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abstract  

 
Nervous system disorders are associated with cognitive and motor deficits, and 
are responsible for the highest disability rates and global burden of disease. 
Their recovery paths are vulnerable and dependent on the effective 
combination of plastic brain tissue properties, with complex, lengthy and 
expensive neurorehabilitation programs.  
 

This work explores two lines of research, envisioning sustainable solutions to 
improve treatment of cognitive and motor deficits. Both projects were 
developed in parallel and shared a new sensible approach, where low-cost 
technologies were integrated with common clinical operative procedures. The 
aim was to achieve more intensive treatments under specialized monitoring, 
improve clinical decision-making and increase access to healthcare. 
  

The first project (articles I – III) concerned the development and evaluation of a 
web-based cognitive training platform (COGWEB), suitable for intensive use, 
either at home or at institutions, and across a wide spectrum of ages and 
diseases that impair cognitive functioning. It was tested for usability in a 
memory clinic setting and implemented in a collaborative network, comprising 
41 centers and 60 professionals. An adherence and intensity study revealed a 
compliance of 82.8% at six months and an average of six hours/week of 
continued online cognitive training activities. 
 

The second project (articles IV – VI) was designed to create and validate an 
intelligent rehabilitation device to administer proprioceptive stimuli on the 
hemiparetic side of stroke patients while performing ambulatory movement 
characterization (SWORD). Targeted vibratory stimulation was found to be well 
tolerated and an automatic motor characterization system retrieved results 
comparable to the first items of the Wolf Motor Function Test. The global 
system was tested in a randomized placebo controlled trial to assess its impact 
on a common motor rehabilitation task in a relevant clinical environment (early 
post-stroke). The number of correct movements on a hand-to-mouth task was 
increased by an average of 7.2/minute while the probability to perform an error 
decreased from 1:3 to 1:9. 
   

Neurorehabilitation and neuroplasticity are shifting to more neuroscience driven 
approaches. Simultaneously, their final utility for patients and society is largely 
dependent on the development of more effective technologies that facilitate the 
dissemination of knowledge produced during the process. The results attained 
through this work represent a step forward in that direction. Their impact on the 
quality of rehabilitation services and public health is discussed according to 
clinical, technological and organizational perspectives. Such a process of 
thinking and oriented speculation has led to the debate of subsequent 
hypotheses, already being explored in novel research paths. 
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resumo 

 
As doenças do sistema nervoso estão associadas a défices cognitivos e 
motores, sendo responsáveis pelas maiores taxas de incapacidade e impacto 
global. A sua recuperação é difícil e depende em simultâneo da plasticidade 
cerebral e de programas de neurorreabilitação complexos, longos e 
dispendiosos. 
   

Este trabalho explora duas linhas de investigação, que visam soluções 
sustentáveis para melhoria do tratamento de défices cognitivos e motores. 
Ambos os projetos foram desenvolvidos em paralelo, partilhando uma 
abordagem assisada onde se combinam tecnologias de baixo custo com 
processos clínicos comuns. O objetivo era obter tratamentos mais intensivos e 
supervisionados, melhorar o processo de decisão clínica e eliminar barreiras 
no acesso aos cuidados de saúde. 
  

O primeiro projeto (artigos I – III) permitiu o desenvolvimento e avaliação de 
uma plataforma online para treino cognitivo (COGWEB), adequada para uso 
intensivo, em casa ou instituições, e num largo espectro de idades e doenças 
com envolvimento das funções cognitivas. A sua usabilidade foi testada numa 
consulta de memória, sendo de seguida implementada numa rede colaborativa 
que envolveu 41 centros e 60 profissionais. A taxa de adesão aos planos de 
treino cognitivo online foi 82,8% aos 6 meses, verificando-se uma intensidade 
média de 6 horas/semana.  

O segundo projeto (artigos IV – VI) originou a construção e validação de um 
dispositivo de reabilitação inteligente para doentes com acidente vascular 
cerebral (AVC). Permite estímulos proprioceptivos no lado hemiparético, 
enquanto caracteriza o movimento tridimensional em ambulatório (SWORD). A 
estimulação vibratória foi bem tolerada pelos doentes e um sistema automático 
de caracterização motora revelou resultados comparáveis aos de uma escala 
utilizada frequentemente na prática clínica. O sistema integrado foi testado 
num ensaio clínico randomizado e controlado com placebo para avaliação do 
impacto numa tarefa de reabilitação motora na fase subaguda após AVC. O 
número de movimentos correctos numa tarefa mão-boca aumentou em média 
7,2/minuto, enquanto a probabilidade de ocorrência de erro se reduziu de 1:3 
para 1:9.  
 

A neurorreabilitação e a neuroplasticidade têm incorporado abordagens de 
múltiplos domínios das neurociências. Em simultâneo, a sua utilidade para os 
doentes e sociedade está dependente do desenvolvimento de tecnologias 
mais eficazes que facilitem também a disseminação do conhecimento 
entretanto produzido. Os resultados obtidos através do presente trabalho 
representam um passo adicional nessa direcção. O seu impacto na qualidade 
dos serviços de reabilitação e saúde pública são discutidos segundo 
perspectivas clínica, tecnológica e organizacional. Este processo de reflexão 
foi gerador de novas hipóteses, algumas já em exploração através de linhas de 
investigação específicas. 
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1. Motivation 

As a clinical neurologist, I have long dedicated special attention to an outpatient memory 

clinic and all phases of stroke care. This combination of settings led to an increased 

exposure to the diversity of cerebrovascular diseases and dementia. Among neurological 

disorders, these are two of the most disabling groups of diseases due to the cognitive and 

motor deficits associated with them. In this context, the tremendous difficulties that health 

professionals, patients and their relatives have to endure, in order to guarantee only 

substandard rehabilitation programs in Portugal, became increasingly clear.  

During clinical and basic research activities in the area of neurological sciences, I was 

exposed to such diverse fields as genetics, epidemiology, hereditary ataxias, hereditary 

spastic paraplegias, dementia and stroke. Throughout that experience, I came into contact 

with a wide range of health professionals dedicated to the research and treatment of 

neurological conditions, as well as a variety of talented engineers devoted to health 

technologies. Somewhere during this learning path in neurosciences I realized that it was 

feasible to assemble a research & development (R&D) team and to design and validate 

innovative technical solutions targeted at some of the major problems which are faced 

daily whilst rehabilitating our neurological patients. 

This was the trigger to carry out this work. 
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2. Problem definition 

Neurological disorders are commonly associated with a variety of cognitive and motor 

deficits that originate very high disability rates and an ever increasing demand for 

healthcare services
1
. Amongst all major groups of diseases, neurological disorders are the 

most disabling, representing the highest contribution to the global burden of disease 

worldwide (6.3%)
1
. The value may be as high as 10.9% for high income countries or 

11.2% in the European Region. It is estimated that by 2020 this figure may reach 14.7% 

for all neuropsychiatric disorders. These values correspond to 15 to 30 years of life lost 

adjusted for disability per 1000 inhabitants each year
1
.  

Irrespective of their cause (e.g., stroke, brain injury or dementia), cognitive and motor 

impairments rarely recover spontaneously or completely
2,3

. Once established, brain 

damage is difficult to revert and pharmacological tools with a confirmed positive effect are 

scarce
4-6

. The recovery process is typically slow and vulnerable. It relies on the remaining 

plastic properties of the remaining brain tissue and is highly dependent on complex and 

intensive assisted rehabilitation programs
7,8

.  

Neurorehabilitation programs have proven efficacy in the compensation, amelioration and 

stabilization of deficits in several diseases and nosological models
9-21

. Similarly to other 

rehabilitation processes, effective outcomes always depend on the timely onset, intensity 

and specificity of the treatments
3,6,22-24

. However, despite being accepted as a fundamental 

component of current treatment plans, there are strong restrictions on access patients have 

to such therapies
1,18,25-27

. These programs commonly require multidisciplinary teams, are 

usually performed in hospital settings, away from the patient’s home, and imply the 

presence of a relative (requiring enormous effort on the part of patients, families and 

institutions)
27

. This combination of characteristics generates a large economic burden for 

both the health system and families
28,29

. Additionally, it limits the efficacy of the treatment 

programs because it increases the difficulty to enrol in rehabilitation sessions in due time 

(early after injury or disease onset) and to attain the high intensity, duration and quality of 

treatment necessary to foster nervous system plasticity
22,30

.  

Given the massive burden associated with neurological diseases it is currently recognized 

that dedicated health services and resources available worldwide are disproportionally 
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scarce
1,31

. Therefore, health systems may be unprepared to address the rise in the 

prevalence of disability resulting from neurological or mental diseases. In this respect, 

health care delivery processes are recognized as poorly organized, lacking efficacy, and 

late to incorporate technological innovation and to readapt
31-33

. For example, in stroke 

rehabilitation, a recommendation of an average of three hours of rehabilitation per day, 

seven days per week is widely recognized by experts
34-37

. Nonetheless, in a country like 

Canada, known for one of the more comprehensive best practice recommendations for 

stroke care
38

, three out of four people who have had a stroke which is severe enough to 

require hospital admission fail to be sent to rehabilitation
39

. In addition, the number of beds 

and types of services vary widely, as does the proportion of specialized human resources 

(physiotherapist to patient ratio can go from 1:7 to as low as 1:16), and the daily 

distribution of time by stroke patients
39,40

. In the United Kingdom, patients were engaged 

in therapy for less than 15% of the working day and spent nearly 65% of their therapeutic 

day sitting, lying, or sleeping
41

, with similar findings in other European countries
42

 and the 

United States
43

. 

In spite of the major problems related with people’s access to neurorehabilitation care, 

scientific advances have improved our knowledge of the genetic, molecular, cellular, 

physiological, neural network and behavioral adaptations that support the recovery of 

cognitive and motor functions
44,45

. This new understanding has been giving origin to novel 

types of therapies, centered on the promotion and modulation of neuroplasticity, 

mechanisms of learning and memory, neurogenesis and axonal regeneration, either through 

pharmacological or nonpharmacological strategies
46-48

.  

Future training interventions, irrespective of their modality (e.g., cognitive, behavioral or 

motor), setting (e.g., home or institutionally based), mode of use (e.g., isolated or in 

combination with drugs) or disease being treated, will require more specific and controlled 

methods, patient monitoring of real-life functioning at home and thorough evidence from 

adequately powered clinical trials with direct measures of cognitive and physical 

functioning
49-52

. Finally, all aspects of neurorehabilitation are shifting to more 

neuroscience driven approaches and their final utility for patients is largely dependent on 

the development of more effective solutions (clinical and technological) that facilitate the 

extensive application of all knowledge being produced
46,51,53

.   
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3. State of the art 

a) Neurorehabilitation 

Among medical specialities, rehabilitation has been one of the slowest to develop a basic 

science framework and to establish strong evidence-based practices, mainly due to a large 

pressure for clinical services combined with a scarcity of experienced practitioners during 

its beginnings
54

. At the same time and until recently, neurology was erroneously 

considered by some as a discipline devoted mainly to the diagnosis and characterization of 

diseases of the nervous system, with limited engagement with therapies that provide 

benefits for patients
55,56

. Nowadays we are witnessing a definite trend in the opposite 

direction in both domains and neurorehabilitation is emerging as a clinical subspecialty 

engaged in the restoration and maximization of functions that have been disturbed due to 

injury or disease of the nervous system
54,56

. Although neurorehabilitation was traditionally 

focused on motor retraining, some of the most disabling conditions are related with 

impairments in other domains, such as cognitive and behavioral functions, which have 

specific approaches within the rising field of neuropsychological rehabilitation
54

. Other 

important new domains of neurorehabilitation are autonomic and sensory functions, which 

share similar scientific principles and assume greater importance in integrated recovery 

programmes
54

.   

The maturation of this new discipline is paralleled by no less than a revolution in the 

science of neuroplasticity and regeneration of the human nervous system during the last 20 

years
6,54,57

. This background, together with the growing commitment to evidence-based 

medicine, currently provides a rigorous scientific framework for neurorehabilitation and its 

endeavour to relieve human suffering resulting from neurological and psychiatric 

diseases
54,58

.  

 

b) Brain plasticity 

Neuroplasticity can be defined as the ability of the nervous system to respond to intrinsic 

or extrinsic stimuli by reorganizing itself
6
. This property is supported on several systems, 

network structures and cellular, membrane and molecular mechanisms, and occurs in many 

forms and contexts throughout life. It is important for learning and maturation of the 

normal nervous system, behavior adaptation and also to recover or compensate dysfunction 
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after injury or degenerative processes
6,54,59

. Over the years, major advances in the 

understanding of the mechanisms that support neuroplasticity have been brought to light by 

researchers in the fields of nervous system injury and stroke, mental disorders and 

addiction, developmental disorders, ageing and neurodegeneration
6,54

.  

Brain plasticity uses a limited repertoire of biological events across numerous contexts and 

some basic principles have been evidenced across diverse central nervous system models
6
. 

It may occur spontaneously or be modulated through specific exposure or training, and so 

is experience dependent. Time sensitivity is always present, either in learning processes or 

after injury. The overall cognitive status of an individual patient and in particular 

motivation and attention are very important for long-term results. Finally, in addition to 

being a crucial mechanism for recovery and learning, neuroplasticity is not always 

adaptive or associated with a gain in function. Sometimes it can be deleterious, may lead to 

an increase in injury, loss of function, be disturbed by compensatory behaviors or have a 

mental cost (e.g., epilepsy, chronic pain, spasticity, dystonia, addictive behaviors and 

dementia)
6,57,59

.  

To better understand the applicability of neuroplastic principles across very diverse clinical 

contexts of the human being, some important conditions and nosological models are used 

here as examples: learning, developmental disorders, stroke and brain injury, psychiatric 

disorders, neurodegenerative disorders and ageing. 

Learning 

Human beings have a tremendous ability to learn, acquire new skills and change behavior. 

Learning is present throughout normal life, from birth and development to ageing, and is 

critical for the current understanding of most diseases that affect the human brain and its 

response to treatment
60

. Although the underlying mechanisms of learning are far from 

being understood, they are supported by neural networks and have a lot in common with 

what it is referred to today as neuroplasticity
60

. There are, unquestionably, gradients in the 

ability to learn new motor, cognitive or behavior skills. These may arise from genetic 

differences among individuals, age, specific time-windows and practice exposure 

throughout life or disease
60,61

.  
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Learning and training were traditionally viewed as tightly linked in all domains, from 

motor skills, to memory and behavior. Therefore, learning that emerged as a result of 

training was specific to the particular stimuli, context and tasks. This fact has become 

increasingly relevant due to its impact on neurorehabilitation and education programs. For 

instance, it is of little use to be very proficient in a hand-to-mouth task in therapy if it does 

not also improve the ability to reach a glass at a dinner table. In a similar manner, it is of 

little benefit for young scholars to solve math problems in a classroom if they cannot apply 

that knowledge to solve identical problems outside a classroom context
60

. 

Current knowledge has been shifting this paradigm dramatically to a more “learning to 

learn” concept, with several approaches proving that training conditions can in fact 

produce observable benefits for untrained skills and tasks either in normal or disease 

conditions
60,62

. Some good examples are musical abilities and training
63-65

, cognitive 

training to improve reading and writing skills in school age children with learning 

disabilities
66

, the use of videogames for therapeutic purposes
60

, athletic training
67

, working 

memory training
68

, cognitive stimulation in the elderly
30

 or even the ability to learn 

through imagery, without actual physical training
69

. Additionally, infant, adolescent or 

even adult cognitive training was shown to produce structural changes and long term 

benefits on the ability to learn in adulthood, in clear connection with the growing attention 

given to cognitive reserve
61,70-72

. Despite being a largely unexplored field, the factors that 

promote learning to learn are of crucial importance in order to understand the key concepts 

underlying generalizations in learning, the modulation of intensive training programs and 

the successful design of rehabilitation interventions
60,73

.  

Developmental disorders  

Congenital and acquired pediatric disorders combine several mechanisms of injury with 

the singular plastic properties of a developing nervous system
6
. The final functional 

outcome of an insult is highly dependent on the timing, chiefly with respect to age
74-76

 or to 

critical developmental periods
77-81

. As an example, congenital hemiplegia (unilateral 

cerebral palsy) can result from a variety of brain lesions, with the types of impairment, 

plastic phenomena, response to interventions and functional outcomes being highly 

dependent on the timing of insults
82

. Some special expressions of neuroplasticity are 

characteristic of the early stages of a developing brain. Cross-modal plasticity, defined as 
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the capacity to reorganize sensory maps in response to normal input deprivation from a 

particular modality is one such example
83

. More dramatically, transposition of functions 

from one side of the brain to the other can occur after severe but very early damage to a 

dominant left hemisphere, with the right hemisphere assuming control of language or 

ipsilateral body movements
84,85

. Nonetheless, it is noteworthy that early brain injury can 

also impair subsequent plasticity
86

. The physiological mechanisms that support 

developmental neuroplasticity may be related with the large quantities of neurons and 

synaptic connections in the early postnatal period, which undergo extensive changes 

through competitive experience during the maturation process. Furthermore, other 

processes like myelination, extracellular matrix development and maturation of inhibitory 

circuits may be crucial for the definition of critical periods during aging
6
. 

Neuroplasticity during development can also be adaptive or maladaptive
6
. The age-

dependent recovery of language and motor functions after hemispherectomy for treatment 

of intractable epilepsy and the successful adaptation to a cochlear implant in early 

childhood represent two good examples of the adaptive plasticity
6
. After hemispherectomy, 

the transferal of motor and language functions to the remaining hemisphere is impressive, 

but highly dependent on age, the most remarkable changes occurring under the age of six 

years
74,75,87,88

. These findings are most striking if the fact that this phenomenon occurs in a 

very abnormal brain is taken into consideration. Cochlear implants in congenitally deaf 

children show the best results within the first years of life, when central auditory pathways 

are more plastic. After the age of 7, although beneficial, cortical reorganization is always 

abnormal
81,89

. Maladaptive plasticity can occur, for example, in the context of early 

sensory deprivation, either in the auditory or visual systems. The lack of exposure imposed 

by congenital deafness or blindness (e.g., cataracts) may result in a failure to connect 

secondary with primary cortical areas, preventing important feedback loops
81,90

. These 

areas may then become available to other non-deprived modalities
91

.  

Finally, some metabolic and genetic pediatric diseases may have a diffuse effect on 

neuroplasticity due to interference with specific cell types, neurotransmitters and 

hormones, all of which are important modulators of neuroplasticity (e.g., congenital 

hypothyroidism, phenylketonuria or Down syndrome)
92

. When feasible, the correction of 

these defects, even in adulthood, may have a significant effect on neuroplasticity
92

. 
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Stroke and brain injury 

An area where neuroplasticity has been extensively studied is motor recovery after stroke
6
. 

Injury to a primary motor region can originate intra-hemispherical changes in 

representational maps (e.g., hand or face area)
93-96

 or inter-hemispheric changes with an 

increase in activity over the uninjured side in relation to movement
97,98

.  More diffuse 

changes in cortical connectivity, in response to focal injury, have also been evidenced in 

subcortical stroke models
99,100

. A consistent functional imaging finding after stroke is the 

activation of contralesional primary motor cortex and bilateral premotor areas
101

. However, 

good functional outcomes are clearly related with recovery of normal patterns of 

recruitment of original functional networks rather than with contralesional activity
101,102

. 

After stroke, besides motor deficits, multiple brain systems and human behavior important 

for motor relearning are often affected
103

, even in patients with no detectable motor or 

sensory deficits
104

. Cognitive recovery after stroke, namely with regard to language, spatial 

attention and neglect, has showed similar results in terms of restoration and rebalancing of 

activity in original regions
105-108

. Nonetheless, since cognition is supported on more diffuse 

networks, other phenomena may come into play, such as remote depression of function in 

non-injured tissue
109,110

. At the molecular level, the biological mechanisms that support 

these adaptive responses evolve over time after stroke onset and include growth-promoting 

gene expression, which explains axonal sprouting and focal changes as well as growth 

factor production and diffusion of molecular mediators, which explain diffuse parenchymal 

responses to damage
111-114

. To some extent, many of these mechanisms recapitulate early 

stages of development and their successful modulation and reconditioning to adult patterns 

may be associated with recovery
112

.  

It is possible, as supported by clinical and functional imaging data, to modulate naturally 

occurring adaptive responses through restorative and rehabilitation poststroke therapies
115

. 

Some of the events that occur during interventions are similar to those that correspond to 

successful spontaneous recovery, such as resuming back to normal patterns of recruitment 

and laterality
101,116

. Other phenomena seem to occur specifically in response to intervention 

exposure, but their significance is less well understood (e.g., adaptive vs maladaptive 

plasticity), such as new projections of neurons to denervated areas of the midbrain and 

spinal cord or the direction of cortical somatotopic map migration
6,57

.   
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In stroke and other injury models like trauma, almost all patients show some kind of 

spontaneous neurological recovery, usually following a natural logarithmic pattern
18

. The 

recovery rate peaks in the first months poststroke, after which it progressively reaches a 

plateau supporting the idea for different mechanisms operating in limited time-

windows
117,118

. Some of the mechanisms that underlie this process are non-learning 

dependent (e.g., salvation of the penumbra, spontaneous neuroplasticity, alleviation of 

diaschisis or revascularization through angiogenesis), while others are learning dependent 

(hebbian-type synaptic strengthening and pruning)
119

. Both these processes underlie skill 

reacquisition after stroke and can be amenable to modulation
119

.  

Besides stroke, adaptive brain neuroplastic responses have also been reported in traumatic 

brain injury
109,120,121

 as well as in spinal cord injury
122-125

. The identification of similar 

plasticity mechanisms across such diverse forms of nervous system injury suggests that 

plasticity, as well as development and ontogeny, uses a limited biological repertoire of 

events across numerous contexts
6,112

. 

Psychiatric disorders 

Brain plasticity in several psychiatric disease models shares much of the mechanisms 

found in the setting of central nervous system injury, such as stroke, but also reveals a 

number of noteworthy differences if the aim is a global understanding of neuroplasticity in 

humans
6
. In mental and addictive disorders, the mechanisms of neuroplasticity must be 

understood as therapeutic opportunities but, at the same time, as intimately related with 

disease pathogenesis. Clinical manifestations are the result of changes in key neural 

systems that support thoughts, emotion and complex behaviors
126,127

, and are associated 

with polygenic risk factors and neurodevelopmental experiences in specific time-windows 

throughout life (e.g., stress, substance use, psychological trauma and social 

attachments)
128,129

. The natural course of disease is usually progressive, like 

neurodegenerative diseases, and the illness evolves by recurring bursts of activity, with 

high relapse rates. Each relapse increases the likelihood of the next episode or disease 

progression (sensitization theory) and recovery is slow and usually incomplete
130,131

.  

These types of diseases are associated with specific neuropathological processes and 

dysfunctions. They do not result from acute, usually circumscribed lesions, as happens in 

trauma and stroke, but are a consequence of insidious diffuse abnormalities in the limbic, 
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prefrontal and frontostriatal circuits, which support motivation, perception, cognition, 

behavior, social interaction and emotions
132,133

.  

The prefrontal cortical association areas are particularly important in relation to clinical 

expression of neuropsychiatric disorders. These areas are late to myelinate
134,135

, highly 

plastic and extremely modifiable by individual cognitive and affective experiences 
136,137

. 

They play a central role in many of the neurodevelopmental experiences, as well as in 

social cognition, decision appraisal and impulse control
135

. At a cellular level, prefrontal 

cortical neurons were shown to have synaptic plasticity and lasting changes in activity 

associated with different cognitive processes
137

. Disturbances in dorsolateral prefrontal 

networks are characteristic of schizophrenia and may be related to the disease activity or 

reflect developmental plastic changes
138

. Additionally, several genes associated with the 

risk of developing schizophrenia (DISC-1, dysbindin, brain-derived neurotrophic factor 

and the N-methyl-D-aspartate receptor) have been identified as playing a role in 

modulating neuroplasticity and patterns of cortical connectivity
139

.  

A striking model of maladaptive plasticity in psychiatry can be found in the addictive 

disorders
140

. Drug abuse includes several rigid and stereotyped behaviors that are 

supported in subcortical reward circuits. Their development is progressive, highly resistant 

to reversal and prevents the creation of new behaviors to compete with drug seeking
141,142

. 

As a result, the regulation of subcortical limbic and frontostriatal neural circuits by the 

prefrontal cortex is disrupted
143-145

. Prefrontal control mechanisms are excluded by 

subcortical reward systems, leaving drug abuse behaviors under the control of 

evolutionarily older regions that execute standard fixed responses to environmental 

stimuli
141

. At a cellular level, these particular neuroplastic changes are supported by 

phenomena such as loss of glutamate homeostasis in the nucleus accumbens combined 

with loss of synaptic plasticity in striatal spiny neurons, which in turn modulate 

perisynaptic metabotropic glutamate receptors
146

.  These are critical for such 

neurophysiological processes as long-term potentiation and long-term depression
146

. 

Maladaptive plasticity can also occur in neuropsychiatric disease as a consequence of 

therapy, as is evidenced by tardive dyskinesia, associated with several antipsychotic 

medications
6
. 
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Some plastic changes occur in response to therapeutic interventions in psychiatric and 

addictive illnesses
133

. Cognitive remediation and social skills training over 2 years in early 

schizophrenia were accompanied by grey matter increases in left hippocampus and left 

amygdala, in correlation with the degree of improved cognition
147

. Deep brain stimulation 

can reverse the symptoms of severe treatment-resistant depression and is associated with 

plasticity in limbic and cortical sites
148

. Sustained alcohol abstinence was linked to 

improved frontal white matter integrity
149

. Hippocampal neurogenesis has been 

demonstrated in animal models exposed to antidepressant medications, electroconvulsive 

therapy and stress reduction techniques, such as exercises and environmental enrichment 

150
. All these findings taken together suggest that the successful treatment of mental 

disorders is supported on neuroplastic properties of the central nervous system at a cellular 

and molecular level but also in the structure and functioning of frontal–subcortical neural 

systems
6
. 

Neurodegenerative diseases and ageing 

Neurodegenerative diseases that affect the brain are accompanied by a progressive decline 

in cognitive, behavior and motor functions. In the early stages of neurodegenerative 

diseases, neuroplastic changes occur and may represent pathogenic or correspond to 

compensatory responses
151-153

. Some molecules, like amyloid-beta dimers, have been 

shown to directly interfere with plasticity at a synaptic level
154,155

. Furthermore, with 

progression of the disease and the increase in pathological changes, some initially 

compensatory mechanisms may become pathogenic, leading to death of vulnerable 

neurons and disruption of networks
152

. In the early stages of Alzheimer’s disease there is 

an increased response of the association cortices, reflecting a compensation for the 

impairment in transmissions from processing centers in primary cortical areas
156

. Over 

time, this process may lead to excitotoxic mechanisms, early neuronal death and functional 

consequences
157,158

, with similar mechanisms having been advocated in Huntington’s 

disease
159,160

. The distinction between compensatory and pathogenic plasticity of brain 

networks may be important for future treatment research because some changes are 

reversible and their normalization may prevent ongoing neuronal loss
152

. 

All changes attributable to the most frequent neurodegenerative diseases are usually 

superimposed on the normal ageing process
72,161-163

. Age-related changes include reduction 
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of plasticity through alteration of cellular functions, genetic control of axonal sprouting 

after injury, white matter integrity, brain volume and regional activation patterns
164,165

. 

These changes always come at a functional cost leading to a reduction in processing speed, 

working memory and sensory afferent processing. Currently, it is difficult to ascertain 

whether these changes are totally attributable to adverse physiological disturbances or the 

result of reduced engagement in cognitively demanding tasks and stimulating activities 

throughout life
162,163

. It is probable that both factors contribute to the normal ageing 

process, thus reinforcing the importance of studying preventive interventions aimed at 

maintaining brain plasticity. Furthermore, differences in age-related plasticity and 

cognitive reserve may explain the differential functional effects and vulnerability observed 

in patients with similar pathological degrees of Alzheimer’s disease
165,166

. Comparable 

phenomena have been reported in other models of neurodegeneration such as multiple 

sclerosis
167

 and vascular dementia
168

.   

These aspects must be taken into consideration in the long term management of people 

with prior nervous system injury from stroke, trauma or cerebral palsy as they age. Their 

experience and activity induced plasticity, which led to early improvements in daily 

functioning, may decline faster due to even modest deterioration in networks which retain 

less cognitive reserve, in contrast with those of normal healthy people
6
. 

 

c) Cognitive and motor intervention 

Therapeutic interventions, such as cognitive or motor training, share many of the 

background neuroplastic mechanisms and have similar operative principles across several 

diseases
57

.  In addition, in most neurologic and psychiatric disorders, disability results 

primarily from varied combinations of behavioral, cognitive and motor deficits. For 

example, if we think of patients with schizophrenia, they have predominant behavior 

impairments, but also important cognitive deficits amenable to specific interventions and 

even motor and extrapyramidal dysfunction later on the disease course
133,169

. In stroke or 

traumatic brain injury patients, motor and cognitive deficits are equally important, and the 

presence of certain types of behavioral disturbances are always observed (e.g., depression, 

anxiety, lack of motivation and sedentarism)
24,54,170,171

. It is also known that salience, 

motivation and attention can be critical modulators of plasticity
172-174

. The rule is that they 

coexist in individual patients and have the potential to cause serious impediment to the 
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rehabilitation process
6,175

. To match the right patient with the proper training approach all 

these aspects must be taken into consideration in the design of therapeutic plans.   

New rehabilitation strategies usually aim at combining plasticity-inducing with plasticity-

modulating interventions. To achieve these goals, interventions must first and foremost 

occur in a timely manner, usually early after injury (stroke or traumatic brain injury) or 

disease onset (multiple sclerosis or dementia), at an adequate intensity and over extended 

periods of time, to achieve long-lasting remodelling of neural circuits
54

. Once these 

requisites have been assured, the promotion of brain plasticity may be achieved through 

several strategies that have been proved beneficial in harnessing neuroplasticity. These can 

be pharmacological or nonpharmacological such as constraint induced therapy, skills 

training (cognitive, motor or behavioral), aerobic exercise, transcranial magnetic 

stimulation or deep brain stimulation interventions
6
. Finally, since plasticity is an 

experience-dependent phenomenon, besides its induction, optimal quality of training 

during the duration of the programs is a necessary condition to achieve good 

outcomes
47,48,176

. Only in this way it will be possible to harness neuroplasticity on one side 

and to modulate the cognitive, behavioral and motor results of intensive training on the 

other
6
. 

Much of the research and development activities in this field are focused on cognitive and 

motor training strategies. These are essential components of the majority of 

neurorehabilitation programs and deserve further comment here.   

Cognitive training 

If we consider the non-motor aspects of the human brain, cognitive training must be 

understood in a similar manner as physical therapy for motor deficits. Despite the 

continuum between cognitive, behavioral and motor functions, the former are more 

complex and supported on memory and other distributed neural systems, which presents 

specific challenges for the design of effective interventions
6
. The ultimate goal of cognitive 

training is to improve behavior through carefully designed exercises that stimulate 

neuroplastic changes in dysfunctional neural systems and modulate adaptive changes
6,177

.  

These approaches have a broad set of applications. They may be useful as part of the 

rehabilitation programs of patients with focal brain injury, such as stroke or trauma, where 



 
Part I – Introduction 

 

16 

 

multiple cognitive syndromes exist with few therapeutic options. In addition, they can also 

be applied to the treatment of other neurological and psychiatric diseases like multiple 

sclerosis, Parkinson’s disease, early dementia, depression, schizophrenia or addiction. In 

the future they may even be combined with specific pharmacological and cellular based 

therapies to modulate their effect on promoting neuroplastic brain properties
59,73,178

. 

One of the first pieces of evidence for effective cognitive training has come from 

depression and anxiety disorders, for which there is a long history of cognitive-behavior 

therapies. The main focus of these treatments is the identification and modification of 

responses to maladaptive cognition, affect and behavior
179,180

. When individuals succeeded 

in modifying cognitive representations and behavioral responses to distressing stimuli, 

long lasting neuroplastic changes in the activation patterns of frontal and limbic systems 

were shown
181-183

. Another example of successful neuroscience-driven approaches to 

cognitive deficits can be found in the treatment of schizophrenia. It is well known that 

verbal learning and memory deficits are associated with disease progression and do not 

respond to pharmacological treatments currently available
169

. Computerized cognitive 

training focused on auditory and verbal processing was shown to improve verbal encoding 

and memory in a double-blind randomized controlled trial
184

. Similar training approaches, 

in combination with pharmacological treatment, have been tried to reinforce frontostriatal 

connections in addiction disorders
185

. 

The effects of cognitive training on specific neural systems were further evidenced by 

advanced functional brain imaging techniques in several psychiatric
186,187

 and neurological 

diseases
59

. Modifications of functional MRI brain activation patterns in response to 

targeted training have been shown to correlate with important clinical and functional 

improvement in diseases like schizophrenia
183,188

, dyslexia
189

 and depression
183

. 

Furthermore, molecular changes in the density of cortical dopamine D1 receptors on PET 

scanning have been shown in normal subjects in response to cognitive training
190

. Real-

time functional imaging is even being studied as feedback to orient meaningful behavioral 

changes
6
.   

Neuroscience informed cognitive training appears to be a promising therapeutic approach 

for a number of brain disorders. A key direction for this field will be to maximize the 

extent to which cognitive training in one domain generalizes to others, and the extent to 
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which such training has a meaningful impact on real-world functioning as well as the 

subjective experience of the individual
191

. Most noteworthy for the future is that the need 

to adapt and target, but mostly to control and monitor, cognitive training during the 

rehabilitation of individuals is becoming increasingly important. The effects of training 

over specific neural circuits and their strengthening must be coupled with significant 

behavior and functional outcomes. This requires large scale trials in several disease models 

and closely monitored interventions
58

.    

Motor training 

Motor deficits may result following injury or through the action of diseases that affect the 

brain or spinal cord. In this context, several physical rehabilitation interventions were 

shown to improve the odds of a good functional outcome
47,192

. In this respect, stroke 

rehabilitation is a growing field of research and has provided us with good examples of 

interventions that have led to improved recovery after ischemic brain damage
18

.  

The higher levels of evidence for motor therapeutic techniques exist for constraint-induced 

movement therapy (forced use) for the arm and hand
193

, body weight-supported treadmill 

training
194,195

, bilateral arm training
196

, task-oriented physical therapy
197

, rhythmic acoustic 

stimulation
198

, mental imagery (observation and imitation)
199,200

,  modulation of sensory 

inputs
94

, functional electric stimulation
201

 and more technology based interventions like 

robot assisted training
202-205

. Other practice strategies include increased repetition, variable 

demand and intensity levels
206

, blocked versus intermittent practice sensory priming, 

contextual interference, modulation of attentional valence and reward, visualization, and 

various forms of feedback
6,192,207

. Similarly to cognitive training, functional neuroimaging 

studies have provided evidence of long lasting neuroplastic changes induced by motor 

training. One such example is constraint-induced movement therapy of the upper limb, 

which was associated with enlargement of the hand motor cortex map
208

 and the bilateral 

sensorimotor grey matter
209

.  

There is a trend for motor training strategies to progressively incorporate technologies and 

becoming more complex, as is the case with robotic devices, treadmill locomotor training 

and body weight-supported techniques
46

. However, the incorporation of robotic devices 

has generally not been shown to improve outcomes more significantly than good quality 
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conventional therapies (task training and strengthening) in robust clinical trials which have 

focused on the optimization of activity dependent plasticity
192,210,211

. 

Intimately related with motor training is aerobic exercise, perceived as an extension of 

activity-based therapies and critical to plasticity promotion and counteracting the effects of 

sedentarism
171

. Several data support the benefit of its use for promoting plasticity and 

improving brain function in several diseases and during normal development and ageing
212-

214
. Aerobic exercise programs, even for a few months, have significantly improved 

cognitive functioning in healthy ageing, early dementia, Parkinson disease and 

schizophrenia
214,215

. Furthermore neuroimaging studies have revealed its ability to increase 

brain volume in diseases such as dementia and schizophrenia
216,217

 and to enhance brain 

network functioning 
215,217,218

.  

Further research is needed to better understand how all these physical rehabilitation 

therapies can be optimized and coordinated with other forms of therapy such as 

pharmacological and behavioural treatments, especially across diverse patient groups with 

varied functional limitations
6,192

. 
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4. Vision 

All the work developed for this thesis, in the fields of cognitive and motor rehabilitation, is 

supported on a common vision and motivational drive. Training, either cognitive or motor, 

must be considered as a continuum for the majority of conditions that affect the human 

nervous system. The future of neurorehabilitation will depend on the ability to deliver very 

specific interventions and to properly measure exposure, learning effects and outcomes 

along complex multidisciplinary rehabilitation programs. For that purpose new 

neuroscience-driven technological tools are needed. Their design must be aligned with 

current and future needs of professionals, patients and families. Most importantly, it must 

follow the principles and scientific knowledge built upon decades of research on how to 

harness plasticity mechanisms in the human brain
73,93,192,219

.   

 

a) Concept model 

Following neurological and psychiatric diseases, cognitive and motor training are so 

demanding and intertwined that future rehabilitation approaches will need to be 

increasingly considered together. For that to be feasible, new sensible technological tools 

need to be developed and tested. Cognitive and motor rehabilitation share the same 

neurophysiological substrate - the human brain and its nervous systems, networks, circuits, 

learning mechanisms and neurons
47,54

. They are so intertwined together that almost every 

single patient has a combination of both cognitive and motor deficits, irrespective of the 

underlying disease. Additionally, they share the same responses to injury, neuroplastic 

properties and principles of therapeutic interventions
192

. Current cognitive and motor 

training approaches are centered on the promotion of neuroplasticity and its modulation 

through controlled training and learning
73

. 

Both tools developed in this work, COGWEB (articles I – III) and SWORD (articles IV – 

VI), follow the same principles and share the same goal: to shift the therapeutic footprint 

from institution-based settings to community- or home-based environments, while at the 

same time maintaining specialized supervision of all training activities.   

The starting point is the conventional relationship between a therapist and an individual 

patient. The therapist, being a physician, psychologist, physiotherapist, language or 

occupational therapist, starts their work by assessing the patient and establishing a plan. 
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The training plan is then transmitted to the patient in the form of a therapeutic prescription. 

Nowadays, most of the training activities, either cognitive or motor, are performed, under 

supervision, according to the prescription at an institutional environment. Home-based 

activities represent less than 10% of training and are hardly monitored
27

. All the 

monitoring of the execution of the training plan and its results are largely dependent on the 

availability and personal skills of the therapist.  

In this context, through the well-reasoned application of information technologies, the aim 

would be to develop a professional web interface, where the therapist could record the 

baseline patient assessment and then prescribe a specific training plan, as well as remotely 

control all aspects of its execution by the patient: adherence, intensity, quality and learning 

progression. 

For the patient, a similar web interface would provide home-based training activities and 

real-time feedback online. For cognitive training, an assortment of specific computerized 

exercises in a progressive computer game format, focusing on several important cognitive 

functions, would be the backbone of the therapeutic interventions. For motor training, it 

would be necessary to develop a complementary hardware interface capable to characterize 

3D movement and deliver proprioceptive feedback on the quality of the task performed. 

This combination of web-based software and wearable hardware, which would enable the 

definition of an assortment of motor training tasks for the upper and lower limbs, could 

allow the prescription and monitoring by the therapist through its web console. 

Besides the above mentioned requisites, the technology developed would have to be 

affordable and contribute to the sustainability of future health systems, so that, unlike 

many technological applications in the rehabilitation field (e.g., neuroprosthesis, brain-

computer interfaces or robots), it could easily be implemented and become accessible to 

the vast majority of patients who need it
51,210,211

.   

Another conceptual principle concerned the contribution to contemporary translational 

networks in neurosciences
220,221

. For that reason both systems would need to function as 

investigation tools and be compliant with the concept of collaborative professional 

networks (explored in article III), to foster multicenter research projects, clinical trials and 

data sharing
222

.  
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b) Technology: software and devices 

The exploration of the concept model required two research and development pathways, 

which evolved in parallel. The first was dedicated to cognitive training and led to the 

design of the COGWEB system (articles I – II), while the other focused on motor training 

and originated the SWORD system (articles IV – VI). Both solutions benefited from the 

current emergence of telemedicine and telecare, together with public dissemination of 

technology (internet, information technologies, light, wireless and wearable computers and 

sensors, movement quantification tools and intelligent garment). 

COGWEB – Web-based cognitive training 

This system was based on an information technology health application. It combined an 

assortment of computerized exercises in computer game format, each focusing on specific 

cognitive domains, with a web-based platform that allowed the therapist to prescribe and 

monitor cognitive training sessions and the patient to perform them in more comfortable 

environments (e.g., home or community institutions). The system would also include a set 

of exercise books to be used in transition strategies and to stimulate daily training routines 

(articles I and II). The full mature expression of this system would be attained by the 

construction of a collaborative network dedicated to cognitive training (article III).  

SWORD – Stroke wearable operative rehabilitation device 

This system would include an operative information technology platform with similar 

characteristics to the one used for COGWEB, namely the professional prescription of 

training sessions, patient access at home, remotely supervised training and collaborative 

network functioning, all of which were performed online (article VI). However, instead of 

computerized games, an assortment of motor training tasks would be defined in 

collaboration with well experienced stroke rehabilitation medicine physicians (article VI). 

All these tasks may then be prescribed, but will need individual parameterization for each 

patient. To achieve this goal, a wearable vectorial 3D movement characterization device 

would be assembled from scratch, able to characterize movement performed by the patient. 

At the same time it would allow the analysis of its quality and provide immediate feedback 

to the patient, either through proprioceptive vibratory feedback or visual or audio feedback 

through the patient web console (articles IV and V). 
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c) Specific neurorehabilitation contents 

In spite of all the technological developments required to attain success, the backbone of 

both systems would rely on very specialized and specific training tools. These would be 

designed and re-designed in collaboration with professionals who had years of experience 

supervising cognitive and motor rehabilitation programs in neurological patients.  

The computerized cognitive training exercises 

These would be developed from a set of 60 original exercises previously developed on pen 

and paper format and used extensively over more than 5 years in a memory clinic setting. 

The computerized exercises would share a number of characteristics, described in full 

detail in the COGWEB Manuals
223,224

 and article I. The most important of these would 

include: the computer game format, progressing automatically between levels of difficulty, 

with immediate qualitative feedback to the patient; and each exercise focusing on specific 

cognitive domains to allow controlled interventions and detailed research protocols across 

several disease models. 

The motor training tasks for the upper and lower limb  

Most of the effort during the development strategy of the SWORD device focused on the 

development of a proficient movement characterization system and on the complementary 

vibratory feedback interface (articles IV and V). For the initial validation studies a simple 

task derived from the common hand-to-mouth task described in article VI would be 

isolated. These types of tasks would pertain to a global set of motor training tasks for the 

upper and lower limbs. Their specifications would be achieved through meetings 

convening expert stroke neurologists, stroke rehabilitation physicians, physiotherapists, 

occupational therapists and electronic engineers working in the area of software, network 

and hardware design. In a similar manner to cognitive exercises, these activities in their 

mature form (not part of this thesis) would progress through levels of difficulty 

automatically and provide immediate feedback to avoid repetition of error and optimize 

motor relearning. Nonetheless, all tasks should have to be initially parameterized to the 

level of performance of the individual. As a whole, the assortment of tasks designed, 

would provide a varied training environment. This will be set as the background for future 

clinical trials and the design of rehabilitation programs that incorporate motor training 

components utilizing the SWORD system.  
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5. Research pathways and questions  

Taking into consideration the principles laid down in the state of the art and the vision 

explored in this thesis, the following research questions and hypotheses were assumed: 

a) Cognitive training pathway 

1- Is it possible to develop a system that may improve the overall quality of cognitive 

training interventions as well as patient access to this type of treatment?  

a) What is the adherence of patients with cognitive impairment and overall 

treatment intensity obtained through the use of such a system? 

2- Is it viable to develop a collaborative network in the field of cognitive training with 

the potential to develop future multicenter research and foster translational 

processes in the field? 

b) Motor training pathway 

3- Is it feasible to develop a system that may improve the overall quality of motor 

training interventions, while at the same time, extending patient access to this type 

of treatment?  

a) To what extent is it tolerable to deliver targeted vibratory stimuli through a 

wearable device in stroke patients? 

b) Is a wearable device able to automatically reproduce the movement 

characterization obtainable through a conventional motor assessment scale 

like the Wolf Motor Function Test (WMFT)? 

c) Can the quality of motor task performance be improved through a device 

that combines 3D motion analysis with targeted vibratory feedback?  

 

These questions are dealt with in the six articles that comprise the following section. The 

first three articles concern COGWEB development, the issues of usability and quality of 

training (articles I and II) and functioning of a multicenter cognitive training network 

(article III). Articles IV through VI concern the process of development of the SWORD 

system, starting with the tolerability of vibratory feedback, moving on to the validation of 

the 3D characterization device in a real world clinical setting and finally conducting the 

first in-hospital clinical trial focused on the quality of the task performed in a hypothetical 

first motor training session. 
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Part II – Experimental work 

Cognitive training 

Article I – A rehabilitation tool designed for intensive web-based cognitive training: 

description and usability study 

Article II – Web-based cognitive training: patient adherence and intensity of treatment 

in an outpatient memory clinic 

Article III – Implementation and outcomes of a collaborative multi-center network 

aimed at web-based cognitive training – COGWEB network 

 

Motor training 

Article IV – The vibratory stimulus as a neurorehabilitation tool for stroke patients: 

proof of concept and tolerability test 

Article V – A novel system for automatic classification of upper limb motor function 

after stroke: an exploratory study 

Article VI – Motor task performance under vibratory feedback early poststroke: single 

center, randomized, cross-over, controled clinical trial  
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Article I – A rehabilitation tool designed for intensive web-based 

cognitive training: description and usability study 

Cruz VT, Pais J, Bento V, Mateus C, Colunas M, Alves I, Coutinho P, Rocha NP 

Journal of Medical Internet Research Res Protoc 2013;2(2):e59 

URL: http://www.researchprotocols.org/2013/2/e59/ 

doi: 10.2196/resprot.2899 

PMID: 24334248 
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Article II – Web-based cognitive training: patient adherence and intensity 

of treatment in an outpatient memory clinic 

Cruz VT, Pais J, Alves I, Ruano L, Mateus C, Barreto R, Bento V, Colunas M, Rocha NP, 

Coutinho P 

Journal of Medical Internet Research 2014;16(5):e122 

URL: http://www.jmir.org/2014/5/e122/ 
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Article III – Implementation and outcomes of a collaborative multi-center 

network aimed at web-based cognitive training – COGWEB network 

Cruz VT, Pais J, Ruano L, Mateus C, Colunas M, Alves I, Barreto R, Conde E, Sousa A, 

Araújo I, Bento V, Coutinho P, Rocha NP, COGWEB network collaborators 

Journal of Medical Internet Research Mental Health 2014;1(2):e2 
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Article IV – The vibratory stimulus as a neurorehabilitation tool for 

stroke patients: proof of concept and tolerability test 

Bento VF, Cruz VT, Ribeiro DD, Cunha JP  

NeuroRehabilitation 2012;30(4):287-93  
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motor function after stroke: an exploratory study 
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Part III - Discussion and conclusions 

1. Achievements 

a) Clinical 

b) Technological 

c) Organizational 

Collaborative network functioning 

Sustainability 

2. Present and future work 

a) Consolidation of organizational and operative issues 

Networks as tools for research 

Entrepreneurial backbone 

b) New research pathways  

Rehabilitation and treatment 

Monitoring and diagnosis 

3. Conclusions 
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1. Achievements 

This section is dedicated to the integrated discussion of the impact of the major 

accomplishments along both research pathways pursued: cognitive training with 

COGWEB and motor training with SWORD. The specific achievements that resulted from 

the research processes described within each set of original studies (articles I – III and 

articles IV – VI) are now discussed together as a continuum, in articulation with the 

research questions presented beforehand and the global vision for this work. Redundancy 

with the contents of the articles was avoided. Therefore, most of the aspects concerning 

specific limitations and comparisons with other strategies, technologies and systems, are 

better addressed within each article. 

This analysis focuses on the research questions put forward for this thesis and follows three 

main perspectives: clinical, technological and organizational. Research questions 1 and 3 

are mainly approached in the clinical subsection, while question 2 is mostly related with 

organizational issues. All questions are concerned with technology and its impact on health 

care. 

 

a) Clinical 

From a clinical and neurophysiological point of view, both cognitive and motor training 

share the same principles. This relationship starts in the central nervous system, at a 

cellular and molecular level, where motor and cognitive functions are supported by similar 

brain plasticity mechanisms
6,54,59

. They are organized over several different anatomic 

locations in the brain, with specific eloquent cortical areas but supported on neuronal 

circuits with significant cross-modality overlap
225

 and economy of connectivity
226

. 

Furthermore, neurobiological properties which are transversal to major brain functions, 

like learning, development and response to injury, degeneration and pharmacological and 

nonpharmacological interventions follow very similar patterns
6,54,57,59

. 

The work described in this thesis was organized into two research pathways dedicated to 

the development and validation of two different technological e-health solutions. Although 

they stem from different perspectives from a technological point of view, in a clinical 

context they are very similar. At their starting point, both strategies share the same 

neurophysiological principles, namely the current perception of the plastic properties of 
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brain tissue
6,54,57,59

. As they evolved, through step-by-step clinical validation, one of the 

most striking aspects was a growing trend towards convergence and overlapping. In fact, a 

strong perception was built, that clinical applications of systems like COGWEB and 

SWORD, as they come closer to real life scenarios
227

, will necessarily be combined
228

. 

Most neurologic and psychiatric patients are increasingly recognized as having cognitive 

and motor deficits and neurorehabilitation programs are becoming like large scale 

orchestras, where several interventions must be organized together in specific time frames 

and intensities
227,229,230

. Working tools designed to allow prescription of tasks and 

continuous monitoring of their execution, either remotely or in the presence of an 

experienced professional will be of great usefullness in such settings
6,25,177,231-233

. 

Considering the research questions proposed, and from a clinical point of view, the work in 

this thesis allowed the confirmation of several important points. Questions 1 and 3 relate to 

each of the pathways, and had a common structure, subsequently itemized according to the 

specificities of cognitive and motor training, the stage of clinical use and validation, and 

the level of maturation of each technological tool. 

It was possible to develop two novel information systems dedicated to cognitive training 

and to motor training. With the previously defined concept model in mind, both systems 

were assembled following a patient- and professional-centered approach. Articles I and II 

described the development and characteristics of the COGWEB system and initial usability 

data. One of the most important findings was related with the usability of the system. In 

article I it was shown that patients with a wide spectrum of ages and years of formal 

education were able to use the system. The majority of the patients managed to learn it 

from the first session, while 39% required some type of coaching from a relative or their 

therapist. The ease of use with which patients interacted with the system was further 

explored and proved to be important during the extended usability tests described in article 

II. This study demonstrated that patients adhered to cognitive training and were willing to 

commit to high intensities of cognitive training (average of six hours per week) over long 

periods of time (82.8% of patients compliant at six months). The findings took on greater 

significance since they were observed across several important groups of pathologies such 

as neurodegenerative diseases, static brain lesions, subjective memory complaints and 

depression. All have a high incidence and prevalence in the population, with varying 

degrees of associated impairment. Another aspect which was of clinical relevance was the 
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preliminary finding that the combination of web-based cognitive training activities with 

regular face-to-face meetings with a therapist could translate into a two hour increase in 

training per week.  

These results of adherence and intensity provided us with essential data for further research 

planning
234,235

. It is now possible to anticipate the level of exposure to training or cognitive 

interventions over longer periods of time using the COGWEB system. This is crucial to 

explore the biological significance of such doses of cognitive intervention in randomized 

trials and other types of clinical studies aimed at studying the impact of cognitive training 

in several disease models and stages of diseases or even prevention strategies
6,133,236-239

. 

Some of these studies are already ongoing, as is the case in the fields of multiple sclerosis 

(NCT02193906, https://clinicaltrials.gov/), schizophrenia or long term cognitive 

monitoring, but they are not the subject of this particular thesis
240,241

. 

For the SWORD system, the most significant achievement, from a clinical point of view, 

was described in article VI, which dealt with a randomized clinical trial using a device 

previously described in articles IV and V. The trial explored the effect of the SWORD 

system on the modulation of a standard motor training task frequently used in 

rehabilitation plans of stroke patients. It was demonstrated that the SWORD system was 

able to improve the quality of motor task performance, namely by reducing the probability 

of performing an error during a motor training task, from 1:3 to 1:9. This strategy may be 

useful to improve the efficacy of training on motor relearning processes after stroke and 

will be further studied in the near future
47,48,50,242

.   

The tolerability of the vibratory stimuli used in a stroke rehabilitation context was also an 

important finding of articles IV and VI. Vibratory stimuli were found to be safe, even over 

longer exposures, and the type of vibratory feedback used during the clinical trial was not 

associated with clinically relevant fatigue, pain or distress.  

The study described in article V, although essentially technological, from a clinical point 

of view, opens the possibility for automatic evaluation of motor performance and 

development of more efficient and objective tools for monitoring of patients over time. 

These can be of great usefulness in clinical trials with motor and functional outcomes and 

in clinical decision making during long term rehabilitation programs
52,243,244

. This 

https://clinicaltrials.gov/
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development was crucial for the success of the clinical trial described in article VI. Further 

clinical studies are being planned to explore the diagnostic and monitoring applications of 

the SWORD system.  

The work developed so far has allowed us to obtain a clearer understanding of several 

important characteristics of training which are being useful for planning further 

development and research activities. Putting both processes into perspective, it may be said 

that they were built around a triad composed of tasks, repetition and gaming. For each 

brain function in which we wanted to intervene a series of very specific tasks were 

constructed and a system was assembled that allowed their prescription and an accurate 

control of exposure by an experienced professional. The process of repetition and training 

was guaranteed by using several degrees of immediate feedback and gamification 

strategies, with the objective of trying to increase motivation while avoiding deleterious 

effects of frustration or excessive competition
245,246

. Despite these similarities between 

both systems, there are some important clinical differences that are worth addressing here. 

Cognitive training is concerned with several important and diverse brain functions (e.g., 

attention, executive functioning, memory, language, orientation, constructional ability and 

processing speed) which overlap or interfere with each other in certain aspects, and have 

the possibility of creating a significant impact on daily life. At the same time, motor 

training is concerned with a single important function, namely movement of the whole 

musculoskeletal system of our body, as well as several aspects within it, such as strength, 

coordination, tonus and velocity of execution. Although it is possible to develop tasks to 

train these functions, with scenarios which to a greater or lesser extent emulate daily living 

activities, the control of execution of the tasks is very different. With the advent of 

computers and their closer proximity to human cognition processes, it has become quite 

easy to verify the answers to cognitive tasks and control the training process. However, for 

each motor task, we have to develop hardware which is able to collect real time 

information, decompose all aspects of movement and orient training in a way which is as 

close to the role of a therapist as possible. Furthermore, the issue of tolerability and the 

impact of gamification strategies may have very different clinical consequences. In 

cognitive training, fatigue is a phenomenon that is predominantly dependent on neuronal 

processes and the human brain
6,247

. In adults in particular, it has very robust mechanisms 

that reduce motivation and prevent damage from excessive training
248

. However this may 
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not be true in some psychiatric disorders, in the period shortly after an injury or during 

developmental phases
6,247-249

. In motor training, fatigue is the result of a combination of 

brain, musculoskeletal and cardiovascular processes with all the implications and adverse 

effects associated with them
250,251

. These differences have repercussions on the relevant 

aspects to induce or avoid during training processes and consequently practical 

implications on the design of the motivational features (e.g., goal setting, feedback and 

gaming scenarios) used in each system.  

The differences experienced directly during cognitive and motor training with patients, 

coupled with the stage of knowledge and clinical practice within each field, explain the 

different stages of maturity of COGWEB and SWORD, with the former being used as a 

clinical tool that replicated current cognitive intervention strategies, while the latter was 

used only to prescribe and control a single task in a very controlled clinical trial.  

 

b) Technological 

All the research questions approached throughout this study were built upon the premise of 

guaranteeing a continuous flow of technological development. This was necessary for the 

construction of two robust clinical and research tools in the field of cognitive and motor 

training. The success of most of the scientific studies planned was dependent on these 

technological achievements. Simultaneously, the scientific processes contributed the most 

valuable feedback for their consolidation. 

Two information systems were consolidated, COGWEB, aimed at cognitive training, and 

SWORD, dedicated to motor training. They were developed following the premises laid 

down in the sections on the concept model and vision and their most important 

characteristics are described in articles I through VI and in the documentation that supports 

their intellectual property rights
252-255

. 

At this point, the level of maturation of each of these systems may be best described by 

their technology readiness levels (TRL)
256

, a measure originally developed by the National 

Aeronautics and Space Administration (NASA) and perfected by the United States 

Department of Defence (USDoD) and used to assess the maturity of evolving technologies, 

as they progress from conception to application
256,257

. Applying this metric, COGWEB is 

in a TRL 9 phase where the current system with 45 fully developed serious games for 

cognitive training has been “flight proven through successful mission operations”, as 
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described in articles II and III. In comparison, the SWORD system is probably ranked as a 

TRL 6 or 7. A system prototype was demonstrated in a relevant environment (article VI). 

Since the system was conceived to incorporate several rehabilitation tasks and to be used at 

home, and only one task was tested in a stroke unit based trial, this corresponds better to a 

TRL 6.   

Both technologies developed have the potential to improve patient access to these types of 

therapies in current health systems and this issue has been explored with COGWEB. In 

article III, it was shown that during the implementation of the COGWEB network, more 

than 45 centers and 300 new patients in Portugal and Brazil started to use the COGWEB 

system. Currently, 5 new patients per day on average start using this system in their 

cognitive intervention plans. Although it is an indirect measure of impact, these numbers 

highlight the systemic effects of the use of these systems on a wider scale, integrated in 

national health systems.   

Most relevant, in their mature state, both the COGWEB and SWORD systems may be 

better defined as applied research tools in the field of clinical neurosciences. They will 

allow the implementation of evaluation studies of diverse training strategies, either alone 

or combined with other interventions like pharmacological, stem cell, non-invasive or 

invasive brain stimulation therapies
258-261

. In this respect the network functioning of both 

systems will respond to the growing demand for faster multicenter clinical trials, and will 

also facilitate the process of clinical utilization of the knowledge produced within research 

networks. This may contribute to faster improvements in the quality of care and at the 

same time to the sustainability of modern health systems. These issues are currently largely 

debated in translational research forums
221,262

.   

 

c) Organizational 

The scientific and technological work carried out in this thesis was supported by very 

specific research and development projects. Their implementation and execution over time 

resulted in several organizational accomplishments per se. From the beginning, both 

research and development pathways required the adoption of innovative methods to 

guarantee the sustainability of the projects, the development teams, and the collaborative 

networks created. Some strategic options taken along the way are noteworthy of a mention 

here. They proved to be a determining factor for the successful development of the 
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technological tools, within stipulated time frames and with the required quality, and may 

be crucial for long term achievements. In general, they corresponded to organizational 

accomplishments in response to major trends in current health systems organization of care 

and new funding processes of investigator-driven research projects.   

Collaborative network functioning 

Both systems were developed as collaborative working tools. This concept involved 

sharing the tool and its development process with a significant number of different 

professionals and diverse institutional settings. Through this process, it was possible to 

combine early scientific data acquisition under very controlled circumstances, with the 

necessary exposure, redesign and maturation of the tools (prior to wider use). In this way it 

was feasible to improve the final proficiency of the tools developed and to incorporate 

from the start, the needs described by multiple professionals specialized in very different 

diseases at very different institutions and settings. This aspect was critical for goals such as 

dissemination and integration in future health systems (translational research pathway) and 

contribution to the feasibility of multicenter research studies in the field of neuroscience-

driven rehabilitation
221,262

. In addition, this type of functioning was also crucial for the 

continuous improvement of the quality of processes, adapting to changes in knowledge and 

institutional organization and maintaining the systems as up-to-date as possible. These 

aspects were best explored in the COGWEB system (article III), due to its more advanced 

stage of maturation. In this article, the network of centers that supports the development of 

the system and the studies that assess its efficacy is the same network where practice 

guidelines are being established and public health gains being assessed. This is in line with 

the most current recommendations on strategies to shorten translational research 

pathways
221,262

 and the most recent European framework program for research and 

innovation (HORIZON 2020)
263-265

. 

Sustainability 

COGWEB received a very limited funding from the Portuguese Neurological Society and 

public funding was part of the driving force of the SWORD project, initially through the 

Portuguese Science and Technology Foundation project PTDC/SAU-NEU/102075/2008. 

Nonetheless, the level of funding required for both projects to achieve a high level of 

clinical performance and complying with the current requirements for health information 
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technologies and medical devices implied additional long term strategies. The research and 

development process evolved in parallel with the incorporation of two medical technology 

start-ups, Neuroinova in 2011 and Endeavour Lab (Stroke of Genius) in 2013, which 

attracted further funding and investment. This option was crucial for the success of the 

initial research process although it required a significant effort and the acquisition of 

uncommon competencies for a clinical neurologist. It later proved its worth and was the 

main factor which allowed the nuclear team of clinical and technological developers to 

stay together since 2005. Over the last 20 years the Portuguese scientific community has 

been under a great deal of pressure from talent catcher markets like the United States, 

Europe (Germany and the United Kingdom) and even Asian countries
264

. In the near future 

the ecosystem established over these years of work and collaboration will provide 

invaluable technological, clinical, scientific, industrial and business solutions required to 

innovate and drive the path from ideas to dissemination, growth and finally public health 

gains successfully
263,264

.    
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2. Present and future work 

In spite of the results accomplished with this thesis so far, the projects that comprise it are 

long term paths. Organizational issues, new research questions and lines of development 

are already underway and deserve further comment here. 

 

a) Consolidation of organizational and operative issues 

There are two intertwined domains that will determine the capacity to achieve further 

accomplishments and a wider public impact of research results. These are collaborative 

research networks and business networks. 

Networks as tools for research 

As discussed in article III, collaborative networks are emerging as central tools for health 

research. Furthermore, they may be effective reducing the time between the production of 

relevant scientific knowledge and its dissemination and adoption by health professionals 

and institutions. These aspects are crucial if the major goal is to have an impact on public 

health indicators. In this regard, an important initiative is the consolidation of the 

COGWEB network. To achieve it, a new project was started in early 2014 called 

“Consolidation and development of a translational network dedicated to cognitive training 

in neurological diseases – COGWEB network”
266

. It aims to further expand the number 

and profiles of centers that use the COGWEB system in their activities, improve the 

transmission of knowledge within the network and improve the quality of cognitive 

training programs provided within the network of partners, through the implementation of 

quality management tools.  

A similar process has started this year with centers dedicated to stroke rehabilitation. A set 

of pioneering institutions and professionals began to use the SWORD system in their 

activities while at the same time contributing with valuable insights to the development of 

the system and generating data on motor rehabilitation that will benefit all the partners in 

the network. Through this process we plan to work directly with the end users in a relevant 

environment from the start, developing a better tool in less time, while simultaneously 

preparing the field for its adoption and dissemination, if and when it is scientifically 

proved as useful. 
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Entrepreneurial backbone 

Another important organizational aspect is the consolidation of the start-up companies that 

emerged from the professionalization of the research projects described (Neuroinova and 

Stroke of Genius). Much of the ongoing scientific processes and specialized human 

resources necessary to accomplish the tasks and milestones proposed were incorporated 

inside these companies. They are now the backbone of future scientific developments and 

much of the funding necessary will come from the commercialization of the systems 

developed and venture funding they are able to attract. Both companies will operate in the 

field of clinical neurosciences, aiming to improve people’s lives and the quality of work of 

institutions and professionals through their products and tools. In this process, high quality 

technological development and scientific production will not be a goal per se. Working in 

a similar way to an assembly line, they will be their chief means to develop and implement 

the most targeted and innovative products in the fields of cognitive and motor 

rehabilitation.  

 

b) New research pathways 

At the beginning of this work, two major research and development paths were defined: a 

cognitive training pathway that originated COGWEB, and a motor training pathway that 

led to SWORD. During the development and clinical validation studies, several scientific 

results and observations gave origin to a reorganization of ongoing and future research 

activities. Currently, besides a path that continues the development and validation process 

of instruments aimed at neurological intervention and treatment, a completely new line has 

emerged, focused on the design of tools to improve or support decision making, either 

through monitoring or diagnosis.  

Rehabilitation and treatment 

In this field the aim is to continue to obtain information on the impact of cognitive or 

motor training interventions across several disease models. Randomized trials of cognitive 

training interventions using COGWEB have already been started in patients with 

schizophrenia
240

 and multiple sclerosis (NCT02193906, https://clinicaltrials.gov/). Studies 

in stroke, Parkinson’s disease and addiction disorders are about to start, thus bringing 

together several institutions and academic and research interests within the COGWEB 

https://clinicaltrials.gov/
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network. For the planning of these studies the data obtained on the adherence and intensity 

(article II) to online cognitive training were crucial. 

Nowadays, the complexity of cognitive and motor rehabilitation programs is increasing
229

. 

For this reason it has become very important to obtain data on the combination of 

treatments and on the modulation effects they have on each other. In this respect some 

relevant new research questions arise. How do motor and cognitive training interact? How 

can the effects of cognitive and motor training be modulated by pharmacological or 

nonpharmacological interventions? How can cognitive and motor training be combined 

with other brain stimulation methods like transcranial magnetic stimulation, transcranial 

direct current stimulation or deep brain stimulators? How should neuroplasticity promoting 

methods like stem cells, growth factors or even aerobic exercise, be combined or 

modulated by cognitive or motor training interventions?  

Another relevant domain is directly concerned with research methodologies in the field of 

neurorehabilitation. New strategies are needed: firstly to identify subgroups of patients 

with the capacity for neuroplasticity that may have a better response to interventions, and 

secondly to shorten the time necessary to know whether a specific pharmacological or 

nonpharmacological intervention has a beneficial effect on the plastic properties of the 

brain tissue or on the brain functioning in the most important disease models. In this 

respect it is important to develop research lines with the purpose of finding new surrogate 

biomarkers of these effects
6
. Are there strong molecular or neuroimaging (structural or 

functional) correlates of the effects of training that can be used to conduct a faster 

assessment of the potential of new strategies? Can they be used in ordinary clinical settings 

to improve decision making during rehabilitation programs? Can the rate of improvement 

in response to a certain amount of training be itself a measure of plastic brain reserve? 

Furthermore, when assessing the long term effects of medications or interventions on brain 

plasticity there is room for the incorporation of new ideas and optimization of randomized 

clinical trials methodology
6
. For example, a standardized home based cognitive training 

background could function as a more stimulating environment with a catalyst effect on 

brain plasticity. This could have the potential to unravel the effects of successful 

interventions within a shorter time-window during a randomized controlled clinical trial. 

This strategy resembles, to a great extent, what happens nowadays with treatment decisions 
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for coronary artery disease, where cardiac function is analysed in response to an exercise 

challenge before decision
267

. Similar “stress” strategies are used for optimizing treatment 

prescription in endocrine disorders (e.g., adrenocorticotropic hormone infusion test)
268

, 

asthma (e.g., bronchial reactivity tests)
269

 or motor symptom treatment in Parkinson’s 

disease (e.g., the L-DOPA test)
270

. To sum up, either through measuring function
271

, 

evaluating injury at baseline
243,272

 or assessing plastic brain reserve in response to a 

specific challenge
273

, it is possible to predict response to subsequent plasticity-promoting 

therapies or to reduce the time to evaluate a given intervention in a randomized trial
6
.   

Monitoring and diagnosis 

Although COGWEB and SWORD were initially designed as research tools to study 

cognitive and motor interventions, their potential to help clinical decision making is 

striking. Data produced during long term monitoring of training activities and its continued 

analysis by specialized professionals supervising treatments has the potential to improve 

therapeutic decisions. If we consider the spectrum of progressive diseases and difficult 

differential clinical diagnoses like normal ageing vs dementia or cognitive impairment due 

to depression vs dementia or dating the onset of cognitive decline in relapsing remitting 

diseases like multiple sclerosis or schizophrenia, it is possible to find diagnostic usefulness 

in the different responses to training. To approach these problems, a new tool called Brain 

on Track was developed. The starting point was the analysis of monitoring data obtained 

with COGWEB over the years, and the selection of the parts of each cognitive training 

exercise (levels) that had the most discriminative power to detect changes in cognitive 

performance within each cognitive domain
241

. With this information, an assessment battery 

was assembled on a web-based platform and coupled with a short messaging service 

(SMS) that guided individuals to perform their periodic online assessment. This instrument 

was designed for long term monitoring of populations at risk for cognitive decline and is 

presently being validated in a cohort in the North of Portugal (a partnership with EPIPorto, 

Institute of Public Health, University of Porto)
274

. The process of further development and 

clinical validation of this new method is the subject of an ongoing PhD project (Luis 

Ruano, 2014) that will explore its clinical use in early detection of cognitive decline in 

diseases like multiple sclerosis
275

 and how to modulate patient referencing from the 

community to specialized memory clinics
274

. 
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In the field of diagnosis, taking advantage of the network functionalities of COGWEB, a 

new instrument designed for patient cognitive assessment was developed. It is called 

Computer Aided Cognitive Assessment Online (CACAO). The starting point for this tool 

was the perception among the professionals within the COGWEB network of the need for 

a more practical cognitive assessment method that could rank patients immediately after 

completion and provide an automatic report of results. CACAO works on a tablet PC and 

uses more ecological tasks that are remotely based on tasks used for assessment in classic 

pen and paper batteries. The scenarios, objects and design were planned to increase 

motivation during task execution in our population. Special attention was paid to the 

usability of the back office, operated by professionals, and to personal identification 

credentials, which are very important for use in future clinical trials. This tool is already in 

use at two of the COGWEB network centers with data obtained for more than 200 patients 

and controls.  As cognitive assessment activities absorb about 80% of the time of the 

neuropsychologists within the COGWEB network, CACAO will be a central element in 

the sustainability strategy of this collaborative network, empowering the professionals with 

a more agile instrument dedicated to cognitive assessment.  

As explored in article V, a similar approach to the field of monitoring and diagnosis is 

being pursued with the SWORD device, with the focus on automatic, observer-

independent assessment of motor functioning. Due to the characteristics of motor training, 

there is a special focus on the capacity to detect and anticipate fatigue, musculoskeletal 

pain, spasticity and other common complications during long term motor rehabilitation 

programs. 
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3. Conclusions 

The development of this thesis has allowed the reflection on some of the most important 

problems related with the rehabilitation of cognitive and motor deficits and how to 

effectively harness neuroplasticity. Considering the research questions initially proposed 

the following milestones have been accomplished: 

1- The development of an innovative research tool for cognitive training interventions 

(COGWEB). It was shown to improve the intensity and quality of training while 

ameliorating patient access to treatment and management of specialized health 

resources. Usability data revealed that 95% of the patients found it useful and were 

motivated to use COGWEB at home, although 39% required a period of coaching 

before independent use. 

2- The generation of objective data on the adherence and overall treatment intensity 

obtainable over longer periods of training in relevant disease groups in a memory 

clinic setting. At six months the compliance rate was 82.8% and the average 

training intensity was six hours per week. These data are crucial for planning 

cognitive interventions in clinical practice and designing future research in the 

field. 

3- The organization of the first collaborative network dedicated to cognitive training 

(the COGWEB network). During its first year of functioning, 68 professionals from 

41 centers adhered and 298 patients gained access to regular cognitive training 

activities. These dynamics will be crucial to improve the translation and 

dissemination of the knowledge generated within the network and to help us to 

create a positive impact on public health. Furthermore, similar methodologies can 

be applied for the dissemination of motor training strategies using the SWORD 

system. 

4- The development of a novel portable system aimed at the improvement of motor 

training interventions (SWORD). This system is wearable, designed for ordinary 

clinical settings or home use and combines targeted vibratory stimulation with 3D 

motion characterization.   
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5- It was demonstrated that targeted vibratory stimuli were well tolerated by stroke 

patients and capable of improving the quality of motor task performance in a 

randomized trial with acute stroke patients. The number of correct movements on a 

hand-to-mouth task was increased by an average of 7.2/minute, while the 

probability of performing an error was reduced from 1:3 to 1:9.   

6- It was demonstrated in an exploratory study that 3D motion analysis components of 

the SWORD system are able to automatically reproduce a conventional motor 

assessment scale like WMFT.  The system reproduced the assessment results of a 

trained clinician in two of the tasks of the WMFT. This opens the possibility of 

developing automatic motor evaluation and monitoring tools aimed at improving 

decision-making during long motor rehabilitation programs.   

Following these two lines of research was a complex yet unique endeavour, because it 

permitted the consolidation of unifying perspectives (clinical, technological and 

organizational) in the domains of neurorehabilitation and neuroplasticity. In this way, 

motor and cognitive functions, as well as their training, are better perceived as a 

continuum.  

This new understanding is now the backbone of much of the current thinking and further 

development processes already on the way. It will possibly allow us to forge the path from 

scientific knowledge production to relevant applications and translate innovation into 

public utility.  In this respect, the funding for this thesis and the entrepreneurial ecosystem 

which underpinned it created the same pressure and difficulties found in innovative 

solutions for future developments and sustainability.  

As expected, there are no definitive answers or knowledge produced in such fast evolving 

fields as neurorehabilitation, neuroplasticity and neuroscience driven information systems. 

The answers provided to the research questions proposed herein, allowed the clarification 

of important subjects while at the same time bringing new and fascinating hypotheses for 

further studies and developments.  
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