/all) determined the area of the shelf in which the
target item was placed; central positions were considered easier to identify
than lateral ones.

The detailed parameters used to implement the 5 levels of the shelf task are
shown in Table 2.2. An example of two possible shelves is reported in Figure 2.4.

For both the aisle and the shelf tasks, if the participant committed an error or
did not interact with the VE for more than 20 seconds, the application gave an hint
to help him/her to make the right choice. In the aisle scenario, the first hint was
the audio replay of the name of the item to search for, coupled with the blurring
of a wrong aisle sign. This type of hint was repeated for each error (or hesitation),
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Table 2.2: Parameters to set the difficulty of the shelf task for each level [21].

# level # dis-
tractors

#
discount

small
items

variability similarity shelf
area

1 9 no no 0.6 1 center
2 9 no no 0.6 1 border
3 9 no no 0.5 1 all
4 15 no yes 0.3 1 all
5 25 yes yes 0.2 2 all

until just one aisle remained active; the last aisle was also highlighted in yellow.
For the shelf task, hints were given as follow: (1) the name of item to collect was
repeated to the user; (2) the target item on the shelf blinked 3 times; (3) the
target item was highlighted in yellow. For each session of the virtual shopping, the
current level of difficulty, the total completion time, the target items and possible
errors or hesitations were stored on a XML file.

Participants

Older adults with subjective complaints in one or more cognition domains were
evaluated for the enrolment in the study. Inclusion criteria were: one or more
scores in neuropsychological tests determining compromised visuo-spatial abilities;
mild to moderate cognitive impairment, according to MMSE criteria [61]. Exclu-
sion criteria were: severe cognitive and/or functional impairment; cardiovascular
pathologies preventing the performance of the physical training in safety condi-
tions; acute pain of lower back or extremities; peripheral neuropathy; rheumatic
and orthopaedic diseases; inability to provide informed consent.

Around 200 individuals were examined for eligibility; each person fitting the
inclusion criteria underwent an assessment of risk factors (cardiovascular patholo-
gies and others comorbidities) and an effort electrocardiogram to exclude risk of
adverse events during the PE, due to preexisting pathologies. All decisions about
eligibility were made before the block-randomization performed on the basis of
cognitive decline.

Ten individuals (4M/6F) were randomized to an intervention (EXP) group
(n = 5, 2M/3F) and a control (CTR) group (n = 5, 2M/3F) that did not receive
any treatment. Three older adults with MCI and 2 with mild dementia (i.e., an
impairment of cognition that significantly affects instrumental skills of daily living),
§1.2) were present in each group.

Individuals participating in the study provided informed written consent. The
study was performed in agreement to the Declaration of Helsinki, and was approved
by the IRCCS Fondazione Santa Lucia medical ethics committee (Rome, Italy).

Experimental protocol

EXP group performed the VR-based PE and CT for 6 weeks, 3 sessions/week. The
training session followed the same procedure for each participant; it lasted approx-
imately 40-45 min: 15 (for the first three weeks) or 20 minutes of cycling, about
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Figure 2.4: An example of the shelves proposed to the user in Level 1 (above) and in Level
5 (below). In the latter case, the target is a bottle of water, thus due to the similarity
implementation, the shelf is filled with many bottled items.

5 minutes to cross 5 crossroads, and 20 minutes of shopping at the supermarket.
Before to the beginning of the program, participants performed a training session
to get to know the technologies and the interaction methods in the three VEs.

As mentioned, the cycling exercise intensity was set to keep the participant
heart rate around 65-70% of the maximal frequency, which was calculated on the
basis of the age-predicted value (ref. Equation 2.1, and Equation 2.2). During
the training session, the participants were instructed to keep the cycling velocity
between 50 and 70 RPM. All the participants started from Level #1 for both
the aisle and the shelf tasks; levels of difficulty were then increased accordingly
between the two tasks; in particular, the increase in difficulty occurred when the
participant completed 3 subsequent shopping sessions receiving at most one hint,
i.e., making 1 error or waiting once for more than 20 seconds. When the participant
completed Level #5 three times without receiving any hint, the CT was re-started
from the first level in which he/she failed for the first time. In this second round,
the shopping list was shown only at the beginning of the supermarket exercise, and
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then hidden.

Outcomes

The study comprised the assessment of different domains by evaluating different
cognitive, physiological and subjective outcomes. The evaluation of psychomet-
ric variables was performed by psychologists of IRCCS Fondazione Santa Lucia,
whereas physiological response (i.e., oxidative stress) was evaluated by researchers
of CNR-IBFM.

Cognitive assessment. Cognitive abilities of each participant were assessed pre-
and post-intervention by the same person (a neuropsychologist), in order to avoid
inter-rater variability. The entire neuropsychological battery was composed by an
initial screening test for cognitive abilities (MMSE), and a battery of specific tests
for each subdomain:

• Episodic verbal memory : Immediate Recall and Delayed of Rey Auditory
(RAVLT I and RAVLT D) [138]; in the RAVLT I, a list of 15 words was
presented to the participant, and he/she had to memorize and repeat it. The
task was repeated 5 times and the number of correct words was recorded.
The RAVLT D required the recall of the same words after 15 minutes.

• Visuo-spatial functions : Rey-Osterrieth Complex Figure Test (ROCFT) [139],
Attentional Matrices Test (AM) [140], and Trail Making Test A (TMT-A,
[141]); ROCFT was used to assess constructive apraxia, and required to copy
a geometric drawing composed of 18 sub-elements: the correct execution and
collocation of the sub-elements were both criteria for scoring. AM investi-
gated selective visuo-spatial attention by requiring the deletion, quickly as
possible, of a few target numbers among distractors. In the TMT-A, the
participant had to perform a visuo-spatial search in order to connect a series
of 25 numbers presented in a random distribution on a sheet (with a single
pen stroke).

• Executive functions : Frontal Assessment Battery (FAB) [142]; it evaluated
categorization, programming, inhibition, sensitivity to interference and en-
vironmental autonomy with a series of sub-tests; the Trail Making Test B
(TMT-B, [141]) required matching alternatively numerical and alphabetical
stimuli, making use of visual-motor coordination, set-shifting and mental
flexibility.

• Lexical finding skills : Verbal Fluency test (VF) [143]; in this test, the par-
ticipant had to name as many words belonging to a given semantic category
in a minute as he/she could.

• Autonomy in daily living activities : Functional Activity Questionnaire (FAQ)
[144]; the participant had to make a choice among levels of performance of
10 common daily activities.
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The participants objective performances, i.e., the committed errors, the time
required to perform the tasks in the 3 environments, the number of accidents, have
been analysed and discussed in [21]. Due to the small sample, it was impossible to
correlate these performances to the cognitive status of the participants, thus this
information has been omitted from this thesis.

Oxidative stress. Reactive Oxygen Species (ROS) production rate was deter-
mined adopting a recently developed mini-invasive method exploiting electron
paramagnetic resonance [145]. Moreover, a capillary blood sample (10 µL) was
used in order to assess blood reducing capacity (Total Antioxidant Capacity, TAC)
by mean of a commercial potentiostat electrochemical analyser equipped with a
redox sensor. Finally, urine samples were collected and 8-hydroxy-2-deoxy guano-
sine (8-OH-dG) and 8-isoprostane (8-iso) were assessed by commercially enzyme
immunoassay kit as markers of oxidative DNA damage and of lipid peroxidation,
respectively. Creatinine concentration was assessed by commercial enzymatic assay
kit; in this way, the standardization of urinary parameters on its excreted quantity
was made possible, even in absence of 24h of urine-collection. Further details can
be found in [20].

Treatment acceptance. Acceptance is defined as “the question of whether a
system is good enough to satisfy all the needs and requirements of potential stake-
holders” [146]. In the clinical scenario, acceptance is often intertwined with the
concept of treatment acceptability, i.e., the degree to which non-professionals stake-
holders found an intervention to be fair, reasonable, intrusive, and consistent with
treatment expectations [127, 147]. It refers to the general subjective evaluation of
the applied procedures, and it represents an important dimension of any treatment,
beside its efficacy and effectiveness [127].

According to the most common framework used for the evaluation of accep-
tance, i.e., the Technology Acceptance Model (TAM) [148], when a user is presented
with a new technology, two main factors influence his/her behavioural intention to
use such a technology:

• Perceived usefulness (PU), defined as the extent to which a person believes
that using a system will enhance his/her [job] performance;

• Perceived ease of use (PEOU), i.e., the degree to which the person believes
that using the system will be free from any effort.

In this study, the assessment of PU and PEOU was made interviewing the partici-
pants in EXP group at the end of the intervention. Both closed and open questions
were used to explore participants’ subjective perceptions and feelings toward the
whole intervention. More specifically, closed questions aimed at investigating the
subjective perception of the obtained results, the physical and cognitive effort re-
quired to complete the tasks, and the potential sources of difficulties in the training
program. Open questions were administered in the form of a semi-structured in-
terview, in order to indulge each participant’s attitude. Before the questionnaire
administration, the purpose of the interview and the assurance that all opinions
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were valuable and confidential were disclosed to the participants to encourage their
honest feedback.

Figure 2.5: CONSORT flow chart for Goji pilot study.

Statistical analysis

GraphPad Prism package (GraphPad Prism 7, GraphPad Software Inc., San Diego,
CA, USA) was used for all the statistical analyses. We used non-parametric tests,
as the sample size was small. The effect of the combined physical and cognitive VR-
based training on cognitive and physiological outcomes between the CTR and the
EXP groups were compared using Mann Whitney U-test for independent samples.

Non-parametric Wilcoxon matched-pair signed-rank test was used to compare
the change in the scale scores from pre- to post-treatment within the EXP and
CTR groups.

For cognitive and functional scores Intention-To-Treat and Last-Observation-
Carried-Forward (ITT-LOCF) analyses were used; p<0.05 was considered as sta-
tistically significant.

Regarding evaluation of acceptance, we transcribed the answers given by EXP
group participants during the interview. Descriptive statistics (median and quar-
tiles) were used to summarize the information from closed questions. A thematic
analysis was then performed to synthesize participants’ subjective perceptions,
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starting from the information gathered through open questions and free comments
[149].

2.2.2 Results

The socio-demographic and clinical characteristics of the sample were comparable
to those of participants taking part in other studies targeting cognitive decline
(age= 73.3 ± 5.6 years; schooling= 7.6 ± 4.4 years; MMSE= 23.0 ± 3.4, range:
19.3-27.9).

A drop out of one participant both in EXP and CTR group was recorded for
reasons independent from the study. Adherence in the EXP group was considered
good (more than 75%, reaching 89% in two cases) for 3 participants, and partial
(more than 50% and less than 75%) for 1 (67%). The study CONSORT flow
diagram is presented in Figure 2.5.

Figure 2.6: participants in EXP group while performing the PE, the road-crossing and the
shopping [21].

Cognitive response

The sample was composed of individuals with a deterioration of global cognition
that was classifiable as mild or mild-to-moderate.

All participants had a slight impairment in the majority of the assessed cogni-
tive sub-domains at the baseline: visuo-spatial and executive functions were mod-
erately impaired in both groups. Before the study, no significant differences were
found between EXP and CTR group in terms of demographics (age 72.00 ± 5.15
for EXP, 76.60± 6.43 for CTR) and of neuropsychological assessment (Table 2.3).

After the study, the majority of the variables either improved in EXP, or de-
clined less, as shown in Figure 2.7. However, none of these differences reached
significance in statistical tests comparing time-points pre- and post-interventions,
and EXP and CTR.

Both groups showed a decline in ADL post-intervention. For the EXP, such
decline was more pronounced (FAQ score: 1.80±4.60) with respect to CTR (1.00±
1.73). However, this result was heavily influenced by the evaluation of a single
participant in the EXP group who markedly worsened post intervention. Such a
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Domain Test EXP CTR

Cognition MMSE
23.1± 3.6

(19.3 - 27.4)
23.0± 3.5
(20 - 27.9)

Memory
RAVLTDI

31.4± 10.8
(22.5 - 50.1)

36.4± 13.8
(25.9 - 60.1)

RAVLTDD

5.4± 3.8
(1.9 - 10.8)

5.1± 4.3
(2.6 - 12.8)

Visuo-spatial
abilities

ROCFT
23.5± 12
(2.8 - 32)

21.2± 10.3
(7.0 - 34.5)

CDT
1.5± 0.7
(1.0 - 2.0)

1.5± 1.3
(0 - 3.0)

Attention
AM

45.1± 6.2
(37.8 - 51.3)

37.9± 16.1
(14.5 - 49)

TMT-A
43.8± 16.8
(26 - 70)

57, 5± 29, 1
(34 - 96)

Executive
functions

TMT-B
175.3± 23.1
(150 - 206)

249± 58
(208 - 290)

FAB
13.1± 2.7

(10.5 - 17.2)
12± 4.7

(6.3 - 15.9)

Language VF
33.8± 8.2

(24.5 - 43.5)
20.7± 3.1

(16.4 - 23.9)

ADL FAQ
8.8± 7, 2
(2 - 20)

10.6± 8.1
(0 - 21)

MMSE, Mini-Mental State Examination;
RAV LTDI and RAV LTDD, immediate and delayed Rey’s Auditory Verbal Learning
Test;
ROCFT, Rey-Osterreith Complex Figure Test;
CDT, Clock Drawing Test;
AM, Attention Matrices;
TMT-A and TMT-B, Trial Making Test;
FAB, Frontal Assessment Battery;
VF, Verbal Fluency;
FAQ, Functional Assessment Questionnaire.

Table 2.3: Psychometric variables at the baseline, for both the experimental (EXP) and the
control (CTR) groups.
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participant lost 10 FAQ-points at the end of the program, due to a health issue
independent from our program. The same person was re-evaluated 3 months after,
and showed an improvement in the FAQ scores of 6 points, compared to the baseline
assessment. Excluding that participant as an outlier, the EXP group obtained a
slight improvement of 0.25± 0.5 in FAQ.

Figure 2.7: Top: Mean change scores between the baseline and the end of experimental phase
(calculated as POST - PRE scores. For TMT tests and FAQ, the changes were calculated
as PRE - POST as lower scores correspond to better performances). Bottom: percentage
of participants improved or stable at POST.

Oxidative stress

At the baseline, no difference between EXP and CTR group were present in terms
of physiological outcomes.

An increase (+8%) in ROS production was recorded post intervention in the
CTR group; instead, in the EXP group ROS production decreased (−4%). Com-
paring the two groups at the end of the training, ROS production rate resulted
statistically (p < 0.05) lower in EXP with respect to CTR (2.03± 0.23 vs. 2.58±
0.33µmol ·min−1, respectively) (Figure 2.8, A).

A similar trend was observed in 8-iso concentration: after training, 8-iso was
significantly lower in the EXP group (379.30 ± 54.82 vs 495.20 ± 44.56 pg ·mg−1
creatinine, and p < 0.05) (Figure 2.8, C). 8-OH-dG concentration increased signif-
icantly (p < 0.01) in the CTR group with respect to its baseline values (5.80±1.40
vs 10.32 ± 1.28 ng ·mg−1 creatinine). On the contrary, it significantly decreased
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(p < 0.001) in the EXP group post intervention, also compared to CTR (5.14±1.05
vs. 10.32± 1.28 ng ·mg−1 creatinine, respectively) (Figure 2.8, D).

No differences were found comparing the relative values post-treatment in the
CTR and EXP groups in the TAC level (CTR: 149.75± 30.44 vs. post: 147.25±
22.20 nW ; EXP: 152.25± 25.55 vs. post: 163.50± 42.35 nW ) (Figure 2.8, B).

Figure 2.8: The influence of physical and cognitive training on oxidative stress is shown by the
histogram plots of: A) ROS production rate (µmol· min−1), B) total antioxidant capacity
(TAC; nW), C) lipids peroxidation (8-iso; pg · mg−1 creatinine) and D) DNA damage (8-
OH-dG; ng · mg−1 creatinine) obtained from capillary blood and urine samples in the control
(CTR) and experimental (EXP) groups before and after 6 weeks. Results are expressed as
mean ± SD. Statistically significant differences symbols: ∗: p<0.05, #: p<0.01, and §:
p<0.001 [20].

Treatment acceptance

Answers to closed questions are presented in 2.4 according to the proposed Likert
scale ranging from 0 (not at all) to 4 (very much). In general, participants re-
ported a neutral position towards the training and a positive confirmation of their
expectations consisting in an improvement or, at least, in the maintenance their
current status.

Data gained from the interviews about PU and PEOU are presented according
to the themes identified within the thematic analysis, i.e., expectations, acceptance,
and continuation of training.

Expectations and general satisfaction. Participants had different expecta-
tions about the intervention; one reported to have accepted to enroll in the study
just because he was encouraged by his daughter to do so. Others were expecting
an improvement or, at least to maintain their current status.
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Table 2.4: Results (median and q1-q3) of the questionnaire administered after the sixth week
of training. The evaluation was based on a Likert scale whose elements indicated: not at all
(0), not really (1), neutral (2), somewhat (3) and very much (4). Adapted from [21] and
[20]

Score

General
satisfaction

Are you satisfied with this training? 2.0 (2.0-2.5)
Did this training meet your expectations? 2.5 (2.0-3.0)

Park/ road
crossing
scenarios

Did you enjoy pedaling? 2.5 (2.0-3.0)
Did you get tired? 1.0 (0.0-1.0)
Was it difficult to keep the required velocity? 0.0 (0.0-0.0)
Did you feel comfortable wearing the smart
garment? 4.0 (4.0-4.0)
Was it comfortable to use the joystick? 3.0 (1.8-4.0)
Did you enjoy looking at the park while
pedaling? 3.0 (2.8-3.0)
Did you get sick? 0.5 (0.0-0.5)
Did you get bored? 0.0 (0.0-0.0)
Did you get anxious? 0.0 (0.0-0.0)

Supermarket
scenario

Did you enjoy doing the shopping? 2.3 (1.8-3.0)
Was it comfortable to interact with the touch
screen? 2.0 (2.0-3.0)
Was the shopping list clear? 3.0 (2.8-3.5)
Was the guiding voice clear? 3.0 (2.9-3.5)
Were the hints useful? 3.0 (3.0-3.0)
Did you encounter specific complications? 1.5 (1.0-1.5)
Did you get sick? 0.0 (0.0-0.0)
Did you get bored? 0.0 (0.0-0.0)
Did you get anxious? 0.0 (0.0-0.0)

All the participants reported having benefitted from the intervention (“I was ex-
pecting worse results... I noticed that I do not forget things anymore. [...] I had an
[car] accident last week, but I am not anxious; I am not anxious anymore, I will
continue driving”. / “The program encouraged me to do more, to remember more
things and to exercise more”). Thus, the usefulness (PU) of the system was posi-
tively rated. There were several aspects that all participants liked and that were
not expected, probably indicating that closed questions were not detailed enough
to capture participants’ real feelings. The use of innovative technologies and of
VR in particular was considered an added value to the treatment for all of them.
None, except one, reported to get (a little) bored during the sessions; however,
some criticisms were made with respect to the proposed tasks and their difficulty
(“I would have changed the task: I do the shopping in real life, too”. / “I would
have liked more difficult tasks as a roundabout with many entrances. [...] Give me
something more difficult to do, create more unpredictable scenarios: they are more
engaging!”).
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Acceptance. The intervention was judged acceptable and enjoyable by all the
participants. The interaction with the technology was easy and intuitive, indicating
a good system’s PEOU. Only few side effects were reported (“The bends were too
sharp. Sometimes I felt dizzy.” / “Once, I had headache at night. I usually do
not suffer from it, so I remember it”.) None of the participants complained about
the difficulty of the physical exercise, and 3 out of the 4 participants stated to be
satisfied with their physical status at the end of sixth week of training (“I like the
training, I even lost one kilogram!”). One participant complained that sometimes
he was tired before the training and that he would have liked to exert less effort
on those days. The setup was defined comfortable and changing clothes to wear
the smart garment was not considered an issue.

Difficulties related to the cognitive tasks were mainly related to graphical issues
or products’ design, which did not match the packages the participants used to buy
(“I would like clearer products; I could not recognize the package of mozzarella.” /
“I suggest clearer labels on the items; I could not distinguish some of them. Green
bottles represent sparkling and not still water in Rome!”). Natural and sparkling
water bottles were often confused because the colour code was not interpreted
correctly. Also, participants explained that they felt uncomfortable in picking a
non-discounted product (as written in the shopping list) when, on the shelf, there
was the discounted version of the same item, because this was judged “against
common sense”. With the exception of modifying some products to make them
more easily recognizable and of introducing new scenarios, all the participants
were satisfied and were happy to have attended the sessions, even in the case their
adherence was demanding for the participants themselves or their care-givers (“I
had to drive 26 kilometers to reach the clinic!” / “I do not drive, my daughter
drives me here . . . Sometimes she could not, this is why I missed some sessions”.).

Continuation of training. All the participants stated that they would continue
with the training, if possible (“If I were sure to get better and better, I would do it
to prevent new symptoms!”). One said that she had many other activities to do,
so training was a duty that she must find the time for. All the participants were
asked if they would like to continue the training at home. Three embraced this
possibility as a great improvement, which could make them save a lot of time. One
participant refused this possibility arguing that she needed a strict schedule to be
sure to adhere to the treatment (“I prefer to come to the hospital because at home
I have other duties distracting me. I am not sure if I would do it.”)

2.2.3 Discussion

This work constituted a preliminary evaluation of the impact and of the accep-
tance of an innovative non-pharmacological intervention aimed at slowing down
the occurrence of symptoms of dementia in older adults with MCI. The VR-based
protocol that we proposed revealed able to promote a tendency towards improve-
ment in individuals with mild and mild-to-moderate cognitive impairment.

The positive tendencies we found for cognitive outcomes were in agreement
with recent reviews [87, 150] that showed an effect of computerized and VR-based
training of cognitive abilities on MCI population. Probably, the lack of significance
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in statistical tests was due to the small sample size that amplified the heterogeneity
within and between groups. Nonetheless, a weak effect of the program could be
noticed on global cognition, on visuo-constructive and visuo-spatial abilities, and
on executive functions.

In addition to the tendency highlighted by neuropsychological tests, we found
significant differences in physiological variables. This was a relevant outcome, as
much evidence is now emerging and confirming the role of OxS in the progress of
AD-related dementia [151].

Concerning participants’ acceptance of technology, qualitative data retrieved
from questionnaires and participants’ comments showed good appreciation. The
use of the VR technologies appeared to have played a role in this judgement: in
fact, study participants defined the system a nice “novelty”, and an engaging and
enjoyable way to approach cognitive training.

Feedback on the VEs and the general adherence were positive. The only par-
ticipant showing adherence lower than 75% was the only one without a driving
license; her absences were related to the unavailability of her driver.

Given this, we may conclude that the training program was well-accepted by
all participants in the EXP; this hypothesis was confirmed by the fact that: (1) the
majority of participants would continue with the program, also if administered at
home, and (2) the only drop-out was due to the consequences of a fall not related
with this study. This was a satisfying results, as acceptance is a key element for
the successful employment of innovative technologies in therapy, especially when
dealing with older populations, who may not be familiar with innovative means
[135, 148].

Another important result we obtained within Goji was related to the fact that
participants enrolled in the EXP group reported to feel better, and to be less anxious
in their daily life, also when performing potentially risky activities (e.g., driving).
This feeling, even if not measured by objective or psychometric tests, resulted in a
perceivable improvement of the participants’ QoL. In fact, it contributed to reduce
the so-called excess disability [77], and may have enabled also higher self-efficacy
[152].

Given our experience in this study, we may suggest, for future experiments,
not to limit both the intervention and the assessment to a single domain. Rather,
it would be interesting to include the evaluation of physiological parameters and
of subjective perceptions [153, 154, 155], because they both contribute in estimat-
ing the effects of a newly designed intervention. With respect to the subjective
outcomes, it is clear that the clinical effectiveness remains the objective to pur-
sue, but also perceived improvements may play a key role: reducing the excess
disability could, in fact, generate a positive loop, in which the more confident the
individual feel, the more he/she could act to increase his/her social participation,
his/her cognitive reserve and improve his/her general lifestyle, thus promoting the
minimization of modifiable risk factors (§1.2.3).

Limitations

We acknowledged that this clinical trial had limitations, most of which could be
attributed to the fact that it was a pilot study; the sample was small, and the
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treatment was limited in time. Moreover, we adopted a multi-domain approach
that was not compared with other intervention(s) requiring an active involvement
of participants, e.g., a matched cycle-ergometer training program, but without
the VR component, or a social activity in group. Therefore, neither the impact
of each single component (CT or PE), nor their complementary effect could be
evaluated. Moreover, we did not perform a long-term follow-up, thus we could not
inform about the retention of benefits or the progress of the pathology throughout
time. Finally, we did not take into account the physical exercise that participants
performed beside our intervention, during the training period.

On the other hand, the high adherence to the intervention, the supervised
exercise program, and the use of validated outcomes from different domains could
be interpreted as points of strength. In conclusion, the proposed technologies and
the whole training program were considered worthy of further investigations (§2.3).

2.3 A multidomain intervention for dementia: as-

sessing the role of physical and cognitive train-

ing in a randomized controlled trial

Starting from the observations made in the pilot study, and given its promising
results, the system we developed in Goji was improved with the aim of conducting
a second, and more structured feasibility study exploiting the same technologies of
the pilot (§2.2.1). This second study was conducted within a Young Researchers
project2 that foresaw the involvement of my research group and of IRCCS Fon-
dazione Santa Lucia.

The administration of VR-based physical and cognitive training was kept, but
the sample characteristics, the typology of interventions (i.e. only physical, only
cognitive, and both) and the training time were varied as described in the following
paragraphs. The reasons for these changes are due to the need of lengthening of
the training period, in order to make it more similar to other studies that revealed
effective, and to the possibility of evaluating the synergic effects of PE and CT.

2.3.1 Methods

Training system improvements

The training system resembled the characteristics of the system presented in §2.2.1,
though some modifications have been made both to hardware and software com-
ponents (Figure 2.9).

First, the cycle-ergometer has been replaced with another one (Cosmed K100)
allowing for the direct measurement of the heart rate, using either a proprietary
(Ergoline) or a commercial (Polar) chest-band. This allowed for more participants

2Progetto di ricerca finalizzata – Bando Giovani Ricercatori: A comprehensive preventive
program for dementia tailored on the neuropsychological profile of persons with Mild Cognitive
Impairment: cognitive stimulation, physical intervention and healthy nutrition, a randomized
controlled trial. Funded by the Italian Ministry of Health
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Figure 2.9: Some of the improvements made to the setup used in the previous study.

to be included, because they could use the same sensor while only exchanging the
band for hygienic reasons.

The PlayStation controller was replaced to improve the interaction within
the cross-road scenario. More in details, to implement the braking function,
we mounted a 3D-printed brake lever on the cycle-ergometer handlebars. It was
equipped with a potentiometer measuring the pushing force. The braking action
was thus made more natural. On the other hand, increasing the naturalness of
the interaction was not possible for what concerned the change of the point of
view (the flat screen had to remain fixed in front of the user). Therefore, a single
joystick (as shown in Figure 2.9) has been mounted on the handlebars by means of
a 3D printed case. Both the joystick and the potentiometer signals were collected
by an Arduino Due board.

The VR application was changed accordingly, adding a specific co-routine for
the retrieval and the management of the stream of data from the Arduino board.
Additionally, an ad-hoc section dedicated to the operator, and accessible prior to
application login, was inserted in the application to allow for the calibration of the
potentiometer.

Finally, the projected touch screen was replaced with a finger-touch television:
this increased sharpness of colors and the sensitiveness to touch.

For what concerns the software application, the park scenario was improved
in terms of graphics, and the path to follow was made smoother to avoid the
expectations of lateral acceleration during the exercise.

This was expected to reduce the mismatch between the visual and the (ex-
pected) vestibular feedback, thus reducing also the risk of the occurrence of sick-
ness [108]. The new path following algorithm was implemented using LeanTween,
a Unity package also including functionalities for path interpolation [156].

Dealing with the supermarket scenario, the modifications we made majorly
entailed the generation of shelves and the increase of the number of levels. In
particular, shelves were computed (randomly) in advance using an separate ap-
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Figure 2.10: The path to follow in the park, in the older (left) and the new (right) versions
of Goji.

plication, stored within the training application, and retrieved when needed; in
this way, all the users could practice with the same exact scenarios. The levels
of difficulty were significantly increased (from 5 to 56) with the aim of creating
different scenarios more challenging and “adaptable” to participants’ capabilities,
with respect to the few levels developed for the previous trial. Easier levels were
made available so that the intervention could be extended to people with more
severe symptoms. More complicated levels (probably reachable only from healthy
participants) foresaw the entire shelf filled with products (40 items) and a list of 10
items to remember. The characteristics of all the levels of difficulty can be found
in Appendix B.

Having increased the levels of difficulty, we also introduced an algorithm for
the automatic handling of the transition to the next (or the previous level). The
algorithm, created following psychologists’ instructions, foresaw passing to the next
level when no errors (or hesitations) were made for three repetitions in a row of the
same level; on the other hand, if the user committed more than two errors while
completing a single shopping list, he/she had to go back to the previous level. The
possibility of going back to previous levels constituted a novelty of this second
version of the application too.

To ease the process of configuring the PC on which the VE runs, some param-
eters were made available for modifications in an external file; these parameters
were: the repetitions without errors required to move on to the next level; the
maximum number of errors allowed to move on to the next level; the minimum
number of errors in a single trial to go back to the previous level; the maximum
duration of the shopping and the park session; the COM ports on which the bike
and the Arduino board had to be set; the minimum and maximum percentage of
the heart rate causing the workload to decrease, or increase, respectively.

Finally, discounted products were made more recognizable (Figure 2.9); also,
to avoid the discomfort signalled by the participants of the first trial who had to
bought non-discounted items when the discounted version was present on the shelf,
both product versions (i.e., with and without discount) were displayed on the shelf
only when the product to pick was discounted. Otherwise, only the non-discounted
version was placed on the shelves.
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Participants

A cohort of 320 individuals composed of older community-dwelling individuals
attending seniors’ centres or Alzheimer’s Evaluation Units (AEVs), and with ob-
jective (MCI) or subjective (Subjective Cognitive Decline, SCD) complaints in one
or more cognitive domains was assessed for enrolment. The assessment included
a clinical evaluation of risk factors (i.e., physiological parameters, comorbidities,
lifestyle, depression, vascular risk factors); the evaluation of the cognitive status
through MMSE, and other cognitive-related tests; a test to assess the autonomy in
the Instrumental Activities of Daily Living (IADL); the Functional Activities Ques-
tionnaire (FAQ); and the categorization of each individual with MCI according to
the presence (or absence) of impairments in one or more cognitive domains.

Inclusion criteria were: age≥ 60; having an impairment in one or more cognitive
domain (MMSE≥ 26, or MMSE≥ 28 if years-of-schooling were≥ 16; or a score≥1.5
standard deviations lower than age-, sex-, and years-of-schooling-matched nor-
mative sample), but without a significant functional impairment (FAQ< 10 and
IADL> 80%); absence of co-morbidity. Exclusion criteria included MMSE≤20;
presence of neurologic or psychiatric diagnosis; history of cardiovascular diseases;
suffering from a brain damage, or seizure; history of alcohol or drug abuse; senso-
rimotor dysfunctions and/or inability to perform PE.

With respect to the first study, enrolment criteria were slightly relaxed to en-
sure the access to a larger sample of individuals. Eighty individuals fitted the
defined criteria and were enrolled in the study. They all provided informed writ-
ten consent. This study fulfilled the requirements of the Declaration of Helsinki,
and was approved by the IRCCS Fondazione Santa Lucia medical ethics review
committee (Rome, Italy).

Experimental protocol

The study was designed as a randomized controlled trial with a 2x2 factorial design.
Eighty participants have been randomized twice: the first randomization decided
whether the participant had to receive CT, the second whether the participant had
to receive PE. This resulted in the following four groups:

CTR: controls, who received no treatment,
CT: participants who received only Cognitive Training,
PE: participants who received only Physical Exercise,
CT+PE: participants who received both.

The CT consisted in 20 minutes of training in the supermarket, using the
scenario described in 2.3.1, plus in 20 minutes of training with a commercial clinical-
tested software (Brainer Professional Brain Trainer). Brainer provided a set of
exercises aimed at training different cognitive domains, i.e. complex attention,
executive functions, memory, language, visuo-spatial abilities. These exercises and
their level of difficulty were chosen from time to time by the neuropsychologist
supervising the training. Each new exercise always started from the easiest level.

The PE comprised 20 minutes of cycling on the cycle-ergometer while navigat-
ing in the park scenario. The target heart rate was set to vary from 55% to 75%
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of the maximal frequency calculated on the basis of the age of the participant (see
Equation 2.1 and Equation 2.2). In addition to the cycling activity, 20 minutes of
light physical exercises dedicated to increase the strength of both the upper and
lower body were performed. For the accomplishment of this part of the training,
participants were guided by a video showing a therapist performing the exercises.

Participants belonging to the CT+PE group performed 40 minutes of CT and
40 of PE with the modalities described above. They also performed the road-
crossing scenario.

For all the intervention groups, the training lasted 12 weeks and the treatment
was administered twice a week. All the participants, including controls, received
indications about a healthy nutrition plan and the Mediterranean diet.

Outcomes

As for the pilot study (§2.2.1), the effects of the proposed multi-domain intervention
were evaluated from the cognitive and the subjective point-of-view. The assessment
of cognitive capabilities foresaw the administration of MMSE, ROCFT, FAB and
FAQ test already presented in §2.2.1. In addition to these, the following tests were
performed in order to better investigate the cognitive and functional functioning
of the enrolled participants.

• Forward and Backward Digit Span tests (DF, DB) [157], to assess the verbal
memory span;

• Short-Story Immediate and Delayed Recall tests (SSI, SSD) [143] introduced
for the evaluation of the verbal memory functions, in substitution of RAVLT
test;

• Line Cancellation Test (LCT) and Multiple Feature Target Cancellation (MFTC)
[158] test, i.e., tools that explore attention disorders, and in particular con-
junction search disturbances; these tests replaced TMT-A and AM tests;

• Phonemic and Semantic Fluency Test (PF, SF) [159] that investigated word
spontaneous production and recall, respectively;

• Naming from Description test (ND) [143], that assessed verbal fluency;

Moreover, some emotional and mood-related variables were evaluated; this as-
sessment was introduced to estimate whether subjective cognitive symptoms arose
from mood disorders; this battery foresaw the administration of:

• Geriatric Depression Scale (GDS) [160];

• Apathy Evaluation Scale (AES) [161];

All these tests were administered by the neuropsychologists of IRCCS Fon-
dazione Santa Lucia, where the study has been carried out, at 3 time-points: t0
(pre-intervention), t1 (post-intervention), and t2 (4-month follow-up).

The questionnaire for the evaluation of the subjective perception toward the
intervention, of PU and PEOU was slightly modified with respect to its first ver-
sion (§2.2.1) according to the suggestions of a psychologist working in the field
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of user-experience evaluation; this questionnaire was administered at t1 to all the
participants belonging to the CT, PE and CT+PE groups; specific sections were
omitted according to the activities performed by each participant.

The questionnaire comprised a closed-question part dedicated to the investi-
gation of (1) specific aspects related to the usability and the acceptance of the
training, and of the technologies (i.e., pleasantness of the VEs, intuitiveness of in-
put devices, etc.), and (2) the feelings that participants had during the experience
(refreshed/tired, relaxed/stressed, bored/engaged, etc.). In addition, the question-
naire comprised a semi-structured interview whose aim was to unveil the reasons
underlying the participation to the training, the met/unmet expectations at the
end of the program, and the suggestions for improvement.

Statistical analysis

The statistical analysis of the psychometric outcomes has been performed using
SPSS. The comparison of baseline characteristics was made using ANOVA or
Kruskal-Wallis tests, depending whether the assumptions for the former were met
(e.g., the data were continuous, and not ordinal).

For the analysis of study outcomes at t1 and t2, we used mixed-factor ANOVAs,
considering time as a within factor, and group as between factor. When normality
assumptions were not met, either the data was transformed using a logarithmic
transformation, or independent-sample Kruskal-Wallis test was used. In all cases,
we applied the Intention-To-Treat–Last Observation Carried Forward (ITT-LOCT)
approach for handling missing data.

Post-hoc analyses were performed only when a significant group effect or group
*time interaction emerged, as only in this case the change could be attributed to
the participation to the training program.

2.3.2 Results

Eighty older adults have been enrolled in the study and randomized in the four
groups mentioned in §2.3.1 (each with n=20). The characteristics of the sample,
and the outcomes of the cognitive, functional and behavioural assessments are
reported in Table 2.5;. AES score resulted higher in the PE group with respect to
CTR group.

Drop-outs

A CONSORT flow chart for this study is presented in Figure 2.11. Twenty of the
enrolled individuals either refused to participate to the study, or interrupted the
training program for personal reasons (i.e., physical worsening, dislike of training
activities, others). Of these, 8 were in the PE group, 5 in the CT group, 4 in the
CT+PE group, and 6 were controls. One adverse event (i.e., a fall) precluded the
continuation of training in the CT+PE group. The evaluation at t1 was concluded
by 57 participants (12 PE, 15 CT, 16 CT+PE, 14 CTR). Forty-nine participants
participated to the evaluation phase at t2.
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Figure 2.11: CONSORT flow diagram for this study.
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Table 2.5: Characteristics of the sample. Values are presented as mean (SD), with the
exception of female percentage. PE = physical exercise, CT = cognitive training, CTR =
control group.

PE CT PE+CT CTR

Females (%) 16 (80) 13 (65) 14 (70) 15 (75)

age [yrs] 71.80 (6.54) 70.60 (5.04) 70.65 (6.48) 68.50 (5.96)

schooling [yrs] 13.70 (4.79) 11.40 (4.37) 12.50 (4.66) 12.25 (4.41)

MMSE 26.90 (1.32) 27.03 (1.38) 26.31 (2.19) 25.94 (2.03)

DF 5.80 (0.86) 5.63 (0.98) 5.32 (1.02) 5.60 (0.94)

DB 4.07 (1.31) 3.88 (1.24) 3.77 (1.27) 4.12 (1.28)

SSI? -0.34 (1.55) -0.14 (1.42) -0.59 (1.36) -0.05 (1.31)

SSD? -0.20 (1.28) 0.11 (1.54) 0.72 (1.20) -0.12 (1.48)

LCT [s] 31.62 (5.64) 32.32 (6.08) 30.88 (8.86) 28.38 (7.46)

MCTC [s] 27.75 (13.64) 24.28 (14.68) 29.98 (13.62) 28.37 (17.57)

MCTC [a] 0.92 (0.08) 0.94 (0.07) 0.93 (0.06) 0.92 (0.07)

FAB 16.06 (2.07) 16.11 (1.75) 15.77 (1.99) 15.01 (2.36)

PF 12.51 (5.04) 11.85 (4.50) 11.42 (4.15) 11.39 (3.48)

SF 17.55 (3.77) 17.68 (5.24) 15.46 (3.92) 17.21 (4.85)

ND 36.28 (1.75) 36.65 (1.51) 36.34 (1.59) 36.28 (1.89)

ROCFT 31.55 (5.72) 31.70 (5.34) 30.15 (5.61) 30.50 (5.68)

FAQ 1.60 (1.50) 2.30 (2.08) 1.80 (2.40) 2.30 (2.45)

GDS 1.26 (1.19) 0.60 (0.94) 1.30 (1.45) 1.40 (1.35)

AES 26.78 (5.12)§ 29.15 (5.30) 30.60 (6.27) 33.35 (8.10)§

MMSE, Mini-Mental State Examination;
DF, Digit-span Forward; DB, Digit-span Backward;
SSI, Short Story Immediate recall;
SSD, Short Story Delayed recall;
LCT [s], Line Cancellation Test (seconds);
MFTC [s, a], Multiple Features Target Cancellation (seconds, accuracy);
FAB, Frontal Assessment Battery;
PF, Phonological Fluency;
SF, Semantic Fluency;
ND, Naming from Description;
ROCFT, Rey-Osterreith Complex Figure Test;
FAQ, Functional Assessment Questionnaire;
GDS, Geriatric Depression Scale,
AES, Apathy Evaluation Scale.

?
Standardized score according to Italian population means.

§
Significant difference, p<0.05.

Cognitive and emotional outcomes

Cognitive, functional and behavioural outcomes at the baseline, post-intervention
and at follow-up are reported in Table 2.6.
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For brevity, only significant statistical analyses are reported. A more detailed
description of all the neuropsychological outcomes can be found in [162]. For
SSD, there existed a significant main effect of group F (3, 76) = 2.82, p = 0.045.
The subsequent analysis disclosed a difference between controls and CT+PE at t1
(p = 0.032); and between controls and CT+PE, and controls and CT at t2, with
p = 0.024 and p = 0.047, respectively. However, since there was no significant
improvement with respect to the baseline, results have to be treated cautiously.

For PF, we found a significant time*group interaction (F (6, 152) = 2.254, p =
0.041) and a main effect of time (F (2, 152) = 11.635; p < 0.001). Post-hoc analysis
revealed that existed a significant difference between t0 and t2 for CT group, who
improved significantly over time (p = 0.008). A significant improvement occurring
between t0 and t2 was however also recorded for CTR (p = 0.001). Also SF regis-
tered a significant effect of time (F (2, 152) = 4.51, p = 0.0013), but neither group
(F (3, 76) = 1.127, p = 0.343), nor group*time interaction (F (6, 152) = 2.12, p =
0.054) resulted significant.

GDS resulted in a almost significant difference occurring at t1 (H(3) = 1.826, p =
0.050). Post-hoc analysis was however significant, and revealed that the difference
occurred between CT and control groups (p = 0.046). In any case, this result was
not maintained at t2.

Table 2.6: Cognitive, functional and behavioral outcomes at t0 (baseline), t1 (end of training),
t2 (follow-up). Results of post-hoc analysis are also shown. PE = physical exercise, CT =
cognitive training, CTR = control group.

PE CT PE+CT CTR

MMSE
t0 26.90 (1.32) 27.03 (1.38) 26.31 (2.19) 25.94 (2.03)

t1 26.92 (1.10) 27.15 (1.44) 26.33 (2.15) 25.67 (2.78)

t2 26.72 (1.21) 26.83 (1.40) 26.34 (2.92) 25.34 (2.00)

DF
t0 5.80 (0.86) 5.63 (0.98) 5.32 (1.02) 5.60 (0.94)

t1 5.75 (1.00) 5.48 (1.03) 5.88 (0.90) 5.92 (1.26)

t2 5.65 (1.00) 5.64 (1.23) 5.49 (0.87) 5.88 (1.07)

DB
t0 4.07 (1.31) 3.88 (1.24) 3.77 (1.27) 4.12 (1.28)

t1 3.99 (1.29) 3.88 (1.23) 3.87 (1.50) 3.84 (1.01)

t2 4.05 (1.39) 4.21 (1.65) 3.83 (1.72) 3.95 (0.89)

SSI?
t0 -0.34 (1.55) -0.14 (1.42) -0.59 (1.36) -0.05 (1.31)

t1 0.06 (1.97) 0.41 (1.79) 0.69 (1.55) -0.18 (1.43)

t2 0.33 (1.79) 0.72 (1.66) 0.84 (1.74) 0.00 (1.23)

SSD?

t0 -0.20 (1.28) 0.11 (1.54) 0.72 (1.20) -0.12 (1.48)

t1 0.14 (1.63) 0.48 (1.82) 0.77 (1.41)φ -0.15 (1.43)φ

t2 0.31 (1.47) 0.55 (1.78)# 0.87 (1.50)§ -0.08 (1.41)§,#

LCT [s]
t0 31.62 (5.64) 32.32 (6.08) 30.88 (8.86) 28.38 (7.46)

t1 32.52 (8.72) 31.66 (7.15) 28.93 (7.96) 30.29 (4.81)

t2 33.34 (12.46) 34.20 (8.31) 32.20 (10.32) 30.28 (3.96)

MFTC [s]
t0 27.75 (13.64) 24.28 (14.68) 29.98 (13.62) 28.37 (17.57)

t1 26.07 (14.82) 29.16 (16.69) 25.99 (14.52) 21.55 (9.97)
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t2 24.43 (12.46) 25.01 (8.87) 28.06 (15.83) 19.21 (8.44)

MFTC [a]
t0 0.92 (0.08) 0.94 (0.07) 0.93 (0.06) 0.92 (0.07)

t1 0.92 (0.08) 0.94 (0.07) 0.93 (0.06) 0.92 (0.07)

t2 0.92 (0.06) 0.96 (0.04) 0.93 (0.06) 0.92 (0.07)

FAB
t0 16.06 (2.07) 16.11 (1.75) 15.77 (1.99) 15.01 (2.36)

t1 15.74 (1.61) 16.36 (1.68) 15.81 (2.05) 15.93 (2.15)

t2 15.88 (2.16) 16.37 (1.70) 15.96 (1.86) 16.11 (1.41)

PF
t0 12.51 (5.04) 11.85 (4.50)§ 11.42 (4.15) 11.39 (3.48)§

t1 13.05 (5.40) 13.20 (3.61) 12.61 (3.54) 12.66 (3.83)

t2 14.10 (6.08) 14.10 (4.28)§ 11.31 (4.15) 14.06 (4.23)§

SF
t0 17.55 (3.77) 17.68 (5.24) 15.46 (3.92) 17.21 (4.85)

t1 18.44 (4.59) 18.60 (4.32) 17.90 (5.06) 16.98 (5.50)

t2 17.94 (5.23) 19.38 (5.41) 15.55 (5.42) 16.83 (5.35)

ND
t0 36.28 (1.75) 36.65 (1.51) 36.34 (1.59) 36.28 (1.89)

t1 36.28 (1.51) 36.88 (1.37) 36.88 (1.29) 35.98 (1.88)

t2 36.46 (1.69) 36.88 (1.35) 36.42 (3.63) 36.07 (2.23)

ROCFT
t0 31.55 (5.72) 31.70 (5.34) 30.15 (5.61) 30.50 (5.68)

t1 31.39 (5.48) 31.72 (5.59) 30.73 (5.65) 30.61 (5.65)

t2 31.51 (5.40) 31.42 (4.89) 30.97 (8.14) 31.37 (4.29)

FAQ
t0 1.60 (1.50) 2.30 (2.08) 1.80 (2.40) 2.30 (2.45)

t1 1.65 (1.90) 2.65 (2.20) 1.60 (2.26) 2.25 (2.65)

t2 1.85 (2.00) 2.50 (2.28) 1.70 (1.81) 2.35 (2.89)

GDS
t0 1.26 (1.19) 0.60 (0.94) 1.30 (1.45) 1.40 (1.35)

t1 0.84 (0.95) 0.30 (0.57)§ 0.85 (1.49) 1.45 (1.57)§

t2 0.84 (1.12) 0.50 (0.68) 1.00 (1.41) 1.20 (1.40)

AES
t0 26.78 (5.12) 29.15 (5.30) 30.60 (6.27) 33.35 (8.10)

t1 26.05 (5.15) 27.85 (5.18) 30.35 (6.13) 32.80 (7.57)

t2 25.72 (4.48) 28.2 (5.08) 31.20 (6.04) 31.35 (6.59)

MMSE, Mini-Mental State Examination;
DF, Digit-span Forward; DB, Digit-span Backward;
SSI, Short Storty Immediate recall;
SSD, Short Story Delayed recall;
LCT [s], Line Cancellation Test (seconds);
MFTC [s, a], Multiple Features Target Cancellation (seconds, accuracy);
FAB, Frontal Assessment Battery;
PF, Phonological Fluency;
SF, Semantic Fluency;
ND, Naming from Description;
ROCFT, Rey-Osterreith Complex Figure Test;
FAQ, Functional Assessment Questionnaire;
GDS, Geriatric Depression Scale,
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AES, Apathy Evaluation Scale.
? Standardized score according to Italian population means.
φ,§,# Significant difference, p<0.05.

Subjective outcomes

We collected 38 questionnaires investigating treatment PU and PEOU. Of these,
9 were from older adults who were part of the PE group, 16 were from CT group
and 12 from PE+CT.

As the park and the supermarket VEs were investigated with two different
questionnaire’s sections, we reported the results of closed questions grouped ac-
cording to scenario, rather than to group (Table 2.7). For the themes identified by
the thematic analysis, i.e., motivation and expectations, acceptance, and perceived
improvements, a specific reference to group is made whenever significant.

Motivation and expectations. Mainly, older adults decided to participate to
the training for two different reasons, which were probably dependent on their
perceived cognitive status. Twelve out 38 reported that they wanted to take part
in the training because they had started perceiving a slight decline of their functions
(“I was anxious about forgetting important things” / ”I had some inconveniences in
the activities of daily living” / ”I wanted to contrast memory decline”), especially
of memory. Of these, 3 were also worried by other AD cases in their families, one
was afraid of isolation, one of ‘feeling old’ after the death of his wife, another of
becoming lazy.

Study participants also decided to take part in the training because it appeared
to them a good prevention method (n = 8; “It seemed to me a beautiful idea,
and it could be good for prevention” / “I take care of my cognitive abilities” /
“I heard a lot about aging-related decline”); or a good way to discover something
more about their current cognitive status (n = 9; “I am curious about my mind”
/ “I expected a complete check-up of my brain functions”). Many participants
specifically mentioned that they wanted to support research (n = 12; “Taking part
in scientific research is important” / “I am trying to improve the quality of life
for future generations” / “I would like to know if there is a relationship between
physical activity and cognitive status”).

In terms of expectations, 8 participants reported that they wanted to improve
their cognitive functions, one aimed at obtaining a physical improvement, one
thought to improve on both sides. Two participants explicitly mentioned that
they expected many exercises (more than the ones proposed in the program), and
more VR. Six participants were interested in discovering something more about
themselves (“I was curious, I wanted to challenge myself” / “I wanted to know if I
had to do something for my cognitive capabilities”). All the other participants re-
ported not to have clear expectations, in few cases the participation to the training
was suggested by their general practitioner, or by other family members, especially
their sons and daughters.
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Table 2.7: Results (median and q1-q3) of the questionnaire administered after the sixth week
of training. The evaluation was based on a 5-points Likert scale (-2 to 2), if not specified
differently; positive values were used for positive opinions.

Score

General
satisfaction

Are you satisfied with this training? 2 (1, 2)

Park
scenario

Did you enjoy cycling? 0 (0, 1)
Was it difficult to keep the required velocity? 1 (0, 1)
Did you feel comfortable wearing the chest-band? 0 (0, 0)
Was the park realistic? -1 (-1, -1)
The duration of the cycling was too long (2)
/ too short (-2) 0 (0, 0)
During the cycling, you felt...(#)

rested / neutral / tired 10 / 7 / 5
relaxed / neutral / stressed 18 / 1 / 3
calm / neutral / shaken 22 / 0 / 0
engaged / neutral / bored 10 / 7 / 5
concentrated / neutral / distracted 16 / 2 / 4

Supermarket
scenario

Did you enjoy doing the shopping? 0 (0, 1)
Was it difficult to complete the shopping? 1 (0.75, 1)
Was the shopping scenario realistic? 0 (0, 1)
Was it easy to interact with the touch
screen? 1 (1, 1)
Was the shopping list clear? 1 (1, 2)
Was it easy to recognize shopping items? 1 (0, 1)
Was the guiding voice clear? 1 (1, 2)
Were the hints useful? 1 (1, 2)
The duration of the shopping was too long (2)
/ too short (-2) 1 (0, 1)
During the shopping, you felt...(#)

rested / neutral / tired 15 / 7 / 6
relaxed / neutral / stressed 20 / 4 / 4
calm / neutral / shaken 24 / 0 / 4
engaged / neutral / bored 12 / 10 / 6
concentrated / neutral / distracted 24 / 2 / 2

Acceptance. Results in terms of acceptance were positive, but few complaints
in term of repetitiveness and duration of tasks arose. Of the 22 participants who
performed PE in the park scenario, 13 reported very positive feedback saying that
it was “a new experience”, that was “nice to be distracted from the physical effort”,
and “useful to have indicators showing the performances”; one person said it was a
“relaxing environment”. On the other hand, the remaining 40% of the participants
reported to get bored (n = 5), to be used to perform PE, or to prefer walking or
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cycling on a real bike. Seven participants suggested to improve the variability of
the scenario introducing moving objects, or to add other scenarios. None of the
participants reported any symptoms during the park experience, with the exception
of a little shortness of breath in few cases, and only at the beginning of the training.

For what concerns the supermarket, all 29 participants agreed that it was an
activity of daily living, 12 appreciated the fact of training while performing a famil-
iar task (“I was continuously stimulated”), but 10 found it boring and monotonous
especially after a while. Other participants complained that “having to remember
the exact order of the shopping items was unfair”, and the duration was too long to
keep concentrated throughout the trial. One participant reported to feel anxious.

Usability was judged good, with no difficulties in the use of touch screen. Prod-
ucts, list, hints and the guiding voice were evaluated positively, with the excep-
tion of comments related to the complexity of the task itself (“When products are
many, it should give me more time” / “When products are a few, they are too
sparse on the shelves”). All participants agreed that attention and concentration
were fundamental to accomplish the task correctly (“It seemed easy, but there is
that something creating difficulty” / “I think many people could find it difficult”),
though the duration was judged too long in 7 cases. No one reported side-effects,
but the animation guiding the user from the aisle to the front of the shelf was an-
noying for someone (n = 4); one participant said he would preferred to stay farther
away from the screen, and another one that she would have liked to perform the
shopping while staying sit.

Perceived improvements and continuation of training. In general, both
those who expressed expectations and those who did not appreciated the training
program, and evaluated the experience positively (“I do not want to leave preven-
tion programs anymore” / “I was annoyed by the feeling of being old, the training
helped me in reversing this sensation”). It was interesting to notice that also par-
ticipants who were not expecting anything from the training, reported to have been
positively surprised to have benefitted from it (n = 9; “I had no expectations [...]
now I pay more attention!” / “I have high self-esteem, I did not expect anything,
but now it seems to me that I can concentrate more).

To questions investigating the changes occurred after the training, 28 partic-
ipants answered reporting positive feedback. Of these, 3 participants (2 in the
PE group, and 1 in CT+PE) said that they improved their physical shape (“[The
training] strengthen my muscles, I think I walk better now” / “I think I am more
active now”). The other comments were mainly related to improved attention and
memory (“I can go to the supermarket without making a list!”).

For all of the participants, with the exception of 4, the experience was a way
to increase the awareness of their status and a way to challenge their capabilities
(“I realized I was often distracted” / “I realized that I had so many duties that I do
not concentrate on my needs anymore” / “The training stimulated my curiosity”
/ “It highlighted my limits and my potentialities” / “[This experience] pushed me
to do more, I’d like to make some exercise with my tablet now”). Regarding the
others, 1 participant in the PE group reported to had an increase in the pain in
the upper limbs, 1 in PE+CT said that the training was not frequent enough to
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get results, and the other 2 (CT and PE) said that they already had an active life,
therefore participating in the study made a little difference for them.

Thirty-six participants out of 38 said that they would be willing to continue
with the training (“I trust to improve” / “It’s a way to take care of myself” / “It
worked!” / “I hope to improve more, so I can help researchers with their work”).
The two saying that they would not, reported “to be tired” in one case (CT+PE)
and that it was too difficult to reach the hospital in the other. The first person
also said that she would not continue at home, whereas the second would be happy
to do so.

In total 15 people said that they would refuse to continue the program at
home; beside the already mentioned participant, all the others explained that they
preferred to “to meet the nice personnel of the hospital” and “to have a fixed
appointment to attend during the week, [at home] I would be afraid of postponing
it”, or that they were not familiar with the use of personal computers.

2.3.3 Discussion

This study aimed at verifying the impact, in terms of cognitive and emotional
outcomes, and the acceptance of a VR-based physical and cognitive treatment in
a population of individuals with subjective or objective cognitive complaints. At
the baseline, we enrolled homogeneous groups, in terms of gender, age and year
of schooling. Nonetheless, it had to be noticed that females were present in a
percentage that was significantly higher than males; this was in agreement to what
found in previous studies, i.e., that women take more care of their health, and
therefore are more prone to participate in scientific trials aimed at improving the
physical and psychological well-being [163, 164].

One important note regards the significant decrease of the sample throughout
the study: one third of the participants did not complete the evaluation at t1, and
almost 40% did not complete the evaluation at t2. These results did not seem to be
related to the nature of proposed treatments: of the 23 participants not evaluated
at t1, only 6 (4 in the PE, and 2 in the PE+CT) interrupted the training; all the
others refused to participate prior to the beginning of the administration. The
same is worthy for t2, in which the highest number of individuals retired from the
study was in the control group (5 vs. 0, 2, and 1 in PE, CT, CT+PE, respectively).
The presence of PE could have influenced the decision of leaving the program: it
may be hypothesized that the effort required was considered too high for older
adults who were not prone and/or physically prepared to start a physical exercise
program [165].

As for the highest rate of drop-outs, also questionnaires and interviews re-
garding the intervention’s acceptance collected more negative feedback than what
measured in the previous trial (§2.2.1). Complaints were however mainly marginal,
and the general experience was appreciated; usability was judged good, and, above
all, 95% of the participants who were interviewed said that they would continue
with the training. A possible hypothesis for the higher number of complaints
could be found in: (1) the highest number of participants, and (2) the typology
of impairment they had. In the first study, in fact, we enrolled patients attending
the hospital because of an already-present diagnosis of AD, made on the basis of
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cerebro-spinal fluid markers; in this RCT, instead, participants were frequenters
of community centres, and most of them were even unaware of suffering from a
(mild) cognitive deterioration. Thus, it is plausible that they were less intrinsically
motivated in undertaking a treatment, and the highest number of refusals before
the beginning of the program supports this hypothesis. On the other hand, it
could be that their cognitive or physical status was superior, and thus they did
not feel challenged enough by the tasks required by the program: few participants
confirmed this in the interviews. A more personalized treatment, both in terms of
PE and CT could constitute a solution to try and solve this issue.

Regarding the objectives of the study in terms of cognitive and emotional out-
comes, results showed that the proposed treatment could have good potentialities,
though they should be treated cautiously, because samples were not large, and did
not allow for the generalization of outcomes.

However, in contrast with our previous study (§2.2), few improvements in mem-
ory were recorded. We found significant differences between controls and treated
participants in the CT and in CT+PE groups in long-term memory recall tests;
this data emerged after the training and were maintained also at follow-up. This
was also reported by Coyle et al. [87] who identified memory as one of the most
improved domain after CCT or VR-based training. However, other studies also
highlighted improvements in executive functions and attention, which we did not
find. Perhaps enrolling individuals with more compromised abilities could have
highlighted further differences.

With respect to our previous study, the differences obtained in the outcomes
could be linked to the different duration of the intervention, both with respect to
the single session (40 vs. 20 minutes), and to the whole treatment (3 times/week
for 6 weeks vs. 2 times/week for 12 weeks).

PE alone did not result in any effect in our study, and this was in contrast
with other studies’ findings (§1.3.2). This may be attributed (excluding study
limitations) to the type of aerobic exercises that we administered. On the one
side, the customization of the intervention only on the basis of heart rate may be
not enough to personalize the treatment according to each individual’s needs, as
already trained participants found it easy, whereas non-trained participants ended
(the first sessions) with being very tired. On the other hand, the whole quantity of
PE administered could have been too less, as it was less than what recommended
by the World Health Organization (WHO) [166]. WHO indeed recommends 150
minutes of PE at moderate intensity, or 75 at vigorous intensity, during the week
to improve cardio-respiratory fitness, depression, and cognitive decline.

In the future, beside the change and the customization of the treatment, addi-
tional elements could be added to similar interventions based on PE, in order to to
improve their effectiveness; recent studies suggest that a having the chance to have
social interactions in a pleasant atmosphere could improve the effectiveness of the
PE on cognitive outcomes [167]. In mice, the presence of pleasant stimuli in the
training environment had a suppressing effect on the accumulation of β-amyloid
[168].

For what concerns the changes in emotional outcomes, a difference was recorded
between CT and control groups in the depression scale at t1 ; this agreed to what
reported by Coyle et al. in their review on the effects of computerized training
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in MCI populations [87]. However, it was not maintained at follow-up; a possible
hypothesis may be sought in the interruption of the contacts between the therapists
and the participants, who received “less attention” between t1 and t2.

Unfortunately, the impossibility of performing analysis on oxidative stress in
this study did not give us the chance of gathering data related to the physiological
outcomes of the proposed program.

The study had indeed some limitations, i.e., the small number of participants
in each group, and the absence of a placebo for controls. Additionally, it could
be that multi-domain interventions had different effects in older adults with high
or low risk of developing dementia, and we did not verify the effectiveness of this
intervention in high-risk groups.

In spite of these limitations, the results of this study – coupled with previous
one’s – allowed concluding that our intervention was feasible, and surely acceptable
in older adults with MCI. The good acceptance rate, the subjective perceptions of
well-being, and also the improvement in a few cognitive variables, represented a
promising result thus making this intervention – with appropriate modifications –
worthy of further investigations.

2.4 Conclusions

The two studies described in this Chapter presented the application of VR tech-
nologies for the implementation of a multi-domain intervention dedicated to older
adults with MCI.

With respect to the Aim 1 of this thesis, we obtained promising results. The
intervention was largely accepted, and participants enjoyed to be part of the ex-
perimental studies. Additionally, most of them reported an improved perception
of well-being, which was an essential element to reduce the excess disability, and
to maintain a good QoL.

Dealing with objective outcomes, in spite of the lack of statistical significance
(with the exception of few cases), cognitive, emotional and physiological outcomes
have mostly highlighted a tendency toward improvement throughout the training
in the experimental groups of both studies. Consequently, though the data we
obtained must be treated carefully from a clinical point-of-view, they were useful
to inform judgement on the feasibility of this type of intervention (i.e., including
PE performed on a cycle-ergometer), and the future directions of technological and
scientific developments.

Future studies should thus continue addressing the use of VR for cognitive in-
terventions. Possible improvements could be: the design of a more customized
training program (e.g., using the International Physical Activity Questionnaire
to determine the initial bike workload or the slope with which it has to be in-
creased/decreased); the introduction of more variability in the VE accompanying
the cycling; the introduction of social elements [169]. Another interesting aspect
to investigate would be introducing scenarios capable of engaging more the partic-
ipants by eliciting higher SoP (as described in Chapter 3 and 4), with the final aim
of increasing the participants’ motivation to train, their performances and thus
their treatment outcomes [15].
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Finally, more from the clinical point-of-view, the implementation of RCTs with
adequate sample sizes remains fundamental to provide evidence on the effectiveness
of non-pharmacological intervention to manage MCI. The possible inclusion of more
impaired individuals should also be considered to generalize the results to the entire
population of older adults with cognitive impairments.
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Chapter 3

Training with higher Sense of
Presence: Cycling in immersive
virtual reality

3.1 Introduction

As explained in §1.4.1, VR allows users to feel present in a simulated environment
by immersing the individual in a computer-generated world, and allowing him/her
to interact and navigate within the virtual scenarios. However, as there exist
systems providing different levels of immersion, it has been argued that the closer
the system is to human perception, the higher is its potential of eliciting SoP [170].

Achieving high SoP represents one of the objectives that VR developers should
pursue, as having the perception of being present in the VE has been demonstrated
to increase users’ motivation, thus possibly improving also performances [15, 16].
In the field of cognitive training, and rehabilitation in general, this aspect acquires
particular relevance, as higher motivation results in higher treatment adherence,
and thus in better outcomes [171, 14].

Though one may think that higher immersion would necessarily result in higher
SoP, this relationship is not always straight-forward. Even if the majority of data
shows that more advanced and sophisticated VR devices providing a higher im-
mersion result in an increase in SoP [17], [18], few exceptions exist [172, 173].
Additionally, subjective factors have been proven to strongly contribute to SoP, as
involvement is in turn strongly dependent on the user’s willingness to be distracted
from the real world [16].

Finally, it has been demonstrated that there exist a negative correlation between
SoP and cyber-sickness [19]. Thus, to elicit SoP, the design of the VR scenario must
envision appropriate expedients to limit potential physical drawbacks, especially
in the case of immersive VR. The main of these drawbacks is undoubtedly cyber-
sickness, i.e., the specific type of sickness arising due the navigation in VEs (§1.4.1).
It comprises a set of symptoms that anyone can experience alternatively and/or to
different extents; the most common are: nausea, disorientation, dizziness, visual
disturbance and sweating [174].

The main cause underlying cyber-sickness arousal is the conflict between sen-



sory perceptions, and, in particular, the mismatch between visual and vestibular
signals [108, 19]. This mismatch can occur frequently in navigational environ-
ments as, due to the restricted walkable area, different metaphors are used to
move around, thus causing the visual system to observe more movement than
what implied by the vestibular system’s response.

Other aspects to consider when designing immersive applications are the er-
gonomics of the solutions (e.g., the weight of the headset), or the postural instabil-
ity related to the increased body sway normally occurring during the experience of
immersive VR [135]. Lack of usability and user-friendliness, which tends to make
users not to accept the proposed technological solution, may also impact [107, 135].

Because of all these reasons, standard guidelines for development of acceptable
applications for healthy individuals may not be enough for older adults with MCI,
and preliminary tests on non-vulnerable populations are mandatory to get rid of (or
reduce to the minimum) potential design errors that may reduce the VR system’s
acceptance.

3.1.1 Aims

Given the above-mentioned premises, this Chapter presents the activities that have
been carried out to pursue the Aim 2a of this thesis: to evaluate the acceptance
of immersive VR technologies for implementing cycling-based PE (§1.5).

The achievement of such an objective foresaw the implementation of an immer-
sive version of the park and the road-crossing scenarios presented in Chapter 2,
with the aim of making them more engaging, also for older adults.

Since no previous studies investigating the effects of wearing a HMD while
cycling were found prior of conducting this research, the execution of a feasibility
study on healthy young adults was believed to be an appropriate safety measure.
Also, the implementation of a preliminary test was considered useful to detect
possible issues of the system (i.e., latency, bad interaction, etc.).

3.2 Cyber-cycling: HMD or large projected screen?

A comparative study on healthy young adults

The first attempt made to move the scenarios presented in Chapter 2 to immersive
VR has been made considering the park and the urban scenarios. This situation
was indeed the most critical since both scenarios included navigation, and thus a
condition eliciting the mismatch between visual and vestibular feedback. On the
other hand, the fact of having a complete control over the forward-velocity may
partly counterbalance these negative feelings [16]. Moreover, the fact of being sit
on a cycle-ergometer limited the risk of falls thus allowing for the implementation
of a safe scenario.

Given these premises, a comparative study enrolling healthy young adults was
performed [175] with the aims of (1) assessing the acceptance of a HMD-based
cycling, and (2) determining the pros and cons of wearing a headset versus looking
at a large projected screen. As secondary aims, we investigated the effects of
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time on both negative and positive effects of the experience, namely, occurrence of
symptoms and their severity, and positive recall of the experience.

3.2.1 Methods

Study design and participants

A within-subject repeated-measurements study was designed. Participants were
required to cyber-cycle in two different experimental conditions, i.e., in front of
a Large Projected Screen (LPS) and while wearing a HMD. Participants were all
healthy young adults who gave their informed written consent. Exclusion criteria
were: severe vision deficits, mobility issues, history of navigation sickness, cognitive
deficits. The sample characteristics are shown in Table 3.1.

Table 3.1: Characteristics of the sample. ∗ =missing values [175].

Participants N=33
Age [yrs] 31.00 ± 4.94
Sex [M/F] 23/10
Impaired vision [Y/N] 21/9
Familiarity with VR [Y/N] 6/26
Bike users [Y/N] 28/4

To evaluate the effect of time and reminiscence, and to better inform toward
possible combination of treatments in the case of MCI training programs, we ap-
plied a balanced randomization scheme. Its goal was studying whether there existed
differences in the two conditions when performed (1) with 5-days-washout or (2)
on the same day. The resulting scheme is presented in Table 3.2.

Table 3.2: The study randomization scheme. Adapted from [175].

5-days washout same day

HMD then PS group 1 group 3

PS then HMD group 2 group 4

Equipment

The two VEs used in this study were the park and the road-crossing scenarios
presented in §2.2.1. To create the HMD condition, we used a Samsung GearVR
HMD equipped with a Samsung S6 smartphone, whereas for the LPS condition,
we used a projector (EB-1430WI, Epson). The dimensions of the LPS were kept
constant for all the trials at (1.30 x 2.35 m). It was placed in front of the cycle-
ergometer at 1.22 m from its base.

The cycle-ergometer was connected to a PC using a serial port, to synchronize
the visual flow according to the cycling velocity. For the HMD condition only, an
additional TCP client-server connection was set up to allow the PC sending the
velocity data to the application running on the smartphone, via a wireless network.
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The potential existence of delays was verified prior to begin any test; no latency
was perceivable.

The interactions with the virtual scene occurred differently for the 2 conditions.
In LPS condition, the PlayStation controller’s joystick was used to look around,
while the X button was used to brake. In HMD condition, the rotation of the
point of view occurred naturally, by turning the head; the Samsung Gear VR im-
plemented a gyroscope to improve the measurements performed by the smartphone
itself. The braking function was implemented using the only interaction means of
this HMD, i.e., the touch-pad on the right side. This type of (unnatural) interaction
was expected to distract the participant from the immersive experience, because it
was inconsistent with reality. However, also the use of PlayStation controller was
not natural, thus allowing the comparison of the 2 conditions of testing.

In both cases, pressing the braking button caused the visual flow to stop
smoothly in 0.5 m. Restarting to cycle after braking caused the visual flow to
restart according to the cycling velocity.

Study protocol

We orally informed the participants about the two environments’ interaction modal-
ities before the beginning of the test. All were given a schedule for the performance
of the two conditions, according to their group belonging (Table 3.2). All partici-
pants navigated first in the park for 5 minutes, and then in the urban scenario for
the time required to cross 5 cross-roads (about 5 minutes). The time of the experi-
ence was intentionally kept quite short in order to limit the extent of symptoms, if
any would occur [176]. We required them to keep a cadence in between 50 and 70
RPM, in agreement with what we had done in previous projects with older adults
(§2.2.1). Finally, the workload was set to 20 W to induce no fatigue.

Measures

The subjective experience was assessed through the following standard question-
naires. We had two main outcomes: SoP and cyber-sickness, plus a third one
aimed at detecting users’ motivation or anxiety.

• Igroup Presence Questionnaire (IPQ) [177]; this questionnaire aimed at inves-
tigating user’s SoP. It is composed of 14 items investigating the sub-domains
of Spatial Presence, Involvement and Experienced Realism. Answers are given
through 7-item Likert scales, and range from 13 (minimum SoP) to 91 (max-
imum SoP).

• Simulator Sickness questionnaire (SSQ) [178] assessed potential adverse ef-
fects arising during the experience in the VR environment. SSQ is composed
of 3 different sub-scales: nausea (N), oculomotor disturbances (O), and dis-
orientation (D); each sub-scale comprises 7 symptoms that have be rated as
none, slight, moderate, or severe.

• Intrinsic Motivation Index (IMI) [179]; we used the sub-scales of Interest and
Enjoyment (INT-ENJ, 7 items) and Tension and Pressure (TEN-PRES, 5
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items) in order to evaluate whether these factors were positively or negatively
linked to SoP or cyber-sickness; each item was measured through a 7-point
Likert scale.

We also collected participants’ comments during the test. Comments that were
judged relevant to better frame the user-experience in terms of SoP or side-effects
were examined through thematic analysis [149]. Lastly, at the end of the two
conditions of testing, participants were asked which device they preferred.

Statistical analysis

Statistical analyses were performed using SPSS, and considering a significance
level equal to α=0.05. Chi-squared tests were performed to establish whether the
difference in the device preference was generalizable. Such a test was performed
on the entire sample, and on a sub-portion of it that did not include frequent
VR users; in this case, the goal was to exclude the effect of familiarity with VR
technologies.

Normality of the collected data was checked using Kolmogorov-Smirnov test.
Paired t-tests were run to compare SoP in the two conditions. Unpaired t-tests
were also used to compare SoP in sub-groups defined according to: (1) device’s
preference, (2) group, (3) personal characteristics. A 2x4 mixed ANOVA was
performed to evaluate the effects of the interaction condition*group and the two
main effects of condition and group. Cohen’s d was used to assess effect size.

As cyber-sickness is known to have a skewed profile [178], the comparison of
the two conditions in each group was performed using Wilcoxon signed-rank tests.

Correlations of SoP with cyber-sickness, engagement and anxiety were evalu-
ated using Pearson’s correlation coefficient. A square root transformation of SSQ
was performed before running such a statistic test.

3.2.2 Results

Data from 3 participants were excluded from the analysis; distribution and reasons
are presented in the CONSORT flow diagram (Figure 3.1).

Device preference. We found a significant difference in device’s preference be-
tween participants who preferred the HMD (n = 24) with respect to the LPS
(n = 6): χ2 = 10.8, p < 0.001. Significance was preserved also when excluding
frequent VR users (n = 25): χ2 = 6.76, p < 0.01).

Sense of presence. In LPS condition, IPQ mean score was 36.5 (SD = 8.32,
range: 20-50), whereas with HMD, we obtained 56.8 (SD = 10.39, range: 35-
91). The difference between the two values reached statistical significance (t =
−12.06, p < 0.001). All participants reported higher SoP in the HMD condition,
irrespective to the group which they belonged to (Table 3.3).

Running ANOVA, we found a main effect of condition (F (1, 26) = 134.19, p <
0.001). Neither the condition*group interaction (F (3, 26) = 0.297, p > 0.05), nor
the main effect of group (F (3, 26) = 1.97, p > 0.05) were significant.
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Figure 3.1: CONSORT flow diagram for the HMD vs. LPS comparative study.

Table 3.3: Sense of presence; results are presented as mean value (SD). p-values corresponds
to ANOVA post-hoc analysis results. For effect size, Cohen’s d values are reported. Adapted
from [175].

Group Cond. SoP p Effect size
1 LPS 37.00 (9.17) p < 0.05 1.90

HMD 55.89 (10.68)
2 LPS 33.00 (6.16) p < 0.05 1.98

HMD 52.00 (12.10)
3 LPS 42.29 (7.63) p < 0.001 2.16

HMD 60.86 (9.48)
4 LPS 24.43 (0.10) p < 0.05 3.97

HMD 57.86 (8.71)

Cyber-sickness. SSQ subscales and total scores are reported in Table 3.4. All
participants experienced greater discomfort in tge HMD condition. Considering all
groups, SSQ-TS in HMD condition was 30.00 (q1 − q3 : 25.75 − 34.00), while in
PS, it was 22.00 (21.00− 25.25); such a difference was statistically significant (z =
−4.71, p < 0.001). No differences in SSQ-TS were found when comparing the LPS
and HMD between groups; almost all sub-scales resulted in a significant difference
within the same group in the 2 conditions: in the HMD condition, oculomotor
disturbance was higher for all groups, nausea and disorientation were higher in 3
out of 4 groups.

SoP and SSQ only correlated in the HMD condition (r = −0.39, p < 0.05). No
other significant correlations were found, neither with motivation, nor with anxiety
(Figure 3.2). Also, no effects of gender, familiarity with VR and order of exposure
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were recorded.

Participants’ comments

The participants’ comments were categorized in 4 different themes.

• realism: the naturalness of the virtual environment and of the exercise, i.e.,
how similar to reality the virtual experience was perceived to be (Table 3.5);

• interaction: the perceived self-efficacy within VR. Both opinions concerning
interactions and their quality, and the (lack of) perception of control were
identified as part of this theme (Table 3.6);

• involvement : the sense of being immersed and engaged during the experience;
these comments were especially related to the interruption of the so-called
“flow” (Table 3.7).

• physical drawbacks : physical discomfort and negative feelings (Table 3.8).

3.2.3 Discussion

The aims of this study were assessing whether an immersive VR-based intervention
requiring cycling would be acceptable for older adults, and what advantages the
use of HMD would have with respect to a LPS. A preliminary study on healthy
young adults was considered mandatory as older adults – especially when showing
symptoms of cognitive impairments – have to be considered a vulnerable popula-
tion.

Table 3.4: Scores of the Simulator Sickness Questionnaire; results are presented as median
(min-max). ∗ = significance at Z-test, p<0.05 [175].

Group SSQ-N SSQ-D SSQ-O SSQ-TS

1 LPS
9.54∗

(0.00-28.72)
0.00∗

(0.00-30.32)
0.00∗

(0.00-41.76)
3.74

(0.00-29.92)

HMD
19.08∗

(0-57.24)
22.74∗

(0.00-45.48)
27.84∗

(0.00-33.66)
29.92

(3.74-74.80)

2 LPS
4.77

(0.00-28.62)
0.00∗

(0.00-7.58)
0.00∗

(0.00-41.76)
1.87

(0.00-22.44)

HMD
19.08

(19.08-114.48)
18.95∗

(0.00-29.92)
55.68∗

(13.92-125.28)
33.66

(3.74-97.24)

3 LPS
19.08∗

(0.00-28.62)
3.79

(0.00-30.32)
20.88∗

(0.00-55.58)
16.83

(0.00-33.66)

HMD
38.16∗

(19.08-57.24)
15.16

(0.00-30.32)
48.72∗

(13.92-83.52)
35.53

(14.96-59.84)

4 LPS
0.00∗

(0.00-28.62)
0.00∗

(0.00-15.16)
0.00∗

(0.00-41.76)
0.00

(0.00-26.18)

HMD
28.62∗

(0.00-171.72)
30.32∗

(7.58-121.28)
41.76∗

(27.84-222.72)
37.40

(14.96-187.00)
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Figure 3.2: The correlations between the variables investigated in the study. Only SoP and
cyber-sickness were significantly (negatively) correlated in the HMD condition (*). Adapted
from [175].

Table 3.5: Comments labelled as realism.

Realism

Both
conditions

“I believe there are missing elements which can make the envi-
ronment more realistic: walking people, animals.”
“During the test, I felt detached from the ground.”
“After braking, the restart is not immediate.”
“The change in bike’s direction is not so natural.”
“I would add the noise of the wind and some walking persons to
make the experience more realistic.”
“There are too few living beings in the environment.”
“Between the two scenarios there is no continuity, and this is not
realistic.”
“I did not like some aspects of the graphics, which made the en-
vironment less realistic.”
“The environment is not very detailed.”
“The movement of cars is unrealistic.”
“The city is aseptic and fake.”

LPS
condition

“In the first scenario, I could not look right and left and this
made me feel less involved.”

HMD
condition

“It would be better to see the bicycle’s handlebars, my hands and
the other things usually included in the field of view when you
look down.”
“Compared to the projector, vision with the HMD is sharper.”
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Table 3.6: Comments labelled as interaction.

Interaction

Both
conditions

“It would be nice if something happens at your passage (for ex-
ample something that rolls and should be avoided).”
“I wanted to change the bicycle direction.”
“The bike handlebars could not be turned; you could set the bicy-
cle on a rotating platform to allow it to rotate.”
“I would have liked to receive physical feedback when the bicycle
direction changes.”
“I would have liked to be able to choose the path to follow.”
“The control I had on the virtual environment was too limited.”
“In the second scenario I would prefer to have greater reality,
greater freedom of movement, in other directions too.”

LPS
condition

“The change of the visual perspective with the joystick is too quick
and unnatural.”
“The commands to change the point of view are unrealistic and
increase the difficulty of the task.”
“It is not natural to control the point-of-view with the joystick.”
“It is impossible to handle the gaze direction with the joystick.”

HMD
condition

“Braking is not so natural and distracts from the experience.”
“Exercising with HMD is more realistic and immersive: the en-
vironment surrounds the person and thus its visual exploration is
more immediate.”

Table 3.7: Comments labelled as involvement.

Involvement

Both
conditions

“The exercise is repetitive.”
“I found the exercise boring and therefore not very engaging.”
“The bike handlebars could not be turned; you could set the bicy-
cle on a rotating platform to allow it to rotate.”
“The urban environment is repetitive and does not help to feel
part of it.”
“Environments would be more engaging with well-defined goals.”
“It is to be improved, but I found the experience very fun.”

LPS
condition –

HMD
condition “The experience with HMD was engaging.”

The results of this comparative study were mixed. Outcomes showed that
healthy young adults largely preferred the HMD, and that this device was able to
convey higher SoP with respect to the LPS [180]. On the other hand, we found
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Table 3.8: Comments labelled as physical drawbacks.

Interaction

Both
conditions

“I did not feel comfortable when the bike curved without my con-
trol.”

PS
condition

“I had headache.”
“I had a bit of dizziness.”

HMD
condition

“I had nausea and dizziness.”
“I had a slight sense of nausea.”
“During the curves the trajectory was fragmented and this caused
malaise.”
“The background was somewhat blurry and it caused a slight an-
noyance.”
“The device is heavy.”
“I felt good on the straight path, but not in the curves.”
“I did not feel comfortable, maybe because I did not see well.”
“When I brake, I feel myself pushed out of my body.”

that physical drawbacks were more pronounced in the HMD condition.
This allowed hypothesizing that, though cyber-sickness probably compromised

(partially) the experience with the HMD, its related symptoms were not sufficient
to overcome the positive feelings elicited by higher SoP, which eventually led the
users to prefer the most immersive visualization device.

Different factors appeared to contribute to the relationship occurring between
SoP and cyber-sickness. Among the others, Weech et al., in their recent review
[19], identified some factors majorly contributing to the arousal of side-effects:
sensory mismatch and vection, display factors, and navigation control. The first
two factors are strongly related, because sensory mismatch is often the result of
vection, which, by rendering the illusion of self-motion, often causes visual and
vestibular cues to be in conflict. Such a conflict may have arisen during our study:
the vestibular perception of lateral and frontal acceleration could not be reproduced
in any way. This was noted by study participants, who underlined to feel worse
during bends and brakes, i.e., when the expectations of vestibular feedback was
higher. It is possible that this has also resulted in the interruption of the flow of
the experience, and thus of the feeling of presence. Mismatched multimodal cues
may, in fact, cause a sudden transition from the virtual to the real world [181].

Interruptions in presence (not only related to cyber-sickness), which were iden-
tifiable in our participants’ comments (e.g., “I could not turn the handlebars and
this distanced me from the virtual environment”; textit“I felt good on the straight
path, but not in the curves”; textit“raking is not so natural and distracts from
the experience” ), have been already noticed to occur in previous studies. The
idea of users realizing presence only when it is interrupted is currently discussed
in literature [19, 182, 183]. These “breaks” in presence have also been suggested
as an objective way to measure SoP [181].

Dealing with display factors, the literature has shown that visual display char-
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acteristics could influence both SoP and cyber-sickness [19]. In particular, stere-
oscopy has been demonstrated to cause cyber-sickness introducing a conflict be-
tween vergence (the distance of a virtual 3D object) and accommodation (its fo-
cusing distance). As a result, experiencing a VE using a HMD could result in
an increased visual discomfort, e.g., eyestrain, blurred vision. The results of the
present study confirmed this fact, since all group reported high visual discomfort
in the HMD condition, and a few participants also explicitly mentioned that their
vision was blurred. In addition to the vergence-accommodation conflict, it has
to be considered that Samsung GearVR is not the headset currently providing the
best quality images; higher frame rate and wider field-of-view would have probably
improved the experience in terms of both SoP and drawbacks [19].

Regarding navigation control, and interaction in general, the design of the VE
proposed in this study limited the possibility of moving freely around the environ-
ment. This is known to decrease SoP, as control represent one of the key factors
contributing to presence [16]. Users highlighted this aspect in their comments, and
reported the experience to be somehow “restricted” in both conditions. The fact
that the participants could decide to move forward at their own velocity was not
sufficient to elicit positive feelings, as complaints were almost the same occurring
in other studies in which the participants were passive [110, 184]. On the other
hand, the possibility of looking around with the HMD was appreciated (“[the en-
vironment] visual exploration is more immediate”), but this did not contribute to
reduce sickness: SSQ scores were significantly higher for all groups.

Concerning other factors potentially influencing SoP and side-effects, we found
no correlation. This was in contrast with previous studies showing that engage-
ment, anxiety, sex, and gaming experience influence the quality of the experience
[19, 185, 186]. Regarding engagement, it has been found that the more the partic-
ipant feels involved and motivated in the experience, the higher is the SoP experi-
enced [185, 186]; the same is worthy for anxiety, which appeared to be positively
linked to SoP [187, 188]. Nonetheless, it may be possible that the type and the na-
ture of the proposed scenarios influenced our outcomes, as in this study the whole
experience was short, representing common daily scenarios, and not particularly
touching, especially for young adults.

Regarding gaming experience and group allocation, we found no correlation
of these two variables with SoP and cyber-sickness; this was also in contrast to
what reported in the review of Weech et al. [19] and in the study of Ling et al.
[189]. This may be due to the different way in which questions related to past
experience with VR have been posed – as in this study just a simple and generic
question was used –, and to the fact that washout period was not long enough to
strengthen or weaken the feelings perceived during the first condition experience.
Further studies are needed to assess exactly how this factor could influence SoP
and perceived symptoms; the effect of gender has to be further investigated too.
Evidence in literature are currently mixed, with some studies reporting females
suffering more from cyber-sickness [190], and experiencing higher SoP [79], and
others showing no differences (as in our case) [190, 191].

Summarizing our results, we may say that, in spite of the clear preference that
the enrolled participants expressed for the HMD and the higher levels of SoP it
elicited, the high scores obtained in the SSQ [178] must raise some concerns with
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respect to the feasibility of and HMD-based cycling intervention on older adults.
Some modifications to improve the design of the whole system, according to

participants’ suggestions, were considered essential for future studies. Bends and
brakes were too sharp, and were identified as the main cause of malaise. Thus,
eliminating immediate stops (after braking) and reducing bends curvature may
work in reducing the onset of physical side-effects [192]. Moreover, it seemed
plausible that adding some interactions with the environment could be useful to
increase users’ engagement, and consequently to reduce motion sickness [193, 192].
These pieces of information were considered for the development of a new training
system, also based on cyber-cycling, for older individuals. Its features are described
in Section 3.3.

3.3 CAVE-based cyber-cycling: a usability study

on older adults

The results of the previous studies suggested that (1) older adults may enjoy par-
ticipating in VR-based physical and cognitive training (§2.2.1, 2.3.2), but also that
(2) wearing a HMD while cycling is not free from the risk of experiencing cyber-
sickness (§3.2.2). Due to this, we did not believe that a HMD-based setup was
the optimal way to provide older adults with a more immersive cycling experience.
Consequently, we directed our attention toward another device able to convey im-
mersive scenarios: the Cave Automatic Virtual Environment (CAVE).

Moreover, following the suggestions given by the young adults enrolled in the
study described in §3.2, and the advice of the personnel of the Istituto Auxologico
Italiano, we worked to design and introduce interactions within the VE.

In particular, as we wanted to frame this application in the field of cognitive
interventions, we decided to transform the park scenario in a scenario in which
performing Dual-Task (DT) training [25, 194].

3.3.1 Dual task training

DT is based on the concurrent administration of physical and cognitive tasks; it is
motivated by the fact that the simultaneous execution of cognitive and motor tasks
can cause a decline in the execution of one of them, or even in both, depending on
the cognitive demand [27]. In patients with declared dementia, DT performance
declines prior and faster compared to single-task performances, thus making DT
deficits highly-specific and sensitive indicators of cognitive decline [59]. In fact, peo-
ple with cognitive impairments show a significant decrease in motor performances
during DT; maximal muscle power, postural control and gait are all affected by
the execution of DT, and the extent of their impairment becomes more appar-
ent as cognitive demands become higher [26]. DT training could thus represent a
promising methodology not only to improve attention-related outcomes, but also to
improve motor outcomes (e.g., gait parameters or fall risk), in patients with MCI
and dementia [195]. These benefits could be of key importance for maintaining
autonomy in ADLs: it is enough to think that successful locomotion requires the
ability of performing simultaneously cognitive tasks, which may cause interference
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in the performance of gait (e.g., paying attention to moving people or vehicles, or
reacting to a stimulus) [196].

Evidence of the effectiveness of DT training can be traced in many studies
in literature, though populations undertaking those trials were diverse; positive
outcomes have been obtained in older frequent fallers [197], post-stroke [198] and
Parkinsonian patients [199], for both what concerned cognitive and motor param-
eters.

However, previous DT program were based either on the use of a treadmill
[200], or implemented stepping-in-place strategy, e.g., on a balance board [201].
However, these two methods could not ensure that the training is free from any
risk (e.g., slipping or falling). Thus, a cycle-ergometer, as in our case, may repre-
sent a better solution. Indeed, there are studies reporting lower risk of injury for
cycle-ergometers than for treadmills, especially in case of elder and/or frail users
[128]. In addition, the effects of training with walking or cycling-based exercises
are comparable; both paradigms have been reported to improve balance, weight
shifts, gait,and lower body extremity functioning [130, 129, 131]. Finally, the pat-
tern of cycling can be easily be re-conducted to the gait pattern. They are both
cyclical, involve the reciprocal flexing and extension of the leg joints, and cause
the alternative activation of agonist and antagonist muscles [202].

The following paragraphs describe the study we performed in collaboration
with Istituto Auxologico Italiano (Milan, Italy) enrolling a small sample of older
adults with cognitive complaints, with the aim of assessing the feasibility of a DT
intervention taking place in a CAVE, and using a cycle-ergometer; the developed
system was named Positive Bike [25, 194].

3.3.2 Methods

Participants

For the usability and acceptance assessment of Positive Bike, 5 1 older adults both
with normal cognitive status and MCI were enrolled.

Though there was not the complete certainty that the proposed CAVE-based so-
lution would be acceptable for this population, the previous experiences conducted
in the Istituto Auxologico Italiano, and the fact of not having neither bends and
brakes (as better described in §3.3.2), nor a device completely occluding the real
world sight, supported the idea that conducting the study involving target users
could be reasonably safe.

The only inclusion criterion was age ≥ 60. Individuals with motor issues,
severe vision deficits, severe dementia (MMSE<19), or that were unable to provide
informed written consent were excluded.

The sample was composed of 3 females and 2 males. The mean age was 70.0±
11.7, and the mean years of schooling were 11.0 ± 5.6. Mean MMSE score was
25.66±3.31; 3 participants were in the normal cognition range (MMSE score≥24),
and 2 had MCI (MMSE between 19 and 23, according to MMSE criteria [61]).

Before the trial, all participants had to give their informed written consent. The
study was approved by the Ethical Committee of the Istituto Auxologico Italiano

1Five is the minimum number of users required to perform a usability study [203].
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and carried out in its premises.

Equipment

As mentioned, Positive Bike exploited a CAVE. Its application was developed using
Unity rendering engine. MiddleVR Unity plug-in [204] provided the functionalities
to make the VR application to communicate with all the CAVE system modules;
it allowed projection on the CAVE walls, and the exploitation of motion data
retrieved from the CAVE tracking system as inputs.

Within the CAVE environment, 4 stereoscopic projectors (Full HD 3D XGA
DLP, Optoma) projected the VE onto 3 walls, plus the floor. The right-eye and
left-eye images were combined together by active goggles, thus allowing for the
perception of depth. A stereo-photgrammetric system [205] enabled tracking the
position of passive reflective markers, and the correction of the spatial distortion
of the simulated environment, which is eventually displayed with a 1:1 scale ratio
(3.3).

For this study, we equipped both CAVE goggles and an X-Box joystick with an
asymmetrical set of markers, thus allowing the system to recognize their position
and orientation within the game area. This information was used to adjust the
user’s point of view, and to “transform” the X-Box joystick in a laser pointer
allowing for the interaction with virtual 2D elements (i.e., buttons) displayed on
the CAVE walls.

Figure 3.3: One of the study participants cycling in the CAVE [175].

The cycle-ergometer (Cosmed EuroBike 320) was placed in the middle of the
CAVE. The control of bike velocity and workload was implemented as did previ-
ously §2.2.1. However, with respect to previous studies (§2.3.1 and §3.2.1), some
modifications have been made.
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First, the application was modified to implement a cognitive task. Such a
cognitive task consisted in the identification of target elements appearing, among
distractors, at the two sides of the cycling route. Targets and distractors could
be animals or street furniture; in the case of animals, users had to identify all the
animals whose name starts with a specific letter (e.g. for the letter “c”, “cat”
is a target, whereas “giraffe” is not). Instead, in the case of street furniture,
participants had to look for a a specific a colour (Figure 3.4).

Second, a pushing button was anchored on the cycle-ergometer handlebars for
the detection of the user’s interaction, and an Arduino DUE board that was used
to stream the button digital output to the computer. Participants had to press
this button to signal the recognition of a target. The answer was considered valid
if given before the target disappeared on the CAVE lateral wall. A green tick
appeared on the target to signal a correct answer, whereas a red cross meant that
the selected item was not a target; no feedback was given in case of no interaction.

Third, the path was made straight, and the naturalistic elements were simplified
in order to limit the occurrence of cyber-sickness, and not to interfere with the
identification of the targets, respectively.

Finally, also the written text showing the RPM to the user was eliminated.
Feedback about the correct cycling velocity (between 50 and 70 RPM) were given
via auditory feedback: acute and grave earcons communicated that the cycling
velocity was too high and too low, respectively.

Figure 3.4: The two types of game in Positive Bike: recognition of the target animal, or of
the colour of the furniture [25].

The application also allowed the therapists to perform the treatment customiza-
tion. These were: the game type (animal/ street furniture); the target category
(names starting with C/G/T/S; or orange/ blue/ yellow/ violet); level (2/3 targets
each 30 seconds); workload (20/30/40/50 W); duration (15/20 minutes).

Study protocol

For this feasibility study, all participants followed the same protocol cycling 15
minutes with a fixed workload of 20 W. All participants were required to keep a
constant velocity during the task and were told about the auditory signals’ mean-
ing. Additionally, all trained with animal task, letter C, and the lowest level of
difficulty. To render the 3D scene appropriately, participants wore active goggles
and an asymmetrical structure on which a few markers were placed, around their
neck. The latter was used to estimate the user’s point of view in the virtual scene.
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Wearing it on the neck avoided the abrupt change of the point-of-view (for in-
stance, in the case of head turning) and allowed to look at the target items also
when they were displayed on the CAVE lateral walls.

Measures

The outcomes to investigate in this study were defined according to the requests of
clinicians and psychologists from Istituto Auxologico Italiano. They also admin-
istrated the questionnaires, and conducted the analysis of the quantitative scales.
The primary outcome was the system usability, i.e., the degree to which a specific
person is able to use a given system to achieve specific goals effectively, efficiently
and satisfactorily within a well-defined context of use.

• Usability was evaluated with the System Usability Scale (SUS): a question-
naire composed of 10 items with 5 response options ranging from strongly
agree to strongly disagree [203];

• the Short Flow State scale [206] was used to assess the degree of engage-
ment that patient had during the task and, indirectly, the perceived sense of
control.

• finally, a formative evaluation was made via a semi-structured interview fo-
cused on 4 areas: usability, sense of presence, cyber-sickness 2 and expecta-
tions. The first two areas were further divided in sub-sections: respectively,
utilization (effectiveness), learning (efficiency), and pleasantness (satisfac-
tion) for usability, and spatial presence, engagement and realism for SoP.

3.3.3 Results

SUS median score was 76.25 (iqr: 25.65; q1-q3: 63.75 − 89.38) that according to
Bangor et al. [207] was in the range in between good and excellent, and corresponds
to a B score (range 76.2− 78.8) [208]. Short Flow State scale median score was 5
(1; 4-5); all the domains investigated in the scale are shown in Figure 3.5.

The outcomes of the formative evaluation were divided into positive (Table
3.9) and negative feedback (Table 3.10). Two independent experts performed the
classification; their agreement rate was satisfactory (Cohen’s k = 0.85; standard
error = 0.1).

3.3.4 Discussion

This study presents an attempt to implement a DT paradigm exploiting immersive
VR for the administration of a cognitive task, and a cycle-ergometer for the per-
formance of the motor exercise. We obtained promising outcomes, as the system
resulted usable and user-friendly. In particular, according to what stated by Ban-
gor et al., who tried to categorize SUS results, we could implement no modifications
to our setup [207].

2It was not possible to administer the SSQ as the Ethical Committee refused to include a
questionnaire that has not been validated in Italian yet.
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Figure 3.5: Short Flow Scale variables distribution.

Also in terms of flow, the system could be considered satisfactory; the results
of SFS we recorded were comparable or higher than the ones reported in previous
studies presenting physical training protocols for older adults [209, 210]. Csik-
szentmihalyi [103] described flow as the sensation that a person perceives when
he/she acts with total involvement. Flow is also strongly related to well-being, as
it emerges when there exists a good balance between challenge and personal skills,
i.e., when a situation is characterized by high sense of control. Both these elements
are contributors of SoP (§3.2.3), thus Positive Bike revealed able to generate this
feeling in our study participants. Additionally, – looking at the single dimension
of flow “loss of self-consciousness” that obtained a rating of 5 out of 5 (SD = 0)
– one could argue that participants indeed forgot the context in which they were
performing the exercise, i.e., the hospital and the rehabilitative program. There-
fore, thanks to high SoP and the positive alienation from the context (and the fact
that no adverse effects were reported), the use of Positive Bike as a DT training
tool could be considered worthy of further investigations.

Though we did not measure cyber-sickness using a numerical survey instrument
(SSQ), and thus we could not compare the results of this study with previous ones,
we did not record any negative feedback in terms of nausea, visual symptoms,
or dizziness. CAVE may thus represent a valuable way to administer cognitive
interventions with high levels of SoP, even if including a navigation task.

Since the design of Positive Bike was novel, no comparisons could be made
with other systems. We traced only one study involving a cycle-ergometer-based
system, and reporting the results of an usability test in older adults. In such a
work, Holland et al. [211] described a tablet-based application dedicated to the
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Table 3.9: Positive feedback after the CAVE experience [25].

Topic Sub-topic Feedback

Utilization
“Both the motor and cognitive tasks were
easy.”

Usability Learning
“There was no problem in learning the use of
the system.”

Pleasantness “The 3D glasses were comfortable.”
“The cycle-ergometer was manageable.”
“The environment was beautiful.”

Spatial presence “The feeling was to be in the real park.”
“I had the feeling of being suspended.”
“The environment was relaxing.”

SoP Engagement “I was focused on the task.”
“I think I have been pedaling for 5 minutes.”
“I have forgotten you (the examiners) were
here too.”

Realism “The environment was realistic.”
Cyber-
sickness

Side-effects No one reported side effects.

Expectations
“This system could be useful for several types
of patients.”
“I think it would be easier to train with this
tool.”

physical training of chronic obstructive pulmonary disorders patients. Thanks this
application, the users were able to take part in a video-conference with other peers
(and the therapist) while cycling. This system was rated SUS = 81, i.e., obtained
a score that was closer to ours, although slightly higher.

We may hypothesize that this difference was due to the higher familiarity that
people generally have with tablets, whereas CAVE was surely a pretty new technol-
ogy for everybody. Additionally, the active involvement of the users was probably
higher in the case of a video-conference, also considering that patients were di-
rectly supervised by a clinician; this fact could have contributed in enhancing the
perceived system usability too [212].

In spite of positive outcomes, we also believed that some aspects of Positive
Bike could be improved, also according to participants’ criticisms 3.10). We col-
lected few complaints regarding animals’ characteristics, which were told to hamper
their clear recognition. First groups of comments were related to their size. An-
imals with a small size (e.g., frog, owl) were placed on a rock; however, this was
judged not sufficient to allow our participants to recognize them as a potential tar-
get. Secondly, issues emerged when the animals were rotated; third, some targets
were judged difficult to be recognized per se (e.g., two participants named a zebra
“horse”, and a turkey “swan”); lastly, earcons were not always clear, and users
found difficult to remember what they meant, especially at the beginning of the
experience.
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Table 3.10: Negative feedback after the CAVE experience [25].

Topic Sub-topic Feedback
Utilization “It is difficult to recognize small animals.”

“Some similar animals can be confused.”
“It is not easy to identify animals rotated back-
ward.”

Usability Learning
“The sound of the bike might be confused with
the feedback about speed.”
“When frequency increased the exercise be-
comes more difficult.”

Pleasantness “Animals are repetitive.”
Spatial presence “I had the feeling that animals bumped me.”

SoP Engagement “I felt passive in the environment.”

Realism
“The environment was nice, but did not look
very real.”
“Some animals were out of context.”

Cyber-
sickness

Side-effects
One patient was tired before the end of the
task.

Expectations
“There is no difference between this type of
treatment and another.”

To try and solve these issues, the following modifications may be of help. First,
the animal target should always be placed along the route to face the participant;
second, small animals should be replaced with others, bigger in size, and with dis-
tinguishable features (e.g., deer, goat, etc.). All the potential sources of confusion
should be eliminated.

Finally, beside these changes to the software application, the whole interven-
tion has to be enriched with a training phase, whose aim is to make participants to
familiarize with their targets, and with the application’s auditory feedback. Intro-
ducing such a training could be of help also for including in the study older adults
with more severe cognitive deficits.

The main limitation of this study was the small sample size; this clearly affected
the generalizability of the results we obtained, but the homogeneity of the data
about the experience allowed hypothesizing that no serious criticisms would emerge
in future studies.

In the near future, the above-mentioned issues will be corrected, and a training
phase during which participants would be better instructed about the tasks and
the types of feedback will be arranged. A protocol for further experiments has
been already designed, and is available in Pedroli et al. paper [213].

Future works include also the integration of sensors to monitor the person
physiological status during the training; a heart rate or a breath rate monitor
could be easily integrated in the setup to ensure patients’ safety throughout the
sessions (even if they will be always supervised), and to measure their potential
progress during the training program.
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3.4 Conclusions

This Chapter has presented two attempts of building systems exploiting immersive
VR to enrich the experience of physical training in the context of multidomain
cognitive interventions. The aim of these studies was finding a proper design able
to elicit high levels of SoP in the participants, while balancing for possible side-
effects of immersive technologies (Aim 2a, §1.5).

It emerged that the CAVE-based experience was acceptable for older adults,
thus informing about the potential feasibility of a structured training program
including this type of activity.

On the other hand, the use of the HMD still had to be considered carefully,
because risks of arousal of cyber-sickness may be higher. Nonetheless, it remains
worthy to continue investigating the use of HMDs, as it has been shown to promote
higher SoP. Also, increasing the quality of the device, reducing bends and slopes,
introducing tasks requiring active participation for the users, and limiting the
velocity while moving forward could be all ways to further reduce the occurrence
of cyber-sickness symptoms [108].
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Chapter 4

A HMD-based environment for
cognitive training: acceptance
and evaluation of naturalness in
an immersive supermarket

4.1 Introduction

Having found a good compromise for the accomplishment of immersive VR-based
physical or DT training, the second objective (in terms of increasing SoP) pursued
in this thesis was related to the implementation of an immersive scenario able to
reprise the characteristics and the aims of the shopping task presented in §2.2.1,
i.e., an activity able to train MCI patients’ visuo-spatial abilities (Aim 2b).

As mentioned in Chapter 3, an immersive supermarket – contrary to the park
environment – could potentially exclude the navigational component that is of-
ten responsible of the occurrence of side-effects. Nonetheless, it would be better
exploited in a standing position, thus introducing the risk of trips and falls (also
due to increased body sway normally occurring during the “complete” immersion
[176]).

Given this, and the release of new and high-quality HMDs that also allowed for
the interaction with virtual objects, an attempt to try and make the supermarket
scenario more immersive, and thus to exploit the potentialities of higher SoP also
for cognitive training, was judged worthy to be made. Contrary to the Samsung
GearVR used in §3.2.1, the more recent VR sets had also controllers to be held in
the hands permitting the navigation (using teleport), and the interactions in the
virtual scene.

As for the cycling task, a first preliminary study aimed at evaluating the usabil-
ity of the proposed system and potential software criticisms, the onset of potential
side-effects, and the quality of user-experience was needed. A preliminary study
enrolling healthy young adults was thus performed [24](§4.2).

In addition, prior to conduct an acceptance study on older adults with MCI
(§4.4), we performed another study aimed at assessing whether the interactions
within the immersive VR environment we developed occurred naturally. In fact,



due to system limitations, interactions in VR often require the user to act differently
than how he/she would behave in natural world: this is also the case of controllers
used for our application. These unnatural responses may affect a user’s SoP and,
above all, user’s performance, both in terms of single objects’ manipulation, and
in terms of the achievement of the general task aims.

These lower performances are the consequence of the higher cognitive load re-
quired by unnatural interactions; each task draws the from a pool of (limited)
cognitive resources (as for dual-task training §3.3), those resources cannot be used
for a concurrent, and possibly more important task, as the completion of a cogni-
tive exercise. Additionally, when interactions become complex, as in the case of
immersive VR (i.e., they require body movements), the enactment of unnatural
interactions could also result in awkward body postures and in postural fatigue.

As a consequence, we performed also a study aimed at assessing the natural-
ness – in terms of kinematics – the reaching gesture in a simplified version of the
immersive supermarket (§4.3).

4.2 The Virtual Supermarket: a usability study

on healthy young adults

4.2.1 Methods

Participants

Eight volunteers were enrolled among the employees of the Italian National Re-
search Council. Exclusion criteria were: severe visual, cognitive and/or motor
impairments, and the inability to provide informed written consent; the only inclu-
sion criterion was to be aged less than 40. All participants provided their informed
written consent to participate in the study.

Equipment

The VE had the features of a real supermarket, and it was constituted by two
scenes: the shelf and the cash-register scene. The first scene represented a super-
market aisle of 4x3 meters. With respect to the previous 2D version (§2.2.1), the
products were arranged onto two shelf units placed along the two longest walls.
The aisle task was removed to avoid the need of navigating in the environment
using teleport (the tracked gaming area in which the user could walk was too lim-
ited); signs were placed perpendicularly to the shelves to indicate on which side
the product to pick was (Figure 4.1).

A shopping list containing 8 grocery items to buy was displayed above the
controller in the non-dominant hand. The other controller was thought to handle
all the interactions with the virtual objects, i.e., pressing buttons on the User
Interface (UI), and grabbing, dragging and dropping 3D grocery items (Figure
4.2). Controllers were always visible in the scene, no other proprioceptive feedback
(e.g., avatar, hands) was implemented.

To interact with UI buttons, the user had to press-and-hold the controller’s
track-pad with the thumb: this generated a pointing laser; when the laser-pointed
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Figure 4.1: An overview of the shelf scene [24].

to the button area, the user could click on the button by pressing the controller’s
back trigger. Instead, for handling operations with 3D virtual objects, the user had
to intersect the item with the controller; keeping the back-trigger pressed allowed
to drag the object around. Conversely, releasing the back trigger caused the item
to drop according to the laws of physics (e.g., apples rolled on the floor).

Figure 4.2: A screenshot showing the two controller while playing. The list was displayed on
the controller in the non-dominant hand; the controller in the dominant hand was used to
pick products.

Users had to drop all the products on the list into the shopping cart, which
was placed on one side of the aisle, below the signs. Participants were left free
to put in the cart whatever they want. The correctness of the shopped item was
signalled the item’s name turning to green on the list, and a tick appearing next
to it (Figure 4.2). Follow the items order was not mandatory.

When all the items on the list were placed in the cart, a UI appeared asking the
user if he/she wanted to proceed with the payment: by selecting Continue, the user
was brought into the cash-register scene. In this scene, the aisles were not present
anymore, but a cash-register with desk-tape appeared. Participant had to place
all the items they bought in the previous scene on the desk, and select the exact
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amount to pay. Three banknotes and 3 coins were presented to the user (Figure
4.3): he/she had to select them using the same interaction modalities described for
UI buttons. To ease the process of paying, each time the user selected a banknote
or a coin, its value was automatically subtracted from the displayed amount. The
initial amount was generated randomly.

After the conclusion of the payment, another UI requesting the user to continue
with another shelf task appeared.

Figure 4.3: The cash-register scene. After having placed all the products on the tape, the
user had to select the right amount to pay [24].

Interaction data was collected during the exercise, and saved in a XML file; such
data comprised the total time needed to complete each shopping list, as well as the
time employed to place the items on the belt. For the shelf scene, we recorded the
following errors: Wrong item Error (WE) occurring when an item was placed in the
cart, but was not on the shopping list; Dropped item Error (DE), and Fallen item
Error (FE), occurring when a product was dropped and recollected, or dropped
and left on the floor, respectively. Mistakes committed during the payment were
also saved (Cash Error, CE).

The application was developed using Unity and deployed for HTC Vive [214]
using Virtual Reality ToolKit (VRTK)[215] and SteamVR [216] dedicated plug-
ins. More in details, VRTK provided a collection of scripts that simplified the
object interaction within VR environments (i.e., it made objects “grabbable” by
the attachment of the script InteractableObject), while SteamVR allowed for the
deployment of the developed application for the HTC Vive VR set. The HMD was
equipped with room tracking units (infrared cameras) and two controllers [214].
This specific setup enabled the user to move in the physical space (4x3 meters)
while being immersed in a virtual scene.

Protocol

Before starting the experience, one of the investigators provided the participants
with information regarding the tasks, and the use of the controllers. Participants
with minor visual deficits were left free to wear or not to their glasses under the
HMD. All were helped to wear the HMD, and adjust the lens-to-eye distance. In
the shelf scene, the shopping lists and items locations on the shelves were the same
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for all participants. The sequence of shelf and cash-register scene was repeated for
15 minutes.

Measures

The experience of using HTC Vive in the Virtual Supermarket application was
evaluated using both quantitative and qualitative data. The main outcome was
the usability of the system, evaluated through the System Usability Scale (SUS)
[203] (also used in §3.3). In addition, participants completed:

• the Simulator Sickness Questionnaire (SSQ) [178] (§3.2), and

• the International Test Commission - Sense of Presence Inventory (ITC-
SOPI) [217], a questionnaire investigating SoP and focused on users’ ex-
periences of media, with no reference to objective system parameters. It
was composed by 4 sub-scales investigating spatial presence (the sense of
placement in the mediated environment, and of control over it; 23 items),
engagement (the sense of being psychologically involved in the virtual expe-
rience; 18 items), naturalness (the sense of that the mediated environment is
lifelike; 8 items) and negative effects (the adverse reactions to the presented
environment; 6 items).

Participants’ comments during and after the exoerience were recorded by the two
investigators observing the trials. Total and partial task timings, WE, DE, FE,
and CE were collected and stored automatically by the application.

Statistical Analysis

Matlab R2018a Statistical Toolbox was used to perform the statistical analyses. All
the variables were checked for normality, with the exception of SSQ that was known
to have a skewed distribution [178]; before running correlations, SSQ data were
transformed using a square-root transformation [218]. The correlation between
usability and cyber-sickness, and between usability and SoP was evaluated using
Pearson’s correlations.

Repeated measures ANOVA was performed to estimate the difference between
trials in terms of time employed to complete the shelf and the cash-register scenes.
For the latter, only the positioning of objects on the tape was considered, as the
amount to pay was generated randomly, and thus not comparable.

Users’ comments and specific behaviours of interest were recorded and analyzed
using the thematic analysis method [149].

4.2.2 Results

Demographic data

All participants were graduated and had a good computer expertise. Other demo-
graphic data are reported in Table 4.1.
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Table 4.1: Characteristics of the sample. (* = one participant tried the Oculus Rift, two the
Samsung Gear VR) [24].

Participants N=8
Age [yrs] 28.75 ± 3.65
Sex [M/F] 5/3
Past experience with HMDs* [Y/N] 5/3
Familiarity with VR

none 2
sufficient 4
good 2
excellent 0

Grocery shopping
never 1
once or twice a month 2
less than 50% of days in a month 4
more than 50% 1
everyday 0

Subjective data

Usability. The Virtual Supermarket obtained a score of 81.56 (SD = 7.19) that,
according to Bangor et al. [207], corresponded to the acceptable range, to a grade
equal to B. It could be also interpreted as a usability score between good (SUS
score = 70) and excellent (85). The lowest obtained score was 70, the highest 92.5.

Cyber-sickness. SSQ-TS median was 18.70 (q1-q3: 3.74 − 38.34). Sub-scales
frequencies are reported in Figure 4.4; their median values were 4.77 (0 − 11.93)
for nausea, 22.77 (0− 39.80) for oculomotor disturbances, 20.88 (10.44− 34.8) for
disorientation. Cyber-sickness and usability did not correlate.

Cyber-sickness subscales were correlated, as expected; in particular, SSQ-O
correlated with SSQ-D, and SSQ-TS (r = 0.71, p = 0.049, and r = 0.96, p < 0.001,
respectively); SSQ-D correlated with SSQ-TS (r = 0.71, p = 0.014). The only SoP
sub-scale significantly correlated with SSQ score was the side-effects sub-scale,
which correlated with SSQ-O (r = 0.79, p = 0.018) and SSQ-TS (r = 0.84, p =
0.01).

Sense of presence. Results of ITC-SOPI subscales are presented in Table 4.2.
Comparison with previous studies’ results [219, 217] are also presented in the same
Figure. No correlation was found between SoP and usability. In between ITC-
SOPI subscales, spatial presence and naturalness were strongly correlated (r =
0.88, p = 0.004).

Objective data

On average, each participant completed the purchase of 40 items, corresponding to
the completion of 5 shopping lists (range 4÷7). As 4 was the minimum number of
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Figure 4.4: Simulator Sickness Questionnaire scores’s distribution for total score and sub-
scales. N = nausea, O = oculomotor disturbances, D = disorientation, TS = total score.

Table 4.2: Scores of ITC-SOPI sub-scales. Data is presented as median (iqr); also min and
max values are reported.

Sub-scale Score Range
Spatial Presence 3.88 (0.41) 3.29-4.65
Engagement 3.85 (0.39) 3.31-4.38
Naturalness 4.10 (0.40) 3.60-5.00
Side effects 1.67 (0.01) 1.00-2.83

trials completed by all the participants, all the statistical analyses were computed
considering the first 4 trials for each participant.

Execution times. Regarding the time taken to complete the shelf scene (Figure
4.6, repeated measures ANOVA was statistically significant (F (3, 21) = 18.19, p <
0.001). Post-hoc tests confirmed a significant difference between the first and the
second trials’ execution times (p < 0.005), the first and the third trials (p < 0.05),
and the first and fourth trials (p < 0.005). Also for the cash-register scene, we
found the same pattern; the first trial (F (3, 21) = 15.63, p < 0.001) was longer
than the second (p < 0.001), the third (p < 0.005) and the fourth (p < 0.05).

Errors. Shopping items fallen and then recollected from the ground (DE), items
remaining on the floor (FE) and wrongly-picked ones (WE) are shown in Table
4.3. For what concerns payment errors (CE), only one person selected the wrong
amount to pay, and only once.

Users’ comments and observations

Three different themes were identified using the thematic analysis: control, visual
drawbacks, and realism.
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Figure 4.5: Comparison of ITC-SOPI results (mean and SD) with previous studies on different
media samples. SP = spatial presence, ENG = engagement, N= naturalness, SD = side-
effects; VE = virtual environment as in [219], SM = virtual supermarket.

Table 4.3: Number of errors in the shelf scene per trial. Data are presented as median value
(q1-q3). Adapted from [24].

trial #1 #2 #3 #4
WE 0.00 (0.00-0.00) 0.00 (0.00-1.25) 0.00 (0.00-0.25) 0.00 (0.00-0.50)
FE 1.00 (0.75-2.00) 0.00 (0.00-0.25) 1.00 (0.00-3.25) 0.00 (0.00-1.25)
DE 0.50 (0.00-1.25) 0.00 (0.00-0.25) 0.00 (0.00-0.00) 0.00 (0.00-0.05)

Control. Within this category, we listed all the issues related to the interactions
with the shopping items and UI elements. The most common criticism was forget-
ting, just after the beginning of the test, how to interact with UI (“What should I
do to start?”), and how to grab the objects. Six out of 8 participants forgot the
instructions they were given just after the immersion in the virtual scene. It hap-
pened also that the track-pad and the back trigger functionalities were swapped:
during the first trial, 3 users pressed onto the track-pad to grab the objects, instead
of using the trigger.

One person commented that it was difficult to select the elements of the UI,
because pressing two buttons simultaneously (the track-pad and the back trigger)
was complex.

One participant said that it was awkward not to see one’s arms and legs while
moving around.

Visual drawbacks. In general, no one complained typical cyber-sickness symp-
toms; only few comments were addressed to visual quality. One of the participants
had some issues with the positioning of the headset (“When I look down, this [the
HMD] slipped on my head, and I could not focus items anymore”), and then com-
plained about the quality of vision in the virtual scene (“Normally, I see better
than this!”). Another participant repeatedly adjusted the HTC Vive position say-
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Figure 4.6: A box-plot presenting the time taken to complete the first four trials (shelf scene).

ing that the images were blurred; the same person performed the last trial holding
the HMD with one hand.

Some people complained that the labels on some of the product packages were
blurred. A person took the spaghetti box and moved it closer while commenting: “I
want to see if the label appearance would sharpen”, while another one complained
that he could not find the flour package (“The name on the box is not clear”).

Realism The majority of our participants’ comments dealt with the realism of
the two scenes. Regarding items’ realism, almost all the remarks were directed
toward fruits. Participants highlighted that many fruits were not proportionate
(“Oranges and tangerines have the same size” / “I cannot recognize oranges!”)
and encountered difficulties in distinguishing them. One of the participants, while
standing in front of the apple basket commented: “I do not understand if these ones
are apples, they look like plums!”. A couple of participants reported that it should
have been possible to grab the cooking pan by the handle, as it usually happens in
reality (in the VE, grabbing occurred in correspondence of the intersection between
the controller and the item to shop).

A few remarks regarded bottles. A few participants commented about the lack
of realism: “The bottle fell [on the floor] without breaking up into pieces!”. Partic-
ipants who never dropped a bottle, explicitly asked what would have happened in
that case.

One of the participants wanted to recollect an item that rolled under the cart.
After having thought about possible options, the participant opted for crouching
and recollecting the item avoiding possible collisions with the cart. Clearly, it
was also possible to pass through the cart with the controller, but the participant
preferred to implement a natural behaviour, as he would have done in the physical
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world.
Other participants threw few shopping items in the cart. However, this be-

haviour was recorded only for small and light-weighted objects that – also in reality
– would not break into pieces (e.g., apples, bread). No one threw fragile objects
(e.g., glass bottles) with the exception of one participant who intentionally wanted
to “make a mess”.

4.2.3 Discussion

The results of this study showed a “more than good” usability of the Virtual
Supermarket. It was notable that the lowest score belongs to the highly-acceptable
range of usability, and that the standard deviation of the SUS scores we obtained
was lower than what recorded in previous studies [208]. This allowed concluding
that all participants agreed in judging the system usable.

Nonetheless, contrary to previous works, perceived usability was not correlated
to any other variables; other authors found correlation between usability and SoP
[220, 221], and between usability and cyber-sickness [222]. Also, the correlation
between SoP and cyber-sickness was not present: only the side-effects’ ITC-SOPI
sub-scale correlated significantly with SSQ scores. This was in contradiction with
what emerged in the review of Weech et al. [19], who found an inverse relationship
between SoP and cyber-sickness. The difference in our outcomes may be due to the
reduced sample size, or to the tasks proposed in the VE, which were very different
from those mentioned all the above-referenced studies.

Though no correlations with usability were found, both cyber-sickness and SoP
scores were satisfactory. Actually, SSQ scores are considered to be acceptable
when < 10 − 15, which was not the case reported in this study [223, 178]. How-
ever, results may have been biased because of the small sample, and because of
two participants, who ascribed high values to the items “difficulty focusing” and
“blurred vision”, both contributing to the oculomotor disturbance (SSQ-O) and to
the disorientation (SSQ-D) scales. These 2 participants had issues in keeping the
HMD in place during the experience, thus – after the conclusion of the study – we
asked them to rate the quality of their vision after having (re)adjusted the HMD
properly. In one case, the person reported improvements whereas, in the other,
the participant admitted that his quality of vision was always low when using VR
devices. Given this, and having obtained a low nausea score, SSQ results (together
with participants’ comments) were evaluated good enough to allow organizing an
experimental campaign to evaluate the acceptance and the usability of the Virtual
Supermarket in a sample of older adults with cognitive impairments (after few
modifications, see §4.4).

In terms of SoP, our outcomes were positive. The comparison with previous
studies (as shown in Figure 4.5) revealed that the Virtual Supermarket scores
were comparable (in terms of engagement) or better (for spatial presence, natu-
ralness, and side-effects) with respect to other immersive scenarios (e.g., the one
proposed by Nisenfield [219]); our SoP was also comparable to the spatial pres-
ence, naturalness, and side-effects experienced in real world [219]. These results
may be influenced by the chance of actively participating in a specific task within
the virtual world: higher control could, in fact, contribute in creating higher SoP
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[219, 16].
Taking into consideration objective measures, some observations could be made.

First, usability was the only factor influencing the time needed to complete the
shopping. This outcome confirmed what emerged in previous studies regarding
the relationship between performance and perceived usability [146].

The first trial lasted significantly more than all the others, in both scenes.
This allowed hypothesizing that, when scenarios were presented for the first time,
participants needed more time both to explore the environment and to remember
how to interact with the environment. Indeed, the majority of the participants had
to recall how to use the controllers during the first trial. This behaviour, found
also in previous studies, can be interpreted also as the result of a “wow” effect, i.e.,
the feeling that causes people to feel great excitement or admiration in the first
instants of immersion [224, 225]. In any case, the fact that starting from the second
trial, the time required to complete to shopping did not decrease anymore could
support the assertion that usability was good. Also, no more than one attempt
was needed to learn how to interact properly with the virtual scene, meaning that
the Virtual Supermarket was indeed easy-to-use.

The issues related to the use of controllers, which we recorded during the first
trial, were consistent with what emerged from Coldham and Cook’s study [135],
who used the HTC-Vive too. In that case, problems were possibly more stressed
as the users were older adults, i.e., they are usually attributed less familiarity
with immersive VR, and innovative technologies in generals [111]. To solve the
issue related to the use of controllers, as suggested by our study participants, the
interactions with UI elements, which occurred pressing two buttons simultaneously
(the track-pad and the trigger), were simplified prior of conducting further tests.

The factor that was found to be more disturbing by the majority of our par-
ticipants was related to blurred images. Seeing objects out of focus distracted
participants from the experience and created an unpleasant sensation; this may
have partially reduced the sensation of immersion, and thus their perceived SoP
[16], whose level was however satisfactory throughout the whole experience. To
try and solve this issue, more time should be dedicated to the adjustment of the
HMD on the head of participants: letting them looking around, and giving them
more time to adjust the distance of the lenses from the eyes, and then firmly block
the HMD using the straps is fundamental to reduce blurring and slips.

Finally, we noticed that most of the participants’ comments were about the re-
alism of the VE: this fact underlined how important this aspect is to feel engaged
in the proposed tasks. In spite of the requests of improvements (e.g., improve
fruit quality, adding breaking glass effects), all participants agreed that the Vir-
tual Supermarket had a good level of realism. This opinion was also confirmed
by participants’ behaviour, who avoided throwing or dropping fragile items, and
avoided the collisions with virtual objects (i.e., the cart). This avoiding behaviour
indicated that visual cues played a key role in the perception of a realistic environ-
ment. Indeed, the good visual quality of the scene helped participants to interpret
virtual objects as they were real.

Given the promising results obtained in this usability study, the Virtual Super-
market was considered worthy of further investigations. No adverse events and no
symptoms were recorded, with the exception of blurred vision, which was demon-
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strated to improve if more attention is paid while wearing the HMD.
We have thus worked to improve the interactions in order to ease the pro-

cess of remembering commands, and of using the controllers (e.g., not having to
double-pressing the touch-pad and trigger). Prior to the feasibility study performed
enrolling older adults with cognitive complaints (§4.4), we have also conducted a
study aimed at evaluating the naturalness of the interactions: its results are de-
scribed in the following Section (§4.3).

4.3 Assessment of the naturalness of the reach-

ing gesture in physical vs. virtual reality

As already mentioned, one of the main elements contributing to generate SoP
while being immersed in VR is control, i.e., the control a person has over the task
environment or in interacting with the virtual scene [16]. In general, the more the
control, the greater the experience of presence. It appears evident that the feeling
of control is strictly related to the usability of the system, and to the naturalness
with which the interactions occur.

Therefore, the design of natural interfaces is an essential goal for the implemen-
tation of effective 3D interaction techniques. A key theme is whether interaction
techniques can be designed to resemble physical world’s. In an ideal case, users
would be able to apply in VR the same skills they use normally for the accom-
plishment of their everyday activities.

A few studies have started investigating the issue of natural interactions in
VR. Most of them were related to locomotion, as the simulated walking area is
usually bigger than the real walking workspace, and many techniques to overcome
this issue have been studied through years. Examples encompass treadmills [226],
“hamster balls” [227], methods for deceiving users’ perception by modifying sensory
feedback, and metaphors [228].

In the case of the Virtual Supermarket, locomotion occurs naturally, as the
walking area is restricted by the aisle shelves and walls, and fits the gaming area
provided by the VR system. On the other hand, what occurs in a less-natural
way is product picking; it is performed using the controller, thus hand movements
occur differently from reality. Though this problem apparently could be solved
using a data-glove, a previous study showed that the lack of haptic feedback and
the consequent lack of the perception of the object weight impacted on SoP more
than the metaphoric (but easy) interactions occurring when using the controllers
[229].

Concerning the movement of the arm, previous studies have tried estimating
the degree of similarity between movements performed in the physical and in the
virtual world. Their aim was mainly evaluating the kinematic of arm movements
for rehabilitative purposes (with the exception of [230]; see further in §4.3.1). In all
the cases, however, one could assume that the more similar the movements were,
the more natural the interaction was; thus, possibly, the less the cognitive demands
would be required.

Within this context, we proposed a study aimed at investigating the kinematic
differences of aimed movements between physical reality, and an immersive virtual
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environment resembling a shelf of the Virtual Supermarket (§4.2.1). The hypothesis
underlying the study was that the HTC Vive VR set was able to return to the user
appropriate (visual) feedback allowing the interactions – even if performed with
the controllers – to occur in a natural way. If this is the case, the similarity of
the movements performed in real vs. virtual environment would have been high,
meaning that minimum cognitive workload was required to performed the product
picking task.

4.3.1 Related works

A few studies investigated the similarities between reaching and grasping [231, 232]
performed in real world versus a 2D virtual environment. Differences in terms of
hand trajectory and movement times were found both for healthy people and post-
stroke patients. The presence of such differences was attributed mainly to the lack
of an appropriate perception of depth, due to the use of a 2D environment.

More recently researchers try to overcome this limitation by exploiting stereo-
scopic environments created thanks to active goggles or HMDs. Nonetheless, this
factor alone was probably not enough, as few kinematic differences were recorded
in healthy adults, and also post-stroke patients, also in these cases. Reaches in VR
were slower [233, 31, 34], more curved [233, 31], less accurate [31], and elicited a
different trunk displacement [34]. New hypotheses have thus been formulated to
explain these outcomes. In particular, the following were the most discussed: the
misperception of depth [231] that stereoscopy was able to reduce, but not to get
rid of; the scarce familiarity with the VR technology [231], which caused the users
not to rely on previous experiences’ cues; the absence of haptics [233, 34].

As misperception of depth emerged also in study employing HMDs, it has to
be highlighted that a couple of the above-mentioned studies [34, 31] employed a
HMD whose diagonal field of view (fov) was restricted to 50 degrees. Devices
that are currently on the market, as the HTC Vive [214] or the Oculus Rift [234]
perform significantly better, having 150 degrees of diagonal fov and about 110◦

of horizontal and vertical fov. However, their performances are still limited with
respect to the human eye, which counts on 120◦ and 200◦ of vertical and horizontal
fov, respectively. Nonetheless, Furmanek et al. [233] obtained results that were
not completely satisfying in terms of movement time even with an Oculus Rift v2;
in contrast, reach-and-grasp synergies were conserved.

Finally, we noted that all these works made use of simplified environments
that were precisely designed with the aim of being highly controllable. This was
comprehensible as the authors have focused on the kinematic comparison of gesture
features, but it also implied that the full potential of VR had not been exploited.

Given this, we hypothesized that a more ecological environment could be of
help in eliciting more natural behaviours. Additionally, being immersed in a rec-
ognizable (and engaging) scenario could contribute in enhancing users’ motivation,
and thus possibly their performances [12, 15].

103



4.3.2 Methods

The study was designed as a within-subject repeated-measurements study, in which
participants performed an aimed reaching movement, followed by the transport of
the grabbed item, in 3 experimental conditions:

• the real world (RW),

• the real world while holding the HTC Vive controller (RWC) and

• the virtual reality environment (VR).

The RWC condition was introduced to investigate the effect of holding the con-
troller while performing the task. For each participant, the order of conditions was
randomized.

The study took place at the Sint Maartenskliniek in Nijmegen (Netherlands),
and was approved the clinic’s medical ethics committee. This study has been
described in [29, 28].

Participants

In order to be eligible to participate in this study, people had to have a good cogni-
tive status (MMSE>25); and be able to provide informed written consent. Motor
and balance issues, severe vision impairments, history of seizure were considered
exclusion criteria.

Participants were enrolled and grouped according to an age criterion: young
participants were aged >18 and <40. Participants in the older adults’ group were
aged ≥65.

Equipment

A virtual and the real setup sharing the same features have been used. As the focus
of this study was comparing aimed movements performed toward different specific
targets, the Virtual Supermarket environment described in §4.2.1 was simplified
with the dual aim of: (1) better controlling the variability of the whole scenario,
and (2) to have the chance of building a comparable real setting. The whole
environment was thus reduced to one shelf unit. Such a shelf unit was constituted
by 3 shelves, on which we placed 3 products each; notches on the vertical bars
allowed to adjust the heights of the shelves to match the hip (bottom shelf), trunk
(centre) and head (top) level of participants. On each shelf, target items were
placed in ipsi-, medial and contralateral position.

Figure 4.7 shows the comparison between the real and the virtual scenarios.
The interactions with supermarket items occurred as described in §4.4.1. As

in the previous experiment, only the controller was visible in the virtual scene. A
list indicating the order in which the participant had to reach for the 9 items was
displayed on the side of the cart, toward the user. The cart could be placed on
the right or on the left side of the participant, depending on his/her handedness.
In RW and RWC, paper lists were printed and placed on a high table simulating
the cart. In RW condition, this table was also the place on which “bought” items
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Figure 4.7: The real (on the left side) and the virtual shelf units (on the right side) [29].

had to be left. The high table was preferred to a real cart because we did not
want people to bend to place the item in the cart (as this did not occurred in VR
condition). Thus, using an horizontal surface on which placing the real items at a
height that was comparable to the superior edge of the cart appeared as the best
solution to compare participants’ behaviours during transfer phase.

For this experiment to be effective, the position of each target had to be the
same in the 3 conditions. To ensure this, we made use of a stereo-photogrammetric
motion capture system (VICON [205]) that allowed retrieving the exact position of
reflective markers with a precision of less than 1 millimeter. In particular, we inte-
grated the functionalities provided by VICON into Unity developing environment,
thanks to VICON DataStream SDK [235]. This SDK allowed to stream position
(and orientation, in the case of rigid bodies) from Vicon Nexus to Unity, and thus
to exploit the position of real objects to align virtual ones accordingly.

For the data-stream to work correctly, it was necessary to align the two cam-
eras systems’ present in our setup (i.e., VICON infrared cameras, and HTC Vive
base stations). This was made using VR Alignment Tool plugin [236], and then
implementing an ad-hoc algorithm to adjust translations and rotations in the VE.

After having aligned the cameras’ systems, and enabled the data stream, we
used the positions of 4 reflective markers (1 for each shelf + 1 on the opposite side)
to adjust the heights of the virtual shelves according to the real ones. Horizontal
alignment was obtained by using notches on the shelves, and coding these distances
in VR.

VICON system was exploited also to capture user’s body movement during the
experiment, with a sampling rate of 100 Hz. We used the Full-Body Plug-in Gate
model [237].
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Protocol

The calibration and the alignment of the cameras’ system had to be performed at
least once a day.

Figure 4.8: Participants performing the reaching and transport task in VR and RWC, and a
screenshot showing participant and shelf tracking during the exercise [29].

All participants were required to wear short and tight-fitting clothes to facilitate
markers’ placement, and avoid measurement errors due to the slip of markers upon
clothes. Markers were positioned as described in [237]; then, participants were
asked to stand in front of the shelf (either real or virtual) with arms elevated in
front of them. The distance at which their middle fingers touched the centre shelf
was the one allowing to reach all items without stepping forward. They were also
asked to try not to move their feet during the trials.

In each trial, participants had to reach and transport all the 9 items on the list,
following the order. Such order was random, but chosen to allow the comparison
among the 3 conditions of testing; i.e., if the first product to pick from the real
shelf was on the top shelf, contralateral position, the first virtual object to grab
was also on the top shelf, contralateral position, and so on for all the trials.

In RW condition, participants had to reach and transport the item adjusting
the hand as they would normally do. In RWC, participants had just to use the
controller to point toward the item to pick, press the back trigger, and then pretend
to transport it on the high table (Figure 4.8, in the middle). Prior to VR condition,
participants were told about the interaction modalities, then helped to wear the
HMD, and to adjust the lenses. Then, they had to go through a familiarization
phase, which foresaw the reaching of 6 items on the shelf. These items were different
and placed in different positions with respect to the experimental targets. Giving
the participants a little time to familiarize with the VE was considered useful to
limit the “wow” effect [225], and to help remembering how to grab items using the
controller (§4.2.2).

All participants had to complete 5 trials x 3 conditions, for a total of 15 trials.
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If needed, they could sit and rest in between each condition. The whole experience
lasted around 1 hour (comprehensive of marker’s placement).

Measures

Movement Time during the reaching (MTr) and the transport phase (MTt) were
the main study outcomes. They were calculated as the time elapsed from reaching
movement onset till target reaching, and from target reaching to movement offset.
Movement onsets (offsets) were fixed when the hand velocity (RFIN or LFIN,
according to [237]) surpassed and remained above (or fell and remained below) 0.2
m/s [33]. Secondary outcomes were:

• endpoint velocity, i.e., the maximum hand velocity during reaching (vr) and
transport phase (vt);

• endpoint trajectory curvature, defined as the ratio between the measured
endpoint trajectory length and the length of a straight line connecting the
hand position at movement onset and the target object.

• relevant Ranges of Motion (ROM) for the reaching and transport gesture,
namely, shoulder flexion/extension, shoulder abduction/adduction, elbow
flexion/extension [238]; backward tilt and rotation of trunk.

Statistical analysis

Collected data were analyzed by means of Matlab2019a scripts exploiting Statistics
and Machine Learning Toolbox, and of VICON Nexus to extract joint angles, and
to calculate markers’ position derivatives.

Data collected for young adults (n = 10, §4.3.3) were analysed by means of
repeated measures ANOVAs using condition (RW/RWC/VR) and target posi-
tion (contralateral, medial, ispilateral, and top, centre and bottom shelves, Figure
4.9) as factors. Before, data were checked for normality using Shapiro-Wilk test;
when normality assumption was not met, data were transformed using logarithmic
transformation. Mauchly test was performed to assess whether the assumption of
sphericity was met. Tukey-Kramer HSD post-hoc pair-wise comparisons were used
to assess differences when significant main effects or interactions were observed.

For what concerns the data of older adults, the reduced sample (n = 3, §4.3.3)
did not allow including these results in the multivariate analysis. However, to
obtain a preliminary evaluation of the differences due to age, we compared the
data of each condition (excluding position data that resulted statistically different
in the previous analysis) using Wilcoxon rank sum test for unpaired samples.

4.3.3 Results

Ten (2 males, 8 females) healthy young adults aged 26.7 (SD = 5.46) and 3 healthy
older adults (mean age= 69.0, SD = 2.0; 3 males) were enrolled for the study. All
of them completed the experiment without complaining any issue. Means and
standard deviations of all the computed variables are presented in Table C.1 for
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Figure 4.9: Shelf positions for right-handed participants. C stands for contralateral, M for
medial, I for ipsilateral; T for top shelf, C for centre, B for bottom.

young, and in Table C.2 for older adults (both in Appendix C). Shelf positions
were coded as shown in Figure 4.9 for right-handed participants. In the case of left-
handed participants (n = 1, in the young group), we always considered the target
relative to the participant’s sides (i.e., for a left-handed individual the target in
the ipsi-lateral positions are the ones on his/her left).

Kinematic variables

For what concerns MT , differences between conditions emerged both in the reach-
ing (F (2, 18) = 17.06, p < 0.001) and in the transport phase (F (2, 18) = 6.10, p =
0.009). In both cases, the only difference that reached statistical significance was
VR (Figure 4.10, first row). RW and RWC showed no statistical differences for
both MTr and MTt.

Also main effects of position were recorded for MTr (F (8, 72) = 2.67, p =
0.012) and MTt (F (8, 72) = 2.16, p = 0.040). Post-hoc analysis then revealed one
significant difference for MTr, i.e., between CC and CB (+20% for CC, p = 0.02),
and one for MTt, i.e., between MC and IC (+9%, p = 0.03).

Main effects of condition and position were present also for peak velocities: for
Vr, we found a condition main effect with F (2, 18) = 41.11, p < 0.001 (Figure
4.10, second row, left), and a position main effect with F (8, 72) = 2.68, p = 0.012.
For Vt, we had F (2, 18) = 10.07, p = 0.002 (Figure 4.10, second row, right), and
F (8, 72) = 9.04, p < 0.001, respectively. Pair-wise comparisons of Vr for target
positions highlighted no differences; instead, for Vt, we found significant differences
between CB and all the other targets (except MC). In all cases CB had a lower
peak velocity during transfer: from -12 to -29%, p < 0.02 in all cases.

In terms of curvature, ANOVA highlighted no effects (condition: F (2, 18) =
2.36, p = 0.12; position: F (8, 72) = 0.76, p = 0.63; condition*position F (16, 144) =
0.52, p = 0.92).

Joint angles

Not all the acquisitions were considered for the analysis because, in same cases, the
occlusion of the sternum marker (STRN) resulted in the impossibility of computing
angle joints.

108



Figure 4.10: Movement times and peak velocities during the reaching and the transfer phase.
* indicates statistically different quantities (p < 0.05).

The analysis of joint RoM disclosed that a few joints were influenced by condi-
tion (Figure 4.11). In particular, ANOVA resulted in a significant main effect for
shoulder abduction (F (2, 10) = 10.77, p = 0.003), thorax tilt (F (2, 12) = 5.84, p =
0.020) and thorax rotation (F (2, 12) = 32.209, p < 0.001). For trunk only, also an
interaction effect was recorded (for tilt: F (16, 96) = 1.79, p = 0.43, for rotation:
F (16, 96) = 3.52, p < 0.001).

For what concerns trunk rotation, post-hoc analysis revealed difference reaching
significance for all targets with the exception of MT (between RW and VR), IT
(between RW and VR, and RW and RWC), and CB (between RW and VR, and
RWC and VR). Instead, for tilt, only one significant difference emerged: CB target,
between RWC and RW (p = 0.043). Looking deeper at condition effects, it emerged
the thorax rotation was larger in VR, whereas thorax tilt and shoulder abduction
were reduced in RWC condition.

Finally, for what concern the effects of position alone, we found the following:

• Shoulder abduction: F (8, 48) = 3.53, p = 0.004; target in CB was different
from CT, MT, IT, CC. In all cases, CB required from 47 to 60% less abduction
(p < 0.040 in all cases).

• Shoulder flexion: F (8, 48) = 2.98, p = 0.009; CB required 40% less shoulder
flexion than IC (p = 0.003).

• Elbow flexion: F (8, 48) = 3.17, p = 0.006; for CB, elbow RoM was reduced
of 34% with respect to IC (p = 0.003).
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Figure 4.11: Joints’ RoM plotted across condition. Thorax tilt did not result in any difference
at post-hoc analysis. *: p < 0.05, §: p < 0.001.

• Thorax tilt: F (8, 48) = 1.40, p = 0.21.

• Thorax rotation: F (8, 48) = 0.83, p = 0.57.

Comparison between young and older adults

After the removal of the data corresponding to the target position(s) that resulted
statistically different from the others, we compared the young population’s data to
older adults’, in order to identify whether there existed differences depending on
age. Results of condition comparisons are presented through box plots in Figure
4.12 for kinematic variables, and Figure 4.13 for joint RoMs.

4.3.4 Discussion

Virtual reality environments dedicated to cognitive interventions should guarantee
that all the cognitive resources of the participants are used for the accomplishment
of the main task. Therefore, it is mandatory that the actions performed in VE
(i.e., grabbing shopping items) do not compete for the same cognitive resources.
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Figure 4.12: Kinematic variables for young and older adults in the 3 conditions of testing
(RW, RWC, VR). *: p < 0.05, §: p < 0.001 at Wilcoxon rank sum test.
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Figure 4.13: Joint ranges of motion for young and older adults in the 3 conditions of testing
(RW, RWC, VR). *: p < 0.05, §: p < 0.001 at Wilcoxon rank sum test.
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In such a context, the presented study aimed at comparing the kinematics of
the reaching movements made in virtual and in physical reality, assuming that
the more natural the interaction occurred – i.e., the kinematics of the movement
made in VR was the same of the physical world –, the less cognitive resources were
required to reach, grab, and transport the target object [30].

Regarding our main outcomes, we found results that were in agreement with
previous works [31, 33, 34, 30, 35]: MT was longer in VR for both the reaching
and the transport phase.

Regarding the reaching phase, we obtained results that were comparable with
Knaut et al. [31], Stewart et al. [33], and Magdalon et al. [34], and higher with
respect to what obtained by Furmanek et al. [233] (who use the more similar
HMD). However, all the movements recorded in these studies were shorter than
ours (less than 1 second), and also no search was foreseen. In our case, the use of
setup requiring longer reaches, and, maybe, of an additional task (i.e., locating the
target item) may have enhanced the differences existing among conditions.

Though in the previously mentioned studies it has been argued that one of the
elements contributing to slower MTs could be related to the wrong estimation of
distances generally occurring in VR [239], Magdalon et al. stated that if joints
RoMs were not affected, wrong estimation of distances did not occur.

In contrast to what found by Magdalon et al. [34], in our study, the condition
RWC resulted most of the time not statistically significant from RW. This meant
that the fact of holding the controller had almost no effect on kinematic variables,
whereas the cyber-glove used by Magadalon et al. was demonstrated to slow down
the movements even in absence of VR.

The longer MT recorded in VR condition may be attributed to the lower peak
velocity during the reaching phase (vr) [32, 34, 35, 33], though probably more
specific measures (e.g., number of peaks, principal component analysis) are required
to confirm this statement. The peak velocity during the transport phase, instead,
appeared not to influence the duration of the whole movement (with the exception
of one target, CB). Thus, we hypothesized that the need of finding the physical
space to place the grabbed item on the table had an influence. Indeed, the search
of free space on the table occurred concurrently with respect to the movement,
thus slowing down could have been of help to find a good spot.

Another hypothesis may be, again, that transporting required less attention
and precision with respect to the product (searching and) reaching, thus that it
resulted in the same peak velocity, irrespective from the condition. Nonetheless,
these hypothesis would not explain both the difference for CB, and the significant
difference between RW and RWC recorded for young adults. Also in this case, a
more detailed analysis of the velocity profiles conducted on an extensive sample
could be helpful to draw more evidence-supported conclusions.

In terms of trajectory curvature, our outcomes were in contrast with the ones
obtained by Knaut et al. [31]. They found that participants exhibited more curved
trajectory in VR, but only when reaching toward contra-lateral targets. They
explained this behaviour arguing that it was more complex to reach targets at the
edge of the participants’ fov, especially if to do that, individuals had to cross the
body mid-line. In our case, we found no difference for any of the targets; however,
we may argue that none of the targets could be considered to be in peripheral
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fov, and also that the distance from the mid-line was limited (less than an arm-
reach): thus, this may explain the difference of our results. On the other hand, the
differences in MTr for IB and CT, and for IB and IT may suggest that target items
on the contra-lateral side required more time to be reached. Perhaps increasing
the distance of ipsi-lateral and contra-lateral targets may contribute in highlighting
more this effect.

Other studies reporting a more marked curvature were the ones making use
of 2D VR systems [231, 232]; therefore, our results supported the hypothesis that
stereoscopy is fundamental to elicit natural behaviours in VR.

Dealing with arm joints, we did not identify any difference in terms of RoM,
with the exception of shoulder abduction in RWC condition. Thus, results were
encouraging, especially assuming that no differences in RoM meant that no distance
over-estimation was occurring [34].

Regarding trunk, we found that rotation was more marked in VR with respect to
the physical world. This was in contrast to what reported by Magdalon et al. [34],
who recorded less trunk movement, and increased elbow extension and shoulder
abduction. In that case, however, participants were sat, and the experiment was
designed to make the participants move only onto the horizontal plane.

Knaut et al [31], instead, had targets displaced on a vertical plane, as in our
testing scenario. They found no differences for any joint, but, also in this case, the
participants were sat, and their upper body movements were limited by the chair
back support, as the study was designed to engage the arm. On the contrary, in our
case, trunk rotation in VR was probably encouraged by the fact that participants
were standing, and that the cart was on their side. Also, no clear dropping point
was specified for product release.

Our commitment of recreating an ecological environment has influenced the
control we had over the whole setup: future studies may try to better constrain the
movement onset and offset points, while keeping high ecology in the environment.

Regarding the influence of the age, the small sample and the large SDs made all
the obtained results very preliminary, and thus they must be considered cautiously.
However, an interesting tendency appeared to emerge from this study, i.e., that age
influences the movements performed in VR, both in terms of kinematic variables
and joint RoMs. Older adults showed MTs and peak velocities that were mostly
comparable to younger ones’ when moving in the physical world; for VR, instead,
we noted a statistical difference between young and older individuals. Also, trunk
rotation and trunk tilt resulted different between the two age-groups only in VR.
Few hypothesis may be formulated to try to explain this results, even though they
should be confirmed by future studies enrolling more older adults.

The first explanation could be related to the quality of vision. There were
studies showing that humans move slower when their fov is reduced [240, 241].
This was also highlighted in a study similar to ours [31]. As normal fov values for
the human eyes are higher with respect to fov provided by the HTC Vive (120◦

vertical, 200◦ horizontal; for HTC vive, fov is 110◦ for both the horizontal and the
vertical fov [242]), we may assume this fact had an influence. Additionally, in the
case of older adults, this fact may have contributed even more, as it had to be
summed to the vision-loss that was possibly already more marked in older adults
[37]. In the future studies, evaluating sight abilities may be of help in order to
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clarify whether this hypothesis is true.
Second, we hypothesized that older adults had longer MTs as they were less

familiar with immersive technologies. A study has proven that being less used to
perform a certain task, caused the people to be less efficient in accomplishing it
[38].

Future studies could try addressing these open points, especially considering
that cognitive interventions are often dedicated to older adults. In order to improve
the results and to reduce the outcomes’ heterogeneity in future studies, we suggest
introducing strategies aimed at increasing the visibility of both the targets and the
reaching hand, in order to return a better proprioceptive feedback; adding haptics;
and eliminating the need of searching items. If all the above-mentioned situations
were the result of the perceptual uncertainty or additional cognitive resources used
during target acquisition in VR, all these strategies should help to improve the
comparisons.

Our study constituted just a small investigation in the field, and had many limi-
tations. The main was the small sample, especially for older adults. Other limiting
factors included the fact that gender was not balanced in any of the groups, and
to the lack of clear constraints for all the movement phases. Also, the presence of
shelf lateral bars could have introduced differences in the participants behaviours.

In spite of these limitations, however, we had found that joints’ RoMs were
mostly not affected, indicating that – even if occurring more slowly – movements
performed in VR preserved the same synergies that were present in RW.

Further studies should better address these issues, enlarging the sample, and
foreseeing longer familiarization phases. Also the modifications proposed above
(e.g., enhance proprioception, haptic feedback, etc.) could contribute in eliciting
more natural behaviours [34, 232, 233]. Future studies may also try to consider (1)
tasks that are less or more demanding, to better evaluate whether VR influence
task performance (2) to include objective variables in their measures (e.g., accuracy
or precision, an more deep analysis of the velocity profiles, perhaps considering the
number of peaks), and (3) the measurement of physiological signals (e.g., cognitive
workload through EEG).

4.4 Usability and acceptance of the Virtual Su-

permarket in older adults

Given the good results of the preliminary study on healthy young adults, both in
terms of good usability and low cyber-sickness, and the (possibly) acceptable cog-
nitive load required by the Virtual Supermarket, we decided to conduct a feasibility
study enrolling older adults with MCI or SDC.

Prior to the performance of the test, few modifications were made to the Virtual
Supermarket described in §4.2.1 to improve its usability and to eliminate unwanted
tasks (i.e., placing the products in the cart on the cash-register tape; see §4.4.1). As
for the preliminary study, this study foresaw the experience of the Virtual Super-
market and the subsequent administration of questionnaires aimed at investigating
the subjective user-experience [39].
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4.4.1 Methods

Equipment

The hardware equipment was the same used in the preliminary study on healthy
adults (§4.2.1). As already mentioned, few modifications had been made to improve
usability, according to the suggestions given by the first study’s participants. First
of all, the UI were eliminated, thus eliminating the need of pressing both the
track-pad and the trigger simultaneously. The only task in which the pointing
laser was still needed, was the payment. Therefore, in the cash-register scene, the
button functioning was changed as follows: the pressing of back trigger caused the
pointing laser to become visible, and its release – if done while pointing at a coin
or a banknote – triggered the selection.

Additionally, also according to the psychologists of the IRCCS Fondazione
Santa Lucia (Rome, Italy), where the study was performed, the task foreseeing
the placement of the products in the cart on the cash-register tape was elimi-
nated. This was made to simplify the cash-register scenario, as such task did not
comprehended any cognitive stimulation.

Finally, to further reduce the complexity of the tasks to be performed in the
shelf scene, we limited the use of controllers to just one. This was made to avoid
the participants to keep awkward body positions, and to limit physical fatigue. As
a consequence, the shopping list that before was displayed on the controller in the
non-dominant hand, was put on the cart, as shown in Figure 4.14.

Figure 4.14: The shelf scene. The list was displayed on the cart, so users could hold just one
controller [39].

Participants

The same cohort of older adults examined for the study presented in Chapter
2 (§2.5) was considered for enrolment in this study. Since this was a usability
study, the fact of having been included in another experimental campaign was
not believed to influence any of the outcomes. Inclusion criteria were: age ≥ 60;
having an impairment in one or more cognitive domain: MMSE ≥ 26, or MMSE
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≥ 28 if years of schooling were greater or equal to 16, or a score lower than ≥ 1.5
standard deviations with respect to the age-, sex-, and years-of-schooling-matched
normative sample. Exclusion criteria included MMSE≤20, or significant functional
impairment (FAQ<9 or loss > 20% of functionality in the Instrumental Abilities
of Daily Living); presence of co-morbidities, neurological or psychiatric diagnosis;
history of cardiovascular diseases; suffering from a brain damage, or seizure; history
of alcohol or drug abuse; history of motion sickness; sensorimotor dysfunctions;
previous experiences with immersive VR.

Written informed consent was signed before the experience with the Virtual
Supermarket. The study was approved by the Ethical Committee of IRCCS Fon-
dazione Santa Lucia.

4.4.2 Protocol

Before starting the navigation in the supermarket, participants were orally in-
structed about how to manage the interactions in the two scenes. The immersion
lasted 15 minutes and consisted in the subsequent presentation of shelf and cash-
register tasks. When the 15 minutes had passed, the game was automatically
interrupted at the end of the scene. The difficulty of each list proposed to the
participants was comparable.

At the end of the test, participants were administered questionnaires aimed
at evaluating their subjective experience; objective outcomes were automatically
collected by the application and stored in a XML file (§4.2.1).

Measures

The user experience in the Virtual Supermarket application was evaluated consid-
ering both subjective and objective outcomes. Participants were self-administered
the following questionnaires:

• the Simulator Sickness Questionnaire (SSQ) [178] (§3.2), and

• the International Test Commission - Sense of Presence Inventory (ITC-
SOPI) [217].

In addition, as the attitude of older adults toward new technologies may be not
always positive, we foresaw the administration of the Technology Acceptance Model
(TAM3) [243] questionnaire. Its goal was to verify whether being less prone to use
technology influenced cyber-sickness and SoP. In particular, we used the following
sub-scales from TAM3:

• perceived usefulness (PU), i.e., how much an individual thinks that exploiting
the system of interest will improve his/her performances;

• perceived ease of use (PEOU), i.e., the extent to which the use of the system
of interest requires no effort;

• perception of external control (PEC), i.e., the extent to which an individual
believes to have the resources to use the system; question 4 of this sub-scale
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was not asked, as it involved the use of two systems concurrently, and had
no relevance for this study.

• computer anxiety (CANX), i.e., the apprehension or fear arising from having
to interact with technology;

• perceived enjoyment (ENJ), i.e., the degree to which the use of the system is
enjoyable.

• output quality (OUT), i.e., the degree to which the system is able to perform
the task for which it has been designed for.

• behavioural intention (BI), i.e., the willingness of the individual to use the
system in his/her future daily life.

The answers were given on a 7-item Likert scale where 1 represented “strongly
disagree” and 7 “strongly agree”.

Dealing with the objective variables, total and partial task timings, WE, DE,
FE, and CE were collected and stored.

Statistical Analysis

Statistical analyses were performed using MATLAB 2019a Statistics and Machine
Learning Toolbox. Significance level was set to α = 0.05 for all tests. Cronbach’s
α was used to estimate the internal validity of TAM3 sub-scales, as we removed
some items from the original questionnaire [243].

Since SSQ has a skewed distribution [218], correlations between SSQ sub-scales,
ITC-SOPI, TAM3 were investigated using Spearman’s correlation. Spearman’s
correlations were used also to assess the relation between SSQ and the sample de-
mographic characteristics (i.e., age, MMSE, years-of-schooling, and gender). Pear-
son’s correlation was used to evaluate the relation in between SoP and technology
acceptance, and between these questionnaires’ sub-scales and the sample charac-
teristics.

Repeated measures ANOVA was performed to compare the time taken to com-
plete each trial. Only the shelf scene was considered, since in the cash-register
scene, the amount to pay was generated randomly, and thus not comparable.

Multiple linear regression was performed to investigate the influence of SoP
and of technology acceptance on task execution times, and on errors. To do this,
TAM3 scores and ITC-SOPI sub-scales’ scores were used as independent variables,
while the time needed to complete the task (i.e., to collect the products in shelf
scene) or the committed errors in each trial were used as dependent variables.

Finally, assuming that the differences between the first version of the Virtual
Supermarket (§4.2.1) and the one used in this study were not so relevant to have
strongly influenced SoP and cyber-sickness results, a comparison of ITC-SOPI and
SSQ scores obtained for young and older adults was made. T-tests for unpaired
samples were used in the case of ITC-SOPI sub-scales, and Mann-Withney U tests
were employed to compare SSQ sub-scales and total score.
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Figure 4.15: Two participants performing the trial [39].

4.4.3 Results

Fifty-seven older adults aged 71.4 (SD = 5.85) were enrolled for participation in
this study. Thirty-eight participants were females, 19 were males. The sample’s
mean MMSE score was 27.38 (1.88): 22 participants were affected by MCI, while 35
had subjective cognitive complaints. Average years of schooling were 13.07 (3.70).

The results of 2 participants have been excluded because, in one case, the
person did not answer to the questionnaire, and in the other, the experience in the
Virtual Supermarket had to be interrupted because the participant complained a
little discomfort and did not want to proceed with the questionnaires. All the other
participants were able to reach the end of the test. One adverse effect was recorded
as one of the participants fell without consequences during the trial. This person
after admitted: “I was tired, I was trying to lean on one of the shelves”.

Subjective data

Cyber-sickness. SSQ total score was 3.74 (median, q1− q3 = 0− 16.83). SSQ
sub-scales scored: 0 (0 − 9.54) for nausea, 7.58 (0 − 15.16) for oculomotor dis-
turbances, 0 (0 − 27.84) for disorientation. The distribution of scores for both
sub-scales and total score are reported in Figure 4.16. As expected, significant
positive correlations were present between all the sub-scales and total score: SSQ-
N and SSQ-O (rs = 0.40, p = 0.001), SSQ-N and SSQ-D (rs = 0.46, p < 0.001),
SSQ-N and SSQ-TS (rs = 0.65, p < 0.001); SSQ-O and SSQ-D (rs = 0.77, p <
0.001), SSQ-O and SSQ-TS (rs = 0.90, p < 0.001); finally, SSQ-D and SSQ-TS
(rs = 0.88, p < 0.001). No correlation existed between SSQ scores and gender, age,
schooling, and MMSE of the participants.

Sense of presence Results of ITC-SOPI sub-scales are presented in Table 4.4.
In between ITC-SOPI subscales, correlations were found for spatial presence and
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Figure 4.16: Simulator Sickness Questionnaire scores’ distribution for total score and sub-
scales. N = nausea, O = oculomotor disturbances, D = disorientation, TS = total score.

engagement (r = 0.58, p < 0.001); spatial presence and naturalness (r = 0.69, p <
0.001); engagement and naturalness (r = 0.39, p = 0.003). ITC-SOPI side effects
scale correlated with all SSQ scores and sub-scores;in particular, we found rs =
0.49 (p < 0.001) for SSQ-TS, rs = 0.50 (p =< 0.001) for SSQ-N, rs = 0.34
(p = 0.002) for SSQ-O, and rs = 0.34 (p = 0.009) for SSQ-D, respectively. There
existed no correlations with participants’ demographic characteristics, and with
their cognitive status.

Table 4.4: Scores of ITC-SOPI sub-scales; mean (SD).

Sub-scale Score
Spatial Presence 3.51 (0.50)
Engagement 3.85 (0.68)
Naturalness 3.85 (0.82)
Side effects 1.46 (0.53)

Descriptive statistics for TAM3 are reported in Table 4.5. All measures had
high internal consistency reliability (α ≥ 0.70), with the exception of PEOU, whose
reliability was slightly inferior, but however acceptable (α = 0.68). Weak correla-
tions were present between PU and OUT (r = 0.30, p = 0.028), between PEOU
and CANX (r = −0.32, p = 0.019) and PEOU and ENJ (r = 0.33, p = 0.015);
a weak correlation also existed between ENJ and BI (r = 0.28, p = 0.05). Fi-
nally, a moderate negative correlation was present between CANX and ENJ (r =
−0.44, p < 0.001).

Technology acceptance was correlated with SoP and cyber-sickness in few sub-
scales: in particular, PEOU and SD (r = −0.37, p = 0.006), and PEOU and SSQ-N
(r = −0.33, p = 0.013); CANX and SSQ-N (r = 0.38, p = 0.004), CANX and SD
(r = 0.40, p = 0.0023); OUT and ITC-SOPI naturalness (r = 0.32, p = 0.02).

Years of schooling were correlated to OUT (r = −0.27, p = 0.047) and BI
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(r = −0.34, p = 0.014). No other participants’ characteristic was correlated to
TAM3 sub-scales.

Table 4.5: Mean and standard deviation scores, and reliability coefficient for the administered
sub-scales of TAM3.

Sub-scale Score Cronbach’s α

PU 5.19 (0.21) 0.93
PEOU 6.28 (0.40) 0.68
PEC 5.61 (0.31) 0.75
CANX 2.12 (0.16) 0.80
ENJ 6.28 (0.12) 0.97
OUT 5.74 (0.18) 0.74
BI 5.33 (0.13) 0.93

Objective data

On average, each participant completed 3.75 ± 1.60 shopping lists, which corre-
sponded to the purchase of 30 items; all the participants completed at least one
list in 15 minutes. The maximum number of completed shopping lists (trials) was
8. The number of completed trials resulted significantly and negatively correlated
with age: r=-0.56, p<0.001. No significant correlations with years of schooling,
MMSE and gender were found.

Execution times. A comparison of each shopping list completion time is pre-
sented in Figure 4.17. The statistical comparison of trial’s completion time was
made including all the participants who completed the first four trials (n = 31). Re-
peated measures ANOVA was significant (Huynh-Feldt F (2.48, 74.52) = 19.86, p <
0.001); post-hoc tests revealed that only the first trial’s duration was significantly
longer than the second (p = 0.006), the third, and the fourth (p < 0.001 for both).

Using the regression model, it resulted that the time needed to complete the
first trial was independent from SSQ, ITC-SOPI and TAM3’s sub-scales. However,
there existed a positive correlation between age and execution times for the first
(r = 0.32, p = 0.019), the second (r = 0.37, p = 0.007) and the third (r = 0.49, p =
0.0008) trial. Also MMSE resulted correlated with execution times, but the rela-
tionship was mixed: it was negative for the second trial (r = −0.35, p = 0.022)
and positive in the fourth (r = 0.55, p = 0.035).

Errors. The number of errors is reported in Table 4.6 as number of relative errors
with respect to the number of trials completed by all the participants. Twenty-two
participants put in the cart at least one wrong object (or a duplicate of an already
bought product) during the first trial; 43 participants dropped at least one item in
the first trial. No CE were recorded.

Considering just the first trial (that was completed by all the participants),
we found that WEs, DEs, and FEs were not dependent neither from SoP, nor
from cyber-sickness, nor from technology acceptance. Mean errors (i.e., the total
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Figure 4.17: The duration of each trial. Red crosses indicate outliers.

Table 4.6: Number of errors relative to the number of trials [39].

Trial #1 #2 #3 #4 #5 #6 #7 #8

WE 0.89 0.48 0.25 0.48 0.20 0 0 0

FE 0.29 0.26 0.18 0.23 0.27 0.29 0 0.50

DE 1.14 0.66 0.73 0.45 0.40 0.14 1.00 0.50

Rep. 55 50 44 31 15 7 2 2

number of WE, DE, CE divided the number of trials, for each participant) were
not significantly related to any participant’s characteristics.

Comparison with healthy young adults’ results

The comparisons of sub-scales relative to SoP and SSQ are presented in Figure
4.18. None of the t-tests were significant. Also for SSQ sub-scores and total score,
no difference were found using Mann-Whitney U test tests.

4.4.4 Discussion

This study aimed at examining the feasibility of a cognitive training intervention
based on an immersive VR environment representing a supermarket. To our knowl-
edge this was one of the first studies investigating the effect of immersive VR on
the elder population, and the first specifically addressing MCI patients [39].

The outcomes we obtained were very promising. First, we recorded very low
levels of cyber-sickness: all median in SSQ values were below acceptable levels, i.e.,
< 15; SE score was lower for VR with respect to what obtained in a study com-
paring different rendering means [219]; and the results were comparable with levels
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Figure 4.18: The comparison of SSQ and ITC-SOPI sub-scales’ values obtained for the older
adults and young adults’ samples.

previously recorded for young adults. Disorientation appeared to be the symptom
which affected the most the whole experience, followed by ocumolotor disturbances
and nausea. This was in agreement with previous studies reporting that disorien-
tation symptoms (i.e., dizziness and vertigo) are the major distinguishing features
of cyber-sickness [136], i.e. the type of sickness arising in VEs, which is different
from motion-sickness, normally arising in driving simulators. However, we could
argue that our hypothesis that no conflicting sensory cues would occur in the Vir-
tual Supermarket – as the motion resulted just because of participants’ walking in
the game area – was confirmed by the outcomes of the study: no severe symptoms
arose as no sensory mismatch was induced.

No effect of personal characteristics of the participants was found to influence
the perception of cyber-sickness. This is in contrast with the results obtained in
previous studies, but there were some possible explanations. First, for what con-
cerns age, it was reported that susceptibility to sickness decreases starting from the
age of 21 [244] till becoming nonexistent after 50; however, the study reaching this
conclusion was investigating the effect of motion-sickness in real tasks, therefore
the results could not be directly transferable to our context. A more recent study
reported that older adults did not suffer from any side effects during the exposure
to immersive non-interactive VR [111].

The fact that one of the participants left the study without completing the ques-
tionnaires, after having complained a not better described malaise, supported the
hypothesis that probably subjective factors (e.g., sensitiveness to motion sickness)
played a strong role in the arousal of symptoms [175].

Additionally, as the participants enrolled in the study were aged between 60
and 83, it could be that the span was not large enough to highlight difference or,
also, that the side-effects arising from the experience were too light to highlight
any differences in the sample [245]. Other studies addressing the study of cyber-
sickness symptoms made use of environments specifically developed to stimulate the
arousal of symptoms [246, 247], and this was surely not our case. The hypothesis
that symptoms were too light to highlight correlations with personal factors could
be worthy also for gender, – whose effects reported in literature are mixed [190,
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191, 248] – and for MMSE score. For the last, it has also to be remembered that,
on the one hand, it is a diagnostic criterion for MCI, but, on the other, that it is
never administered alone, as it is indeed not very sensitive for the discrimination
of MCI [4].

In the future, studies addressing the feasibility of immersive VR-based interven-
tions in older adults should include larger samples, individuals with pre-dementia
and/or at higher risk of developing AD, and should consider including additional
psychometric tests in the outcomes’ analyses. Also, it would be interesting to cou-
ple subjective measures (i.e., SSQ) with objective ones: postural instability, EEG,
heart rate and breath rate, and stomach upset are all non-invasive techniques that
could be used to further study the acceptability and the feasibility of immersive
VR programs [244].

In terms of SoP, the obtained results were comparable with those of young
adults and superior than those reported in the study of Nisenfeld et al. [219]. The
Virtual Supermarket was capable of eliciting very good levels of spatial presence,
engagement, and naturalness, and the positive correlation between these three fac-
tors confirmed the reliability of the obtained results. The falling of one participant
who later reported that his intention was to lean on the shelf was an unfortunate
event, but, on the other hand, confirmed that SoP, and realism in particular were
very high, as the participant’s behavioural response was the same as in the physical
world [183]. As for cyber-sickness, we found no effect of age, gender, and cogni-
tive impairment. Regarding gender, as for cyber-sickness, evidence in literature is
mixed [248, 249]. In terms of age and cognitive abilities, evidence is even more
sparse; there appears to be a consensus among researchers that SoP could be in-
fluenced by these personal characteristics [217, 245], but no conclusion could be
drawn [11]. Further studies should thus consider these aspects too.

Another relevant variable that this study has addressed is technology accep-
tance; this factor is fundamental to discriminate whether the user considers the
proposed solution meaningful, and if he/she is willing to use it in his/her daily life
[243]. According to the results we obtained, the Virtual Supermarket was highly
acceptable, with all positive sub-scales scoring higher than 5 out of 7. This result
could be linked both the good usability (perceived ease-of-use, PEOU) of the sys-
tem we proposed, and to the perceived usefulness (PU) of the VR scenario for CT
training [250, 251]. Though we did not tested usability, we could report that none
of the participants enrolled in the study had difficulties in interacting with the
controller; additionally, the decreasing number of errors throughout trials, and the
longer time needed to complete only the first trial, supported the hypothesis that
learning to use this technology was an easy process. In terms of PU, all the par-
ticipants were told about the aim of the Virtual Supermarket, therefore they were
aware of the potential usefulness of the application, and probably they appreciated
this innovative way of performing CT [252].

Regarding technology acceptance, it is interesting to point out also that PEOU
was influenced negatively by computer anxiety (CANX), nausea (SSQ-N) and side-
effects (SD), and positively by enjoyment (ENJ). This was in agreement with
previous findings: anxiety is often reported to be linked to lower performances
(also in reality), which in turn could depend on less comprehension of the systems’
interactions modalities or less attention toward it [253]; nausea and general malaise
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scores were indeed very low for everybody, but they could have contributed in
creating a sense of unease that distracted, probably unconsciously, the participants
from the system use [254].

On the other hand, being positively involved may result in increased perfor-
mances and better flow [255], which could increase participant’s appreciation to-
ward the environment. In a state of flow, in fact, control plays a crucial role in
the creation of SoP [16]: this hypothesis was also confirmed in this study, as there
existed a correlation between the quality of the output (OUT), and the perceived
naturalness of the environment.

We found no correlations between technology acceptance and participants’ de-
mographic and personal characteristics. This was in contrast to what was reported
in the review of Hauk et al. [256], and in a recent study by Huygelier et al. [111],
who reported that a negative age-attitude (i.e., the combination of PU and PEOU)
association was present in their sample; they also reported this correlation not to
be mediated by the cognitive status of the participant. This last outcome was
confirmed in our study. The difference in the age-attitude relationship may have
been due to the different instrument we used to evaluate it, or, more probably, to
the fact that Huygelier et al. evaluated participants’ attitude prior and after the
experience, which we did not. It could have happened that, also in our case, the
positive opinions of participants had been influenced by the just-ended pleasant
experience, but we could not draw any conclusions in this sense.

Another interesting fact emerging from the analysis was that OUT and BI were
negatively correlated with schooling, as people with higher educational level were
more critical toward the general quality of the proposed experience, and less prone
to repeat it, with respect to their less-educated peers.

Interestingly, a variable that resulted correlated with age (and not with gender,
schooling, or cognitive status) was the time required to complete the first trial;
for older participants, being more cautious (even involuntarily) during the first
experiences with new technology may have led to needing longer time to get familiar
with the environment and, consequently, to a reduced number of completed trials.
However, this did not appear to be dependent on anxiety (CANX).

Further studies comprising a larger sample – perhaps with different cognitive
diagnosis – and more sessions are thus required to shed light on the influence of
age (and of cognitive status) on the feasibility and the acceptance of interactive
immersive VR experiences in older adults.

4.5 Conclusions

This Chapter addressed Aim 2b of this thesis, i.e., the design and the validation
of an immersive VR environment dedicated to the training of cognitive functions
in older adults with MCI. The developmental path foresaw two different studies
addressing diverse aspects of VR experience prior of the implementation of an
acceptance and usability test on the target population.

In particular, the first study allowed determining the acceptance of the Virtual
Supermarket environment in healthy young adults. The study revealed that envi-
ronment was safe in terms of cyber-sickness, and able to elicit high levels of SoP.
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Additionally, it helped in identifying potential interaction issues, which, in fact,
had been simplified.

The second study assessing the kinematic differences between the movements
performed in an ecological VR environment and in the physical world had also
promising results. Indeed, joint RoMs were not affected by the fact of wearing an
HMD; trunk rotation was an exception, but environmental factors had probably
contributed. According to Levin et al. [36], coordination is an important compo-
nent of dexterous movement, thus having maintained the appropriate segments’
RoM was positive.

On the other hand, the possible limited perceptual fidelity that led to increased
MT s and lower vr in VR may disguise a higher cognitive workload, that would not
be adequate for anybody, and especially for individuals who need a cognitive inter-
vention [257]. The design of an appropriate VR environment is thus fundamental
to elicit natural behaviour, and to let the participants focus only on the main
(cognitive) tasks required by their training program.

Finally, a study addressing the acceptance of an immersive VR interventions
on older adults with MCI has been presented. With respect to the previous ac-
ceptance study performed by Huygelier at al. [111], our experience foresaw also
an active and purposeful participation of the older adults, who walked around and
interacted with the objects in the scene, instead of being seated and having limited
interactions within the virtual scene. Higher control over the environment could
have contributed in creating a more engaging experience, but further studies are
required to better investigate how older adults deal with immersive VR. It remains
also to determine whether more cognitively impaired participants could benefit
from immersive VR technologies without any safety concerns. Foreseeing the use
of a harness should be recommended to ensure the safety of all participants.

In any case, the good outcomes of this study in terms of reduced side-effects,
good SoP and high acceptance of the technology go in the direction of supporting
the development and the further investigation of immersive VR applications for
older adults with cognitive deficits. Future studies should then try addressing the
clinical effectiveness of this immersive application.
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Chapter 5

Conclusions and future work

This thesis describes immersive and non-immersive VR applications developed to
provide PE and/or CT to older adults with cognitive deficits. In particular, we
evaluated the impact, also from the clinical point-of-view, of interventions provided
with 2D technologies (Chapter 2) and explored the acceptance and the usability of
physical and cognitive training supported by immersive interactive VR technologies
(Chapter 3 and Chapter 4).

In terms of clinical outcomes, we found some positive results. In the first trial
we performed, in spite of the reduced sample, we found a significant reduction of
oxidative stress, thus indicating that this type of intervention may be helpful in
reducing the concentration of physiological markers predicting Alzheimer’s disease
(§2.2.1). We also recorded a tendency toward improvement in the Mini-Mental
State Examination (MMSE, §1.2.2), in visual-constructive and visuo-spatial tests
of attention (though not significant, probably due to the small and heterogeneous
sample §2.2.1). In the second trial, we found a significant improvement in long-
term memory recall in the groups undertaking CT, whereas PE alone did not seem
to provide any effect (but oxidative stress was not tested in this occasion, §2.3.2).

Furthermore, in both studies, we recorded a subjective perception of improve-
ment (§2.2.1 and §2.3.2). This aspect is of primary importance considering that the
final aim of all rehabilitative interventions should be the improvement of patients’
Quality of Life. Being more confident in ADLs reduces the excess disability, and
contributes to relieve the care-givers. Also, increased self-efficacy helps to increase
people’s engagement in social and cognitive-stimulating activities, thus creating a
virtuous circle, and promoting the implementation of all those strategies working
against the occurrence of new symptoms.

Our clinical-oriented outcomes are promising, though their sparseness and het-
erogeneity did not allow drawing any evidence-based conclusion. Instead, they
contributed to what had already been highlighted in literature: multi-domain
interventions addressing modifiable risk factors could be effective in delaying or
halting the progression of dementia [95]. However, the optimal “recipe” indicating
which treatments have to administered, their frequency, and intensity has not been
determined yet.

Recent findings, also from large RCTs [98, 97], have suggested that probably one
of the key elements to improve treatment outcomes is indeed customization: people
with different diagnosis should be treated differently. For instance, fatty acid sup-



plementation, physical activity and cognitive training [98] worked for individuals
at high-risk of developing dementia (CAIDE>6, or with β-amyloid plaques), but
not for others. The preDIVA [97] intervention resulted effective mainly on patients
with non-AD dementia, and, in particular, on individuals with vascular dementia.

In such a context, VR could represent a powerful means to promote the cus-
tomization of treatments thanks to its high flexibility, which allows the stimulation
of different cognitive domains, supports PE, and, potentially, the implementation
of healthy lifestyle plans.

VR has firstly emerged in the rehabilitation sector as a tool able to stimulate
the motivation to train, and thus treatment adherence. We believe – in agreement
with many other studies – that two key factors increasing the motivation to train
are, among others, SoP and technology acceptance. This is the reason that pushed
us to investigate whether VR-based treatments providing higher SoP would be
acceptable and enjoyable for older adults with cognitive impairments. In fact, if
it is true that higher SoP leads to increased adherence, and thus better outcomes
[19, 258], it is also important to establish whether there exist factors hindering the
employment of VR technologies in the aged population (e.g., cyber-sickness).

Our acceptance and usability studies concerned the evaluation of two different
protocols employing two different immersive VR systems: the CAVE (§3.3) and a
HMD (§4.4). In both cases, there were several limitations, but our results showed
that older adults largely accepted the intervention we proposed. In addition, we
found that the use of immersive VR via HMD possibly did not affect movement
coordination (§4.3.3), thus indicating that these technologies may be acceptable
also from the point of view of cognitive ergonomics.

In contrast to what reported in previous studies [135, 256], we found that older
people were not reluctant toward new technologies, but rather that they enjoyed
the VR experience, and interpreted these technologies as an innovative way to train
and to keep healthy. Clearly, whether the results of our studies are generalizable
to a larger population has still to be determined.

Our studies had indeed several limitations. First, our sample were small. Also,
we enrolled participants ranging from a healthy to mild cognitively-impaired, there-
fore we could not draw any conclusions for other populations with more severe
symptoms. Finally, we could not draw any conclusion in terms of clinical effective-
ness. The interventions we proposed have still to be investigated in well-designed
RCTs, comprising an appropriate sample and a controlled administration of each
condition, preferably for a long period of time.

Nonetheless, our outcomes were promising, and could be considered a starting
point for the creation of new immersive VR-based cognitive training programs for
older adults with MCI. In addition, these research experiences have contributed to
define a series of possible guidelines, which might be generalized to inform about the
design and the assessment of immersive VR applications for vulnerable individuals.
A summary of these guidelines combining suggestions for the proper design of
applications, and possible outcomes to evaluate in preliminary and clinical studies
is presented in Figure 5.1. As it can been noticed, we have considered the design
of the navigational and of the non-navigational environments distinctly. Though
some recommendations are similar (e.g., avoid visual/vestibular mismatch), our
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experiences led us to believe that they would better require different approaches.
For instance, in non-navigational scenarios (e.g. the Virtual Supermarket), we
suggest the use of HMDs, because of their ability to convey the highest SoP, and
to isolate the user from the external world; instead, for navigational environments,
we would rather focus our attention on a device not completely occluding the view
of physical world (e.g., a CAVE), as higher immersion may also be linked to more
severe symptoms.

For what concerns preliminary studies, beside lab-based tests that are funda-
mental to eliminate of possible software malfunctionings, the performance of one
or more studies enrolling healthy (young or age-matched) individuals should help
addressing all those subjective issues related to the occurrence of cyber-sickness,
and, secondly, to the engagement of the users. In our opinion, this represents a
key step to provide older adults with a VR application that is safe, acceptable, and
enjoyable.

Once all the acceptance/usability tests are concluded, and the application could
be considered reasonably free from risks, a clinical trial employing the newly-
designed VR-based treatment may start. Even if the primary aim of clinical trials
should always remain to establish the effectiveness of a specific intervention, RCTs
could be useful also to evaluate the effects of long-term treatment in terms of sub-
jective outcomes, either from the positive (e.g., SoP, motivation, adherence to the
treatment) or the negative point-of-view (e.g., arousal of symptoms).

In fact, a prolonged use of the same immersive VR application could either in-
crease motivation, because of the subjective perception of an improvement through-
out sessions, or weaken the willingness to proceed forward, because of the repet-
itiveness of the proposed tasks. Because of this, prior of the performance of a
clinical trial, the implementation of new scenarios should be considered in order to
reduce the risk of boredom.

It is also possible that, with long-term use, unforeseen side-effects would emerge.
For instance, it has been proven that being immersed in VR has an effect on bal-
ance, even in young adults with no impairments [259]; and that such malaise in-
creases with longer and repeated exposure [176]. Larger body sway has also been
suggested as an objective measure for cyber-sickness [260]. Thus, exploring the
possibility of administering VR-based treatments while staying seated or wearing
a harness could be valuable options, though this may introduce a few limitations
in the control the individual has over the VE, and in the naturalness of the in-
teraction. Another possibility would be to test the effects on static and dynamic
balance after a longer (or repeated) use, and thus to determine specific safety lim-
its, or specific populations that should be excluded from these trials (e.g., older
adults with cognitive impairments due to Parkinson’s disease).

Another fundamental aspect that cannot be neglected for all future develop-
ments is the social aspect. It has been argued that social participation is an es-
sential element of a healthy lifestyle [261], and including it in non-pharmacological
treatment protocols could constitute an added value [262]. Researchers developing
VR-based solutions should thus consider including social elements in their appli-
cations. Preliminary evidence appeared promising, especially for PE. For instance,
it has been shown that performing physical activity in a competitive situation in-
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Figure 5.1: A framework diagram showing a possible approach to the design and the assess-
ment of rehabilitative treatments exploiting (immersive) VR. Different recommendations are
given depending on the navigational or non-navigational nature of the virtual environment.

130



duced young subjects to reach higher levels of energy expenditure [263, 264], and
that collaborative games had a positive influence on motivation and self-efficacy,
thus promoting adherence to PE programs [265, 263]. The same tendencies were
found also in a study enrolling older adults [125].

What appeared important to consider in multi-player applications, once again,
was the customization, which should occur according to each person’s attitude:
results showed that asking to compete to non-competitive individual led to no
improvement [125]. Competitive and non-competitive personalities should thus be
treated differently.

In our research group, we started working on a social application for DT train-
ing. We used the same paradigm described in §3.3, but we gave the older adults
the possibility – prior to the beginning of the training – to decide whether they
would like to compete or collaborate with other users (up to 4). Collaboration or
competition occurs for the cognitive task, whereas the physical exercise is balanced,
so that all the users proceed at the same velocity and exerting the same level of
effort. Such application, namely Social Bike, allows users talking to each other,
and thus to exercise together from remote locations too [169]. We hope that in the
next future, trials assessing the feasibility and the effectiveness of this intervention,
perhaps mediating for the effect of sociability, would be performed.

A further potential benefit that social applications could introduce is the pos-
sibility of training at home. Exploiting the potentialities of at-home interventions
would mean promoting the continuity of care, and the reduction of time and costs
required to go to clinics at a fixed frequency [266]. Introducing the social element in
such a framework may result in a few additional advantages: first, people could me
more motivated to train, as their peers could exercise with them [262]; second, older
adults who perhaps do not feel safe in going out alone, could avoid loneliness and
isolation while training [267]; third, a continuous monitoring of the performance
could be implemented thus allowing the clinical personnel to track the progression
of the cognitive decline through time, and to notice whether a person is or is not
adhering to treatment; this may also contribute to reduce anxiety and the feeling
of being abandoned by who should take care of him/her. Finally, implementing
social platforms allows for the creation of a sort of “virtual neighbors” network,
which produce trust in others [268], and allows for the support and the indirect
monitoring of older adults [269]: if one of the peers is not present, perhaps because
of an adverse event, someone in the community will surely notice. Clearly, also in
this case, VR, and digital technologies in general, could constitute means worthy
of further research.

In conclusion, we could say that a few attempts to reduce cognitive symptoms
in older adults through multi-domain interventions have already been made, and
that results have been promising. However, the current evidence is limited, and
the current demographic situation calls for further studies and clinical trials.

As the technological development proceeds, higher quality VR-based applica-
tions able to increase user’s Sense of Presence and strongly limit side-effects, should
be developed [11]. Future research should prioritize treatment customization, tak-
ing into account specificity of each person suffering from MCI or dementia: his/her
symptoms’ evolution, and his/her attitude. Future VR-based applications should
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also be able to incorporate emerging knowledge and new evidence from previous
clinical trials in order to improve as much as possible the QoL of subjects with MCI
and dementia, and to better support clinicians and care-givers in the treatment of
these chronic conditions.
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Appendix A

List of abbreviations

The following list the significance of various acronyms and abbreviations used
throughout the thesis. Abbreviations are alphabetically sorted.

AD Alzheimer’s Disease

ADL Activities of Daily Living

AES Apathy Evaluation Scale

AM Attention Matrices

BI Behavioural Intention

CAIDE Cardiovascular Risk Factors, Aging, and Incidence of Demen-
tia

CANX Computer Anxiety

CAVE Cave Automatic Virtual Environment

CCT Computerized Cognitive Training

CE Cash Error

CT Cognitive Training

CTR Control group

DB Digit-span Backward

DE Dropped item Error

DF Digit-span Forward

DT Dual Task

ENJ Perceived Enjoyment

EXP Experimental group



FAB Frontal Assessment Battery

FAQ Functional Assessment Questionnaire

FE Fallen item Error

fov field-of-view

GDS Global Deterioration Score

HMD Head Mounted Display

HR Heart rate

IADL Instrumental Activities of Daily Living

IJC Inter-Joint Coordination

IPQ Igroup Presence Questionnaire

ITC-SOPI ITC-Sense of Presence Inventory

LCT Line Cancellation Test

MCI Mild Cognitive Impairment

MFTC Multiple Features Target Cancellation

MMSE Mini-Mental State Examination

MoCA Montreal Cognitive Assessment

MRI Magnetic Resonance Imaging

ND Naming from Description

OUT Output quality

PE Physical Exercise

PEC Perception of External Control

PEOU Perceived Ease-Of-Use

PET Positron Emission Tomography

PF Phonological Fluency

PU Perceived Usefulness

QoL Quality of Life

RAVLT D Delayed Recall of Rey Auditory Test

RAVLT I Immediate Recall of Rey Auditory Test
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RCT Randomized Controlled Trial

ROCFT Rey-Osterreith Complex Figure Test

RoM Range of Motion

ROS Reactive Oxygen Species

RPM Revolutions Per Minute

RW Real World

RWC Real World while holding a Controller

TMT Trail Making Test

SD Standard Deviation

SF Semantic Fluency

SoP Sense of Presence

SPECT Single-Photon Emission Computed Tomography

SSD Short Story Delayed recall

SSI Short Story Immediate recall

SSQ Simulator Sickness Questionnaire

SFS Short Flow Scale

SUS System Usability Scale

TAM3 Technology Acceptance Model questionnaire, version 3

UI User Interface

VE Virtual Environment

VF Verbal Fluency

VR Virtual Reality

WE Wrong item Error

XML eXtensible Markup Language
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Appendix B

Levels of difficulty of the 2D
cognitive training

For the performance of the randomized controlled study described in Chapter 2,
the virtual environment dedicated to the CS was improved from different points
of view §2.9. One of the improvements was related to the increase of the levels of
difficulty that passed from 5 to 52. In Table B.1 and Table B.2 and , the features
of all these levels of difficulty are described for the aisle task and for the shelf task,
respectively.

Table B.1: Levels of difficulty of the aisle task. Item number represents the number of names
displayed on each aisle sign. Y = yes, N = no.

Level
Aisle

number
Item

number
Similar
word

1 2 1 N
2 2 1 N
3 2 1 N
4 2 2 N
5 2 2 N
6 3 1 N
7 3 1 N
8 3 2 N
9 3 2 N
10 3 2 N
11 3 3 N
12 3 3 N
13 3 4 N
14 3 4 N
15 4 1 N
16 4 1 N
17 4 2 N
18 4 2 N
19 4 2 N
20 4 3 N
21 4 3 N



22 4 4 N
23 4 4 N
24 2 1 Y
25 2 1 Y
26 2 2 Y
27 2 2 Y
28 2 2 Y
29 3 2 Y
30 3 2 Y
31 3 3 Y
32 3 3 Y
33 3 3 Y
34 3 3 Y
35 3 4 Y
36 3 4 Y
37 3 4 Y
38 4 2 Y
39 4 2 Y
40 4 2 Y
41 4 3 Y
42 4 3 Y
43 4 3 Y
44 4 3 Y
45 4 3 Y
46 4 4 Y
47 4 4 Y
48 4 4 Y
49 4 4 Y
50 4 4 Y
51 4 4 Y
52 4 4 Y
53 4 4 Y
54 4 4 Y
55 4 4 Y
56 4 Y Y
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Table B.2: Levels of difficulty of the shelf task. Similarity determines how similar the products
not randomly placed are; VarFactor is the percentage of the products on the shelves placed
picking completely random objects. Y = yes, N = no.

Level
List

length
Max
items Similarity

Small
items

Discount
items

Var
Factor

Hidden
textbflist

1 3 2 1 N N 0.6 N
2 3 5 1 N N 0.6 N
3 3 10 1 N N 0.6 N
4 3 25 1 N N 0.6 N
5 3 40 1 N N 0.6 N
6 5 10 2 N N 0.6 N
7 5 25 2 N N 0.6 N
8 5 25 2 N N 0.2 N
9 5 40 2 N N 0.6 N
10 5 40 2 N N 0.2 N
11 5 10 2 Y N 0.6 N
12 5 25 2 Y N 0.6 N
13 5 25 2 Y N 0.2 N
14 5 40 2 Y N 0.6 N
15 5 40 2 Y N 0.2 N
16 5 10 2 Y Y 0.6 N
17 5 25 2 Y Y 0.6 N
18 5 25 2 Y Y 0.2 N
19 5 40 2 Y Y 0.6 N
20 5 40 2 Y Y 0.2 N
21 1 10 2 N N 0.4 Y
22 1 25 2 N N 0.4 Y
23 1 40 2 N N 0.4 Y
24 1 10 2 Y N 0.4 Y
25 1 25 2 Y N 0.4 Y
26 1 40 2 Y N 0.4 Y
27 1 10 2 Y Y 0.4 Y
28 1 25 2 Y Y 0.4 Y
29 1 40 2 Y Y 0.4 Y
30 2 10 2 Y Y 0.4 Y
31 2 25 2 Y Y 0.4 Y
32 2 40 2 Y Y 0.4 Y
33 3 10 2 Y Y 0.4 Y
34 3 25 2 Y Y 0.4 Y
35 3 40 2 Y Y 0.4 Y
36 4 10 2 Y Y 0.4 Y
37 4 25 2 Y Y 0.4 Y
38 4 40 2 Y Y 0.4 Y
39 5 10 2 Y Y 0.4 Y
40 5 25 2 Y Y 0.4 Y
41 5 40 2 Y Y 0.4 Y
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42 6 10 2 Y Y 0.4 Y
43 6 25 2 Y Y 0.4 Y
44 6 40 2 Y Y 0.4 Y
45 7 10 2 Y Y 0.4 Y
46 7 25 2 Y Y 0.4 Y
47 7 40 2 Y Y 0.4 Y
48 8 10 2 Y Y 0.4 Y
49 8 25 2 Y Y 0.4 Y
50 8 40 2 Y Y 0.4 Y
51 9 10 2 Y Y 0.4 Y
52 9 25 2 Y Y 0.4 Y
53 9 40 2 Y Y 0.4 Y
54 10 10 2 Y Y 0.4 Y
55 10 25 2 Y Y 0.4 Y
56 10 40 2 Y Y 0.4 Y
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Appendix C

Reach and transfer gesture data



T
ab

le
C

.1:
M

ean
(S

D
)

valu
es

for
th

e
you

n
g

ad
u

lts’
grou

p
.

M
T
r =

m
ovem

en
t

tim
e

d
u

rin
g

reach
in

g,
M

T
M

T
t =

m
ovem

eb
t

tim
e

d
u

rin
g

tran
sp

ort,
V
r =

reach
in

g
velo

city,
V
t =

tran
sp

ort
velo

city,
C

=
cu

rvatu
re,

S
h

ou
ld

=
sh

ou
ld

er,
A

d
b

=
ab

d
u

ction
,

F
lex=

fl
exion

,
E

lb
=

elb
ow

,
R

ot=
rotation

[28].

C
T

M
T

IT
C

C
M

C
IC

C
B

M
B

IB

M
T

r
[s]

V
R

1.59(0.37)
1.41(0.63)

1
.4

4
(0

.3
4
)

1
.6

7
(0

.4
0
)

1
.3

8
(0

.4
2
)

1
.7

0
(0.82)

1.54(0.41)
1.55(0.34)

1.24(0.33)
R

W
1.02

(0.18
)

1.07
(0.18

)
0
.9

8
(0

.1
3
)

1
.0

1
(0

.1
9
)

0
.9

2
(0

.1
7
)

1
.0

1
(0.18)

0.97(0.14)
1.05(0.24)

0.87(0.16)
R

W
C

1.11(0.24)
1.11(0.27)

1
.0

1
(0

.2
2
)

1
.0

8
(0

.2
8
)

1
.0

4
(0

.2
6
)

1
.0

1
(0.25)

1.06(0.21)
1.05(0.19)

1.00(0.19)

M
T

t
[s]

V
R

1.58(0.45)
1.45(0.81)

1
.4

4
(0

.3
8
)

1
.7

3
(0

.5
5
)

1
.3

1
(0

.3
2
)

1
.6

5
(0.76)

1.46(0.37)
1.53(0.34)

1.14(0.23)
R

W
0.99

(0.17
)

1.07
(0.19

)
0
.9

8
(0

.1
3
)

1
.0

2
(0

.1
9
)

0
.9

1
(0

.1
8
)

0
.9

9
(0.18)

0.97(0.15)
1.06(0.27)

0.87(0.14)
R

W
C

1.10(0.24)
1.10(0.27)

1
.0

2
(0

.2
6
)

1
.0

9
(0

.2
9
)

1
.0

1
(0

.2
4
)

1
.0

2
(0.25)

1.06(0.22)
1.03(0.19)

0.99(0.18)

V
r

[m
/s]

V
R

1.14(0.47)
1.16(0.41)

1
.2

7
(0

.3
8
)

1
.1

7
(0

.4
3
)

1
.1

8
(0

.3
9
)

1
.2

2
(0.28)

1.32(0.52)
1.17(0.40)

1.33(0.45)
R

W
1.98

(0.36
)

1.80
(0.42

)
1
.9

4
(0

.3
7
)

2
.2

9
(0

.4
4
)

1
.9

6
(0

.5
2
)

1
.7

7
(0.33)

2.24(0.37)
2.14(0.38)

1.79(0.35)
R

W
C

1.50(0.37)
1.39(0.34)

1
.4

7
(0

.3
2
)

1
.5

0
(0

.3
2
)

1
.4

5
(0

.3
2
)

1
.3

0
(0.27)

1.56(0.38)
1.41(0.27)

1.18(0.32)

V
t

[m
/
s]

V
R

1
.6

8(0
.3

3)
1
.5

1(0
.3

2)
1
.7

2
(0

.3
0
)

1
.7

5
(0

.3
3
)

1
.6

7
(0

.2
8
)

1
.5

6
(0.32)

1.71(0.41)
1.66(0.32)

1.43(0.28)
R

W
1.73(0.31)

1.66(0.37)
1
.7

3
(0

.4
0
)

1
.8

2
(0

.2
3
)

1
.6

9
(0

.3
8
)

1
.7

1
(0.25)

1.91(0.31)
1.76(0.29)

1.24(0.32)
R

W
C

1
.4

4(0
.2

9)
1
.4

4(0
.2

6)
1
.5

6
(0

.2
8
)

1
.5

0
(0

.3
4
)

1
.4

6
(0

.2
9
)

1
.4

1
(0.21)

1.54(0.32)
1.47(0.31)

1.20(0.21)

C
[-]

V
R

1.65(2.07)
1.04(0.30)

1
.3

1
(0

.9
4
)

1
.7

2
(2

.3
7
)

0
.9

7
(0

.2
8
)

1
.6

9
(1.99)

1.43(1.12)
1.54(1.23)

1.70(2.09)
R

W
1.12

(0.09
)

1.11
(0.23

)
1
.1

0
(0

.0
5
)

1
.0

9
(0

.0
3
)

1
.0

4
(0

.1
2
)

1
.2

7
(0.47)

1.10(0.06)
1.25(0.52)

1.21(0.19)
R

W
C

1.28(0.62)
1.12(0.15)

1
.1

3
(0

.2
2
)

1
.0

8
(0

.0
7
)

1
.3

0
(0

.7
1
)

1
.0

6
(0.05)

1.41(0.75)
1.67(1.42)

1.41(0.55)

S
h
o
u
ld

A
d
b

[ ◦]

V
R

57.11
(14

.9
8
)

57
.1

2
(1

5
.6

5)
6
4
.5

1
(2

1
.9

7
)

6
1
.7

8
(1

7
.8

1
)

5
3
.1

5
(1

5
.9

5
)

5
0
.8

8
(19.91)

66.91(29.49)
57.31(12.43)

38.91(24.17)
R

W
67

.4
1
(1

8
.9

3)
6
8
.5

8(1
5.16

)
7
9
.2

9
(1

9
.9

4
)

7
5
.0

5
(2

7
.1

1
)

5
7
.4

0
(1

7
.4

2
)

6
1
.3

3
(18.50)

68.69(30.68)
57.89(15.43)

45.62(21.20)
R

W
C

43
.8

1
(2

2
.0

5)
3
9
.4

9(2
2.96

)
4
7
.5

1
(2

9
.8

6
)

3
9
.5

7
(2

0
.3

8
)

2
9
.1

6
(1

2
.6

5
)

2
5
.6

1
(13.96)

55.32(36.96)
39.57(19.87)

21.67(14.15)

S
h
o
u
ld

F
le
x

[ ◦]

V
R

63.91
(16

.6
1
)

61
.6

9
(1

8
.8

5)
6
5
.4

3
(1

2
.6

0
)

6
7
.2

4
(1

4
.7

3
)

6
3
.4

0
(1

3
.8

1
)

6
2
.0

8
(16.82)

66.65(18.53)
63.17(11.82)

48.24(12.77)
R

W
72.44

(6.92
)

7
1
.8

7(1
1.76

)
7
1
.1

8
(9

.4
4
)

7
9
.7

5
(2

7
.6

7
)

6
9
.5

2
(1

3
.7

1
)

6
9
.3

3
(15.24)

73.07(8.81)
72.19(8.90)

58.07(10.33)
R

W
C

72
.3

8
(1

3
.8

3)
7
1
.2

0(1
5.65

)
6
9
.1

6
(1

5
.9

4
)

7
1
.2

0
(1

5
.2

8
)

6
6
.2

9
(5

.7
4
)

6
8
.6

1
(17.95)

76.30(17.34)
69.18(11.27)

54.25(16.35)

E
lb

F
le
x

[ ◦]

V
R

76.23
(13

.1
5
)

71
.0

9
(1

1
.1

4)
7
7
.6

7
(1

2
.5

5
)

7
9
.4

1
(9

.5
5
)

7
4
.7

3
(1

0
.3

6
)

7
4
.8

1
(11.45)

76.01(11.78)
74.82(10.95)

60.16(14.33)
R

W
71.95

(6.39
)

7
1
.8

7(1
1.76

)
7
1
.6

7
(9

.8
4
)

7
7
.5

1
(2

8
.0

5
)

6
9
.5

2
(1

3
.7

1
)

7
1
.5

7
(15.86)

73.78(8.45)
72.19(8.90)

57.36(9.39)
R

W
C

72
.2

0
(1

1
.7

4)
6
6
.5

6(1
3.41

)
6
9
.8

0
(1

1
.8

9
)

6
7
.3

3
(1

4
.7

5
)

7
0
.8

5
(1

5
.3

2
)

6
6
.0

0
(14.76)

68.92(9.98)
71.76(14.43)

62.67(15.28)

T
ru

n
k

T
ilt

[ ◦]

V
R

13.88
(11

.1
9
)

13
.4

1
(1

0
.2

6)
1
4
.4

8
(1

0
.9

4
)

1
3
.5

9
(1

0
.1

3
)

1
5
.2

4
(1

2
.6

6
)

1
3
.7

2
(9.75)

14.63(10.89)
13.69(10.35)

12.40(8.96)
R

W
8
.3

4
(3

.8
5
)

10.06
(5.31

)
9
.8

3
(4

.8
5
)

8
.7

2
(3

.2
9
)

1
0
.1

3
(7

.0
2
)

1
0
.8

6
(5.77)

10.39(4.09)
8.59(2.94)

11.18(6.15)
R

W
C

5.98
(2.57

)
7.35

(3.68
)

6
.7

0
(2

.4
4
)

6
.5

5
(2

.4
6
)

7
.5

6
(4

.6
4
)

6
.7

4
(2.65)

7.02(2.19)
7.10(2.96)

7.12(5.17)

T
ru

n
k

R
o
t

[ ◦]

V
R

6
6.21(16.52

)
6
3
.3

5(9
.8

4)
6
9
.5

9
(1

5
.9

3
)

6
7
.8

8
(1

1
.1

0
)

6
6
.4

5
(1

1
.5

1
)

6
7
.0

8
(19.59)

72.60(12.66)
68.52(11.30)

52.70(13.92)
R

W
4
4.59(6.03)

42
.9

5
(1

1
.0

4)
3
9
.8

3
(7

.3
2
)

4
6
.9

9
(8

.5
9
)

4
2
.3

6
(7

.0
1
)

4
5
.7

6
(10.06)

50.25(7.24)
45.45(8.81)

37.97(14.45)
R

W
C

3
0
.7

7(8
.7

2)
2
7
.4

0(7
.1

7)
3
0
.3

0
(8

.6
2
)

3
5
.3

1
(9

.5
5
)

3
0
.4

3
(7

.5
8
)

3
0
.0

0
(7.41)

35.52(8.63)
33.20(10.05)

29.01(8.29)

166



T
ab

le
C

.2
:

M
ea

n
(S

D
)

va
lu

es
fo

r
th

e
ol

d
er

ad
u

lt
s’

gr
ou

p
.

M
T
r
=

m
ov

em
en

t
ti

m
e

d
u

ri
n

g
re

ac
h

in
g,

M
T

M
T
t=

m
ov

em
eb

t
ti

m
e

d
u

ri
n

g
tr

an
sp

or
t,

V
r
=

re
ac

h
in

g
ve

lo
ci

ty
,

V
t=

tr
an

sp
or

t
ve

lo
ci

ty
,

C
=

cu
rv

at
u

re
,

S
h

ou
ld

=
sh

ou
ld

er
,

A
d

b
=

ab
d

u
ct

io
n

,
F

le
x=

fl
ex

io
n

,
E

lb
=

el
b

ow
,

R
ot

=
ro

ta
ti

on
[2

8]
.

C
T

M
T

IT
C

C
M

C
IC

C
B

M
B

IB

M
T

r
[s

]
V

R
2.

04
(0

.6
2)

2.
48

(0
.8

2)
2
.0

6
(0

.1
4
)

2
.1

6
(0

.6
2
)

1
.8

2
(0

.1
7
)

2
.2

7
(0

.7
0
)

2
.4

9
(0

.7
7
)

1
.6

6
(0

.4
6
)

2
.1

5
(0

.6
4
)

R
W

0.
94

(0
.1

4)
1.

13
(0

.0
4)

1
.0

3
(0

.2
6
)

1
.0

6
(0

.4
3
)

1
.0

9
(0

.1
8
)

1
.2

1
(0

.1
7
)

0
.9

5
(0

.1
8
)

1
.0

0
(0

.3
4
)

0
.8

5
(0

.0
9
)

R
W

C
1.

26
(0

.2
1)

1.
09

(0
.1

9)
1
.1

7
(0

.1
8
)

1
.0

8
(0

.4
1
)

1
.3

9
(0

.4
0
)

1
.3

5
(0

.3
4
)

1
.2

3
(0

.1
4
)

1
.1

5
(0

.3
1
)

1
.1

4
(0

.3
5
)

M
T

t
[s

]
V

R
2.

04
(0

.5
5)

2.
36

(0
.7

9)
2
.1

2
(0

.1
6
)

2
.1

4
(0

.6
2
)

2
.0

3
(0

.3
4
)

2
.1

9
(0

.6
3
)

2
.2

8
(0

.6
4
)

1
.6

5
(0

.4
6
)

2
.1

3
(0

.5
8
)

R
W

0.
93

(0
.1

4)
1.

13
(0

.0
5)

1
.0

9
(0

.3
1
)

1
.0

0
(0

.4
2
)

1
.0

4
(0

.1
6
)

1
.1

7
(0

.1
9
)

0
.9

3
(0

.1
7
)

1
.0

3
(0

.2
8
)

0
.8

5
(0

.0
7
)

R
W

C
1.

27
(0

.2
2)

1.
09

(0
.2

4)
1
.1

4
(0

.2
2
)

1
.0

8
(0

.4
3
)

1
.3

6
(0

.2
7
)

1
.3

2
(0

.2
7
)

1
.2

0
(0

.1
9
)

1
.1

1
(0

.2
6
)

1
.0

4
(0

.2
5
)

V
r

[m
/s

]
V

R
1.

47
(0

.3
1)

1.
30

(0
.1

4)
1
.2

7
(0

.2
7
)

1
.2

8
(0

.4
3
)

1
.2

0
(0

.3
5
)

1
.2

6
(0

.4
2
)

1
.3

8
(0

.2
2
)

1
.1

9
(0

.1
0
)

1
.2

8
(0

.3
5
)

R
W

1.
83

(0
.5

5)
1.

75
(0

.3
6)

1
.8

3
(0

.4
1
)

2
.0

7
(0

.4
1
)

1
.7

7
(0

.6
6
)

1
.4

9
(0

.1
6
)

1
.9

2
(0

.3
3
)

1
.7

9
(0

.4
7
)

1
.5

1
(0

.0
9
)

R
W

C
1.

51
(0

.5
6)

1.
71

(0
.4

9)
1
.1

9
(0

.5
4
)

1
.5

7
(0

.5
6
)

1
.4

7
(0

.6
8
)

1
.3

9
(0

.4
8
)

1
.4

6
(0

.6
2
)

1
.5

1
(0

.5
8
)

1
.1

0
(0

.5
1
)

V
t

[m
/s

]
V

R
1.

37
(0

.3
3)

1.
63

(0
.2

1)
1
.4

5
(0

.2
1
)

1
.5

8
(0

.1
1
)

1
.5

2
(0

.1
1
)

1
.4

9
(0

.2
0
)

1
.5

7
(0

.2
4
)

1
.3

7
(0

.2
2
)

1
.2

0
(0

.1
4
)

R
W

1.
65

(0
.2

0)
1.

87
(0

.3
9)

1
.7

1
(0

.4
3
)

1
.8

0
(0

.2
3
)

1
.8

7
(0

.0
3
)

1
.5

4
(0

.1
6
)

1
.8

3
(0

.1
8
)

1
.5

4
(0

.2
5
)

1
.1

1
(0

.1
4
)

R
W

C
1.

83
(0

.2
1)

1.
95

(0
.3

6)
1
.8

2
(0

.3
0
)

1
.9

3
(0

.3
5
)

1
.7

8
(0

.3
0
)

1
.5

7
(0

.1
9
)

1
.8

9
(0

.4
0
)

1
.7

2
(0

.3
9
)

1
.2

6
(0

.4
0
)

C
[-
]

V
R

1.
12

(0
.0

1)
1.

35
(0

.0
6)

1
.1

8
(0

.0
6
)

1
.2

4
(0

.0
9
)

1
.1

8
(0

.1
1
)

1
.2

0
(0

.0
5
)

1
.1

2
(0

.0
4
)

1
.1

1
(0

.0
4
)

1
.3

6
(0

.3
5
)

R
W

1.
10

(0
.0

4)
1.

14
(0

.0
7)

1
.1

4
(0

.0
3
)

1
.0

9
(0

.0
4
)

1
.1

6
(0

.0
8
)

1
.1

6
(0

.0
5
)

1
.0

7
(0

.0
3
)

1
.1

1
(0

.0
2
)

1
.2

6
(0

.0
5
)

R
W

C
1.

09
(0

.0
3)

1.
06

(0
.0

3)
1
.1

3
(0

.0
7
)

1
.0

6
(0

.0
3
)

0
.9

5
(0

.3
6
)

1
.1

2
(0

.0
6
)

1
.1

2
(0

.0
8
)

1
.0

8
(0

.0
3
)

1
.3

0
(0

.2
5
)

S
h
o
u
ld

A
d
b

[◦
]

V
R

63
.0

0(
7.

94
)

60
.2

0(
18

.6
8)

53
.3

8
(7

.6
6
)

7
3
.8

2
(1

3
.4

8
)

4
2
.8

3
(1

6
.0

9
)

5
7
.1

0
(1

0
.7

5
)

7
2
.7

6
(2

5
.5

1
)

5
3
.1

1
(6

.0
6
)

4
3
.0

3
(2

5
.9

7
)

R
W

71
.8

7(
3.

56
)

70
.0

0(
10

.8
9)

65
.3

7
(8

.4
3
)

7
9
.6

2
(5

.5
5
)

8
0
.0

4
(5

1
.2

3
)

4
6
.4

7
(2

3
.7

6
)

7
8
.0

1
(1

9
.3

4
)

5
4
.7

2
(1

5
.8

2
)

3
5
.0

9
(1

3
.6

7
)

R
W

C
35

.9
7(

8.
59

)
36

.0
5(

6.
15

)
28

.9
4
(1

1
.5

2
)

3
8
.1

3
(5

.1
3
)

2
5
.8

7
(4

.8
6
)

3
1
.2

4
(5

.0
7
)

3
7
.1

5
(4

.1
8
)

3
6
.8

3
(1

2
.4

4
)

1
9
.3

9
(6

.7
2
)

S
h
o
u
ld

F
le
x

[◦
]

V
R

65
.2

6(
16

.7
0)

61
.6

9(
18

.8
5)

64
.0

8
(1

2
.4

9
)

6
8
.7

7
(1

4
.9

6
)

6
3
.4

0
(1

3
.8

1
)

6
0
.5

4
(1

5
.9

1
)

6
6
.6

0
(1

8
.5

6
)

6
3
.1

7
(1

1
.8

2
)

4
8
.2

9
(1

2
.8

0
)

R
W

72
.4

4(
6.

92
)

71
.8

7(
11

.7
6)

71
.1

8
(9

.4
4
)

7
9
.7

5
(2

7
.6

7
)

6
9
.5

2
(1

3
.7

1
)

6
9
.3

3
(1

5
.2

4
)

7
3
.0

7
(8

.8
1
)

7
2
.1

9
(8

.9
0
)

5
8
.0

7
(1

0
.3

3
)

R
W

C
73

.6
6(

15
.7

6)
71

.2
0(

15
.6

5)
67

.8
7
(1

3
.5

6
)

7
2
.3

9
(1

6
.1

3
)

6
6
.2

9
(5

.7
4
)

6
7
.4

2
(1

6
.9

0
)

7
6
.5

7
(1

7
.4

1
)

6
9
.1

8
(1

1
.2

7
)

5
3
.9

7
(1

5
.8

5
)

E
lb

F
le
x

[◦
]

V
R

62
.5

0(
12

.3
3)

71
.8

5(
2.

54
)

70
.5

1
(9

.2
5
)

7
3
.1

8
(7

.8
6
)

6
4
.2

7
(5

.0
5
)

5
9
.6

3
(8

.6
1
)

7
2
.4

4
(1

1
.4

2
)

6
5
.7

9
(5

.1
9
)

4
9
.8

7
(0

.3
9
)

R
W

67
.6

5(
4.

18
)

75
.8

9(
4.

18
)

66
.8

9
(1

1
.3

5
)

7
5
.2

9
(3

.6
1
)

7
2
.0

9
(9

.8
5
)

6
7
.3

4
(1

5
.1

7
)

6
8
.5

7
(9

.3
9
)

6
8
.1

3
(9

.0
8
)

5
2
.7

8
(9

.6
0
)

R
W

C
72

.3
2(

11
.5

5)
63

.1
2(

11
.3

5)
60

.6
1
(1

9
.6

9
)

7
4
.0

1
(1

2
.7

3
)

7
4
.9

3
(1

2
.2

9
)

6
1
.6

7
(9

.8
7
)

6
6
.0

8
(1

6
.9

2
)

6
2
.8

4
(1

7
.2

4
)

4
3
.4

6
(1

1
.9

5
)

T
ru

n
k

T
il
t

[◦
]

V
R

11
.5

5(
7.

02
)

9.
98

(6
.0

8)
8
.9

9
(2

.5
5
)

7
.7

3
(4

.3
0
)

1
2
.5

2
(5

.5
6
)

1
0
.5

4
(4

.8
2
)

1
2
.6

4
(7

.0
6
)

1
1
.2

5
(5

.0
1
)

1
2
.2

9
(4

.7
4
)

R
W

11
.1

0(
3.

98
)

8.
54

(1
.6

1)
10

.7
3
(4

.7
3
)

8
.7

7
(4

.5
7
)

1
0
.6

2
(3

.7
9
)

1
0
.4

4
(3

.2
1
)

1
0
.2

9
(2

.5
5
)

8
.0

4
(3

.5
3
)

8
.8

6
(4

.4
4
)

R
W

C
5.

91
(4

.8
3)

5.
42

(1
.3

2)
4
.8

8
(0

.6
2
)

8
.1

3
(7

.6
5
)

6
.1

1
(3

.2
6
)

5
.7

8
(3

.3
8
)

7
.8

1
(7

.2
8
)

8
.2

1
(5

.8
8
)

6
.9

6
(7

.1
5
)

T
ru

n
k

R
o
t

[◦
]

V
R

54
.2

0(
23

.2
0)

56
.4

5(
20

.2
2)

58
.6

4
(1

7
.3

0
)

5
7
.4

4
(1

9
.2

5
)

5
4
.5

3
(1

6
.4

0
)

5
9
.3

9
(2

3
.5

1
)

6
3
.3

0
(2

1
.1

9
)

5
3
.4

5
(2

7
.2

8
)

4
9
.6

6
(2

5
.8

9
)

R
W

32
.7

3(
12

.3
8)

38
.0

0(
13

.0
5)

35
.3

0
(1

0
.8

1
)

4
1
.0

6
(1

2
.9

6
)

3
6
.0

7
(9

.7
8
)

3
4
.2

4
(1

0
.0

7
)

3
7
.1

1
(1

2
.3

1
)

3
5
.9

0
(1

8
.7

4
)

2
9
.5

0
(6

.7
1
)

R
W

C
36

.2
5(

24
.8

7)
39

.4
0(

24
.0

8)
39

.2
4
(2

0
.0

9
)

3
7
.7

0
(1

7
.4

7
)

3
6
.7

0
(1

4
.8

8
)

3
3
.9

1
(2

1
.7

3
)

3
7
.9

9
(2

5
.0

7
)

3
8
.5

1
(3

0
.3

4
)

3
3
.1

3
(2

0
.8

9
)

167


