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Abstract

Stroke is a leading cause of disability in adults worldwide, with most patients experiencing
some degree of chronic motor and cognitive disability that prevents them from perform-
ing certain activities of daily living. Rehabilitation should begin as soon as possible,
with multidisciplinary evaluations and training where motor rehabilitation and cognitive
approaches stand out. Traditionally, post-stroke rehabilitation strategies have been im-
plemented separately in terms of motor and cognitive functions. However, recent studies
show that hand motor interventions can have a positive impact on cognitive recovery.

This thesis presents AMBER (Portable and Modular device for comprehensive Brain
Evaluation and Rehabilitation), an innovative medical device designed to support the
cognitive and motor evaluation and rehabilitation of the hand. AMBER is a simple,
portable, ergonomic, and affordable device based on LED lights and force-sensitive resis-
tors, in which each finger interaction is recorded to provide information on finger strength,
processing speed, and visual memory.

This work focuses on the design, development, and validation of AMBER. The design relies
on findings obtained through a systematic review, which suggests that integrating strength
assisted training with conventional rehabilitation methods can significantly improve global
cognition in stroke patients. Additionally, AMBER’s design and task set, inspired by
established physical and neuropsychological assessments, offer a modernized approach to
measuring key motor and cognitive variables.

Through a series of validation studies involving healthy volunteers and focus groups with
stroke rehabilitation specialists, this work also evaluates the effectiveness and usability
of AMBER. The device’s adaptability and positive reception from both therapists and
healthy volunteers suggest its potential usefulness in a spectrum of neurological condi-
tions beyond stroke, including motor-impairing diseases such as peripheral neuropathies
and rheumatic pathologies, and other cognitive pathologies such as vascular or neurode-
generative mild cognitive impairment. However, comments have pointed out areas for
improvement oriented toward enhanced ergonomic and functional usefulness, which will
guide AMBER towards new research lines and prepare it to be used in formal clinical trials
with patients. These innovative characteristics have led to a request for an international
patent for AMBER.

In conclusion, AMBER represents an important step forward in the field of post-stroke
rehabilitation, incorporating the principles of cognitive-motor interdependence and sug-
gesting broad applications for a variety of other pathologies beyond its initial post-stroke
focus. By facilitating early, integrated, patient-centered rehabilitation, AMBER promises
to redefine the recovery process for stroke survivors, providing information on more effec-
tive rehabilitation strategies and highlighting the critical role of innovative technologies
in advancing patient care.
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1. Introduction

1.1 Stroke

Stroke can be defined as a cerebrovascular disorder caused by hypoperfusion or de-
creased cerebral blood flow, which temporarily or permanently alters the functioning
of one or more parts of the brain.

Stroke is the second most common cause of death in Europe and the world, and a
leading cause of adult disability [1, 2]. The incidence of stroke increases with age,
with a greater population affected among men, except for ages above 85 years old [3].
Currently, there are around 12.2 million new cases of stroke each year worldwide, with
a prevalence of 143 million [4]. By 2035, the incidence of stroke is expected to increase
by 34% [5]. In Europe, it is responsible for 9% of all deaths in men and 13% in women
[6]. Among the survivors, most experience some degree of both motor and cognitive
chronic impairment, which makes them unable to carry out certain Activities of Daily
Living (ADLs) [7].

1.1.1 Pathophysiology of stroke

There are two main types of stroke depending on the nature of the injury: ischemic
stroke and hemorrhagic stroke, which represent around 87% and 13% of stroke cases,
respectively [8]. The type of stroke especially conditions its management during the
acute phase and also its treatment [3]. However, subsequent rehabilitation will depend
on the clinical manifestations presented by the patient. These clinical manifestations
depend on the characteristics, duration and location of the ischemia [9]. It is generally
characterized by a focal neurological deficit with an abrupt onset. In the case of
large vessel occlusion, symptoms vary depending on the affected artery, being the
most common the following: hemiparesis, hemiplegia, hemianesthesia, hemianopia,
apraxia, dysarthria, dysphagia, dysphasia, memory disorders and aphasia [9]. In cases
of stroke due to small vessel occlusion, the most frequent syndromes are: pure motor
syndrome (facio-brachio-crural paresthesia of a hemibody), pure sensory syndrome
(hypoesthesia or facio-brachio-crural paresthesia), sensory-motor syndrome (paresis
with hypoesthesia), dysarthria with clumsy hand and hemiparesis with hemiataxia
[10].

The lack of blood supply and, therefore, oxygen and glucose in an area of the brain trig-
gers tissue necrosis in that region [11]. This decrease in the level of oxygen and glucose

1



2 Introduction

results in a decrease in the energy available in brain cells to carry out different cellu-
lar functions. Specifically, neurons lose their ability to maintain the transmembrane
ionic gradient necessary for homeostasis, leading to excessive neuronal depolarization
and an increase in the release of excitatory neurotransmitters and pro-inflammatory
molecules [9]. As a consequence, accumulations of Ca?T and Na™ ions are produced,
and the signaling pathways are altered, thus activating catabolic processes mediated by
proteases, lipases and nucleases that interrupt neuronal function and induce cell death
[12]. Tt is postulated that the first cause of cell death could be due to the accumulation
of intramitochondrial Ca?", which reduces adenosine triphosphate (ATP) synthesis [9].
In addition, after the interruption of blood flow, the reperfusion of the damaged tis-
sue can trigger an inflammatory and immune response that causes an increase in the
permeability of the blood-brain barrier (BBB), producing cerebral edema [9].

ISCHEMIC HEMORRHAGIC
STROKE STROKE

Blood clot stops Weakened/

the flow of diseased blood
blood to an area vessels rupture
of the brain

Blood leaks info
brain tissue

Figure 1.1: Types of stroke: Ischemic and Hemorrhagic [13].

The following sections explain the pathophysiology of the different types and subtypes
of stroke.

1.1.1.1 Ischemic stroke

Ischemic stroke is characterized by alterations in the brain blood supply caused by
partial or total occlusion of a cerebral blood vessel, with the main consequence of lack
of oxygenation or anoxia [9]. There are three main types of brain ischemia: thrombosis,
caused by a local obstruction of a blood vessel due to a disorder of its wall; embolism,
when the obstruction is caused by a particle originated in other region which travels to
a brain blood vessel; and systemic hypoperfusion, when is a problem of low blood flow
in the brain due to circulatory failure due to the lack of pumping of the heart (heart
attack) [14].

Brain ischemia can lead to focal cerebral ischemia, if only one area of the brain has been
affected, or global cerebral ischemia, if the interruption of blood flow has affected the
entire brain [15]. It is also important to distinguish whether the occlusion is produced
in a capillary of the brain or if it occurs in a large blood vessel, which represents 80%
and 20% of ischemic stroke cases respectively [16].

Focal Cerebral Ischemia

In focal cerebral ischemia, there is a reduction or interruption of blood flow in a certain
area of the brain as a consequence of the occlusion of an artery [17]. This reduction in
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blood flow produces a decrease in the supply of oxygen and glucose, with the consequent
decrease in energy, causing the loss of function of cell membranes and ionic homeostasis.
This causes different functional alterations in the brain tissue, reaching necrosis if the
flow is completely interrupted [11]. The clinical manifestations will depend on the
affected artery and the extent of the injured tissue [18]. Below, a figure with the
main cerebral arteries is shown and the symptoms associated with a stroke in the most
important ones are described.

Anterior communicating artery

Anterior cerebral artary.

Middle cerebral artery

Posterior communicating
artery

Posterior cerebral artery.

Superior cerebellar arte

Basilar artery

cerebellar artery

Posterior inferior
cerebellar artery

Anterior spinal arte

Figure 1.2: Vascular anatomy of the brain [19].

e The middle cerebral artery (MCA) is one of the major cerebral arteries and
the most common involved in stroke. The MCA is located in the lateral sulcus
between the frontal and temporal lobes. It supplies a large area of the lateral
cerebral surface and part of the basal ganglia and the internal capsule via four
segments (M1, M2, M3, and M4). As it mainly supplies the somatosensory cor-
tex, the symptoms associated with a stroke in MCA are related to motor and
sensory alterations that mainly affect the face and upper extremities: contrala-
teral hemiparesis, facial paralysis and sensory loss in the face and upper limbs.
Additionally, there may be symptoms such as dysarthria, neglect, and aphasia
[20].

e The anterior cerebral artery (ACA) provides blood supply to the frontal,
prefrontal, primary sensory, primary motor, and supplemental motor cortices.
The sensory and motor cortices receive sensory information and control movement
of the contralateral lower extremity. The supplemental motor area contains the
Broca’s area, which is involved in the initiation of speech. The prefrontal cortex
is used to organize and plan complex behavior and is thought to influence the
personality. For this reason, the most frequent symptoms of an ACA infarction
are contralateral sensory and motor deficits in the lower extremity, preserving
the correct activity of the face and upper limbs [20].

e Posterior cerebral artery (PCA) is divided into the superficial PCA and
the deep branches, which supply the occipital lobe, the inferior portion of the
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temporal lobe, the thalamus and other deep structures of the brain respectively.
The occipital lobe is the location of the primary and secondary visual areas,
where sensory input from the eyes is interpreted. The thalamus relays informa-
tion between the ascending and descending neurons, while the internal capsule
contains the descending fibers of the lateral and ventral corticospinal tracts. If
the infarction occurs in the deep branches of the PCA, symptoms may include
hypersomnolence, cognitive deficits, ocular disturbances, hypoesthesia, ataxia,
and even hemisensory loss and hemiparesis. In the case of superficial PCA in-
farction, the symptoms are related to visual and somatosensory deficits, such as
alterations in tactile sensation and proprioception [20].

Within focal cerebral ischemia, two types of stroke can be distinguished depending on
the duration of the occlusion: transient ischemic attack (TIA) and cerebral infarction.

e Transient ischemic attack or TTA is defined as an episode of focal neurological
dysfunction lasting less than 24 hours [21, 22]. Of the total number of strokes
that take place in Spain, TIAs correspond to 16.4% of cases [3]. Furthermore,
the physiology, prognosis, and treatment of TIA vary greatly depending on the
brain area affected, on which the clinical manifestations also depend. The TIA
is especially important as a predictor of stroke: TIA patients are around 10%
more likely to suffer a stroke during the subsequent 90 days, with half of them
happening the following week. During the 5 years after TIA, studies show a
stroke incidence of 30% [21, 22].

e Cerebral infarction occurs when blood flow to an area of the brain is inter-
rupted for more than 24 hours. This produces tissue necrosis in the affected brain
region [15], area also known as the infarct core [9]. Around the infarcted area
there may be residual blood flow and a minimal metabolic activity sufficient to
maintain cell viability for a certain time (until the production of ATP falls below
50% of normal levels, triggering death cell by apoptosis [23]), although without
preserving its normal function. This area around, called penumbra, although it
is at risk of cell death, is capable of recovering its original state if blood flow is
restored, thus being the focus of treatments to reduce injury and sequelae after
cerebral infarction [24-26].

Infarcted core

Penumbra

Figure 1.3: Infarcted nucleus within the immediate area of the occluded artery, followed
by a penumbra, in cerebral ischemia [27].
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Global Cerebral Ischemia

On the other hand, in the case of global cerebral ischemia the decrease or interruption
of blood flow simultaneously affects the entire brain, mainly border zones between
the main arteries territory. It occurs commonly in patients which cardiac arrest or
undergoing complex cardiac surgery. Its neurologic sequelae include coma, seizures,
ischemic stroke, delirium, and neurocognitive impairment [28]. This produces serious
alterations in brain function, which can lead to necrosis and brain death if the situation
persists over time [15].

1.1.1.2 Hemorrhagic stroke

Hemorrhagic stroke is produced by an extravasation of blood in the brain tissue and
eventually extracerebral bleeding as a consequence of the rupture of a cerebral blood
vessel. Of all strokes, hemorrhagic patients account for around 20% of cases [29].
However, its prognosis is much worse than in the case of ischemic strokes.

Cross Section of the Brain

Intracerebral
Hemorrhage
Scalp %

Skull
Dura mater

Arachnoid
mater

Subarachneid
space

1
I~ Pia mater

Brain Bleeding inside the brain

Subarachnoid
Hemorrhage

Bleeding in the
subarachnoid space

Figure 1.4: Diagram of the two main types of hemorrhagic stroke: intracerebral hem-
orrhage and subarachnoid hemorrhage [30].

Intracerebral hemorrhage (ICH) is the most common hemorrhagic stroke. It accounts
for 10-15% of all stroke cases [31]. It consists of an accumulation of blood, or hematoma,
within the cerebral parenchyma produced as a consequence of the rupture of a cere-
bral blood vessel. It can be classified as primary and secondary hemorrhage. The
primary hemorrhage occurs in between 78% and 88% of cases [31], when the rupture
occurs in the wall of a previously weakened vessel due to degenerative processes, such
as amyloid angiopathy or derived from arterial hypertension. The secondary hemor-
rhage secondary occurs as a consequence of congenital malformations of the vessel,
coagulation disorders, etc. [32].
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Depending on the area in which the bleeding occurs, different types are distinguished:
cerebellar hemorrhage, brain stem hemorrhage, hemispheric hemorrhage and intra-
ventricular hemorrhage [17].

The hemorrhage causes an accumulation of blood within the brain parenchyma, which
leads to an alteration of the normal anatomy of the brain and an increase in local pres-
sure in the area [33]. According to the speed of expansion of the hematoma, the primary
damage is distinguished during the following minutes and hours after the start of the
bleeding, and the secondary damage as a consequence of the presence of intraparen-
chymal blood in the brain, which may depend on the volume of the hematoma [31].

Although inflammatory mediators in response to stroke produce an increase in brain
damage, the role of inflammatory cells (such as microglia, macrophages, etc.) is sub-
stantiated for cleaning and removing cellular debris caused by the hematoma [34].
Following intracerebral hemorrhage, extravasated blood components and those associ-
ated with brain damage (blood-derived coagulation factors, complement components,
immunoglobulins, and other bioactive molecules) produce a cytotoxic, prooxative, and
pro-inflammatory attack on adjacent healthy brain cells continuing tissue damage,
which can be seen minutes after the start of bleeding [35-37]. 24 hours after the onset
of ICH, the lysis of red blood cells begins, which produces the release of cytotoxic
hemoglobin. The hemoglobin and its degradation products (heme and iron) are chem-
ical substances with a high cytotoxic capacity, which alter the state of neighboring
brain cells, causing cell death in many cases [34, 35, 38].

The most common cause of ICH is hypertension [39]. Hypertension can trigger hyper-
plasia in the small intracranial vessels, which favors their necrosis and rupture.

Clinically, it is usually presented in an acute form, with the presence of headaches,
nausea, vomiting and a decrease in the level of consciousness, in addition to an increase
in blood pressure. Among all those affected, the mortality rate ranges between 35%
and 52% in the following 30 days [40], and only 38% survive the first year, suffering
secondary injuries and serious neurological deficits as a consequence of the hematoma
(31, 33].

1.1.1.3 Stroke risk factors

As explained before, ischemic strokes correspond to 80% of the total incidence of stroke
in Spain today [3], and its etiology determines the most appropriate strategy for both
treatment and secondary prevention [15]. While hypertension is the most common
cause of ICH, there are numerous risk factors for ischemic stroke. The most notable
ones are explained below:

Age: Incidence almost doubled in each decade after age 55 [9].

Gender: Women of childbearing age with hormonal disturbances [9].

Genetic factors: Family history of stroke increases risk by 30% [9].

Stress: Psychosocial stress is independently associated with an increased risk of
stroke, more pronounced in women than in men [41].
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e Obstructive sleep apnea: Increases the risk of stroke regardless of other risk
factors such as hypertension [42].

e Arrhythmias: Atrial fibrillation that favors the formation of thrombi that can
block cerebral vessels taking form of an embolus. It is the main risk factor for
embolic strokes. Also other types of arrhythmia without atrial fibrillation increase
the risk [43].

e Atheromatosis and arteriosclerosis: Especially carotid stenosis, where the degree
of stenosis over 50% increases the risk of stroke that could be thrombotic or
embolic through an arterio-arterial manner [44].

e Arterial hypertension: High arterial tension increases risk by 31% [43, 45].

e Diabetes mellitus and metabolic syndrome: diabetes increases the risk by 8%,
type 2 diabetes increases the probability of suffering a stroke between 2 and 3
times [45, 46].

e Obesity and diet: The mechanisms that determine the increased risk are not
clear. A diet rich in fruit and fish, as well as regular physical exercise play a
protective role [45].

e Tobacco: The risk of stroke increases with the number of cigarettes smoked per
day. Passive smokers have a 30% higher risk than unexposed people [47].

e Alcohol: More than 30 units per month is associated with an increased risk [48].

e Environmental pollution: Prolonged exposure increases the incidence of stroke
between 4 and 19%, and short exposures but at high levels increases by around

3.5% [49].

e Hormonal and contraceptive treatments: Especially in menopausal women or over
40 years of age with obesity or smoking in addition to contraceptive treatment
[50].

1.1.2 Stroke treatment

This section shows an outline of the main treatment routes for stroke, for which it will
be important to distinguish between ischemic stroke and hemorrhagic stroke.

In ischemic stroke, treatment is based on restoring blood flowin the vessel t hat has
been occluded. For this, the only pharmacological treatment currently approved are

the intravenous tissue plasminogen activators (t-PA) [51], which should be adminis-
tered within a window of 4.5 and 9 hours maximum after the onset of symptoms.
This technique, called fibrinolysis, provides anticoagulant effects to dissolve the
thrombus and restore blood flow. However, only about 15% of patients treated with
this technique achieve a complete recovery [16, 52].

In cases of acute ischemic stroke due to large vessel occlusion, the treatment that
provides the best results, and that can be combined with fibrinolysis, i s m echanical or
endovascular thrombectomy. This technique consists of the extraction of the thrombus
through an endovascular catheter. However, mechanical thrombectomy can only be
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applied within the first 24 hours, depending on the case, after the onset of stroke
symptoms, and it can only be performed in certain specialized health centers, so many
patients do not benefit from this treatment [16].

In addition to these two main treatments for acute ischemic stroke, in a second stage it
is important to carry out a treatment to prevent new strokes. This usually consists of
antiplatelet to prevent the formation of thrombi or anticoagulant drugs to prevent the
formation of emboli, drugs to control blood pressure, and others to treat complications
associated with the first stroke [53].

In hemorrhagic strokes the treatment is different. When possible, it consists of treating
the injury by evacuating the extravasated blood through a surgical intervention [54], but
in most of the cases isbased on having the patient controlled (heart rate, blood pressure,
glycemia, body temperature, fluid and electrolyte balance, hemostasis, intracranial
pressure, etc.) and prevent and treat complications [55].

The speed of initiation of treatment is crucial for the recovery of patients. In a study
carried out in Spain in 2006, the evaluation of the patient by a neurologist within the
first 6 hours from the onset of symptoms was associated with a five times lower risk of
poor evaluation [56]. On the other hand, [5] states that for every 30 minutes dedicated
to reopening the artery, in cases of ischemic stroke, patient mortality increases by 20%.
Therefore, early detection and speed of treatment is crucial for the evolution of these
patients.

i oA Hemorrhagic stroke » Stop bleeding
>/
STROKE ¢
&\ 1%, Small blood ——» Fibrinolysis
%% Ischemic stroke —

805, ™ Large blood vessel » Fibrinolysis + mechanical thrombectomy

Figure 1.5: Diagram of types of stroke and their initial treatment when the patient
arrives at the hospital.

1.1.3 Stroke aftermath: motor and cognitive sequelae

It is very common among stroke survivors to experience different types of sequelae and
disabilities that affect them when they return to their daily lives, significantly reducing
their quality of life after the disease. As seen in previous sections, stroke symptoms
depend on the infarcted brain area, and the same occurs with sequelae. Focusing on the
main interest of this thesis, here the sequelae are divided into two big groups: motor
and cognitive sequelae.

1.1.3.1 Motor sequelae: upper limbs

Motor sequelae refers to a partial or total impairment that leads to a loss of function of
part of the body, usually the extremities. The most common motor sequelae of stroke
are hemiplegia and hemiparesis, which implies that the side of the body contralateral to
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the affected cerebral hemisphere becomes paralyzed or has markedly diminished motor
strength. This is usually reflected as muscle weakness, lack of muscle control or even
total paralysis. Motor dysfunction can occur in the upper limbs (UL), in the lower
limbs (LL), or in both.

If during the acute phase of stroke, the patients experience some degree of UL motor
deficit, it is likely that in the long term they will have difficulties to perform some
ADLs [57]. Muscle weakness and sensory changes are the most common UL motor
sequelae of stroke, which hinder the natural kinematics of the arm and hand, resulting
in lasting functional limitation in approximately 70% of cases. These alterations often
affect the hand’s ability to shape correctly, alter muscle tone, and make it difficult to
perform skillful and precise finger movements [58-60].

The functional consequences of UL impairment can be divided into three types: learned
nonuse, learned bad-use, and forgetting [61].

e The term “learned nonuse” refers to the inability of the limb to perform func-
tional activities due to lack of use after a stroke, generally as a consequence of
weakness/paralysis or sensory loss caused by the stroke [61].

— Weakness or paralysis is the predominant impairment after stroke [62,
63]. This occurs due to a lack of signal transmission from the motor cortex
(where the impulse for movement is generated) to the spinal cord (which
receives the signal and sends it to the muscles to execute the movement).
This produces a delay in the onset and completion of muscle contraction [64]
and therefore a slowness in muscle activity [65], even preventing movement.

— Sensory loss in the UL can be tactile, proprioceptive, or higher order such
as stereognosis and graphesthesia. These may be associated with the severity
of the stroke and the degree of weakness [66], although sensory disturbances
without motor weakness may also result from specific lesions in the parietal
cortex [67]. Studies have suggested that sensory deficits may result in an
inaccurate motor response, even though motor abilities were adequate to
perform the task [68]. Therefore, it is believed that chronic loss of sensation
may contribute to motor impairment, for example, due to the inability to
adequately control motor activity due to the lack of sensory feedback [61].

e The term “learned bad-use” refers to the inability to move the affected limb
correctly, due to weakness, sensory deficits and pain, as well as stiffness, spasticity
and contractures resulting from temporary immobility, using instead what are
known as “compensatory strategies” to carry out the tasks. These compensatory
strategies involve making abnormal movements to accomplish the activity, such as
forearm pronation and wrist flexion instead of neutral forearm position and wrist
extension to guide the hand for grasping, and hand flexion. metacarpophalangeal
joint rather than flexion of the proximal interphalangeal joint to grasp objects
[69]. In this way, the patient can be able to carry out a task, but with little
precision and poor performance, turning it into bad habits that will prevent
optimal recovery. Spasticity and incoordination due to abnormal motor synergies
can lead to the development of learned misuse [61].
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— Spasticity is a motor disorder characterized by an exaggeration of speed-
dependent reflexes with increased muscle tone and sometimes involuntary
spasms, leading in most cases to a learned misuse of movements. The preva-
lence of spasticity increases with time since stroke [70] and is related to the
secondary effects of weakness and immobility in skeletal muscles [71-73].
Initially, spasticity is considered a positive development, as it suggests that
the nervous system is beginning to initiate repair mechanisms to restore
muscle tone and movement. However, spasticity often evolves into stretch-
sensitive forms such as spastic co-contraction [74], leading to involuntary
movement in the opposite direction to the intended voluntary movement

61].

e The term “forgetting” refers to the inability to remember learned motor skills,
as a consequence of interruptions in training and rehabilitation. Learning abili-
ties, which would be stable in healthy individuals, are more transient after stroke.
Therefore, 3 necessary processes have been established to achieve successful learn-
ing: test adaptation (and error detection), repetition, and reinforcement through
rewards [61]. Several studies have shown that hand grasp and reach adaptation
are impaired after stroke despite reasonable amounts of repetition of movements
with the affected hand [69, 75-77]. This suggests that patients may be unable to
effectively detect error with the affected hand [61], so supervised training appears
to be necessary for this type of recovery.

Scales for upper limb impairment evaluation

The most common tests used by therapists to evaluate different motor aspects of the
UL and especially the motor function of the hand in stroke patients are described
below:

e Force: the following scales allow measuring different muscle forces. They are
used initially and at periodic retests to demonstrate an improvement in the force
available for grasping or pinching [78].

— Hand grip strength: evaluates grip strength by measuring the maximum
isometric strength of the hand and forearm muscles. It can be done with
various measuring instruments, from hydraulic dynamometers [79] to isoki-
netic dynamometers [80]. Is it usually done with an hydraulic or a digital
hand dynamometer device [81].

— Pinch force: allows to measure and evaluate the pinch force of the fingers
individually. Is it usually done with an hydraulic pinch dynamometer [78].

e Tone: the following assessment allows measuring the muscle tone of the UL.

— Modified Ashworth Scale (MAS): is used to assess the resistance experienced
during passive range of motion. No instrument is needed to perform it. It
is currently the most widely used method for the clinical assessment of
spasticity and to assess the efficacy of pharmacological and rehabilitative
interventions [82].
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e Manual dexterity: the following scales allow measuring the ability to manipu-
late objects making coordinated hand and finger movements.

— Nine Hole Peg test: it measures fine manual dexterity, which is the ability
to manipulate objects using the distal part of the fingers. This involves
precise, coordinated and rapid movement of the fingers when manipulating
small objects [83, 84].

— Box and block test (BBT): it measures gross manual dexterity, which in-
volves global movements of the hand, less refined and precise, to grasp and
manipulate larger objects [84, 85].

e Functionality: the following tests are widely used to assess functional capacity
and movement control of the upper limb, especially in stroke.

— Fugl-Meyer Upper Extremity Scale (FMUE): is used to quantify motor de-
terioration and recovery after a stroke. It assesses reflex activity, movement
control, and muscle strength in the upper extremities [86].

— Motricity Index (MI): is used to measure the degree of hemiplegia by exam-
ining the maximum isometric strength of the arm [87].

e Sensitivity: the following assessment allows measuring the sensory impairment
on upper limb.

— Nottingham Sensory Assessment (NSA): is used to identify sensory impair-
ment after stroke and to monitor recovery over time. It measures tactile
sensations over the skin, kinesthetic sensations (appreciation of movement,
direction and position) and stereognosis (ability to recognize objects through
touch) through different tests [88].

1.1.3.2 Cognitive sequelae

In addition to physical and motor disability, another very common consequence of a
stroke is neuropsychological sequelae.

Around 80% of stroke patients have cognitive impairment in one or more cognitive
domains, with attention, short-term memory, and executive function being among the
most frequently affected cognitive abilities [89-91]. For example, in a study carried out
in the Netherlands, 70% of stroke survivors would have information processing prob-
lems, and more than 40% would have memory difficulties, visuospatial and constructive
deficiencies, and l anguage d isorders [92]. In a ddition t o t hat, t he s equelae o f stroke
often include depression, anxiety and other emotional disturbances as a consequence
of the disabilities.

Focusing on the deterioration of cognitive functions, these, like physical sequelae, also
have a negative impact on the quality of life of patients, affecting their ADLs [93].
Cognitive alterations involve different pathological processes and deficits in multiple
domains such as attention, executive functions, memory, language, and visuoperceptive
abilities. The prevalence of cognitive impairment resulting from a stroke probably
varies according to the characteristics of the sample, the evaluation methods, the
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definitions of impairment and the time interval from the onset of the stroke, therefore
providing a prevalence figure is very complicated. Furthermore, under the cover of
severe physical disability, post-stroke cognitive decline is likely to be ignored. The
European Stroke Organization and the European Academy of Neurology, in their 2021
guidelines for the management of cognitive impairment after stroke, highlight the little
attention paid to cognitive impairment caused by stroke, both in clinical practice and
in research [94], while currently approximately 4 out of 10 hospitalized stroke patients
have non-dementing cognitive decline in the first [95].

Due to the prevalence of cognitive impairment as a consequence of stroke, the term
“vascular cognitive impairment” (VCI) has recently been introduced for any type of
cognitive impairment, from mild cognitive impairment to dementia, caused by vascular
pathology [96]. The signs or symptoms that occur during the course of the disease
depend on the type, extent, and location of the underlying cerebrovascular pathology.
Among all the possible cognitive alterations, the most disabling, which in turn hinders
rehabilitation performance, is usually memory [97].

Scales for cognitive impairment evaluation

Cognitive evaluation may change depending on the needs of patients and can be of great
complexity. In order to simplify this, the most common tests used by psychologists to
evaluate cognitive fuction are de- scribed below.

e General cognitive function: the most common tests for screening of cognitive
impairment are:

— Mini Mental State Exam (MMSE): it is a general test that detects serious
cognitive problems with respect to “normal” cognitive function [98]. The
MMSE has maximum score of 30, with five different domains of cognition
analyzed: Orientation, contributing a maximum of 10 points, Memory, con-
tributing a maximum of 6 points, Attention and calculation, as a measure of
working memory, contributing a maximum of 5 points, Language, contribu-
ting a maximum of 8 points, and Design copying, contributing a maximum
of 1 point. Individuals scoring higher than 24 are considered to be cogni-
tively intact, although scores between 24 and 27 might be considered as mild
cognitive impairment.

— Montreal Cognitive Assessment Scale (MoCA): this is a more specific cogni-
tive test that assesses the specific cognitive domains of memory, visuo-spatial
ability, executive function, attention/concentration/working memory, lan-
guage, and orientation [99]. Its maximum score is 30 and those patients
scoring over 26 are considered to be cognitively intact. In comparision to
MMSE, MoCA is considered to evaluate cortical and subcortical functions
and to be more sensitive to detect mild cognitive impairments [100].

e Specific cognitive domains:

— Stroop: is a color and word test used to assess the ability to inhibit cognitive
interference that occurs when the processing of a specific stimulus feature
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prevents the simultaneous processing of a second stimulus attribute (Stroop
effect) [101]. It consists of 3 sheets, the first with the words ”BLUE”, "RED”
and "GREEN” written in black repeatedly and in random order in different
columns throughout the sheet, so that the patient must read aloud and the
columns from top to bottom and from left to right as quickly as possible,
saying aloud the color that is written. The second sheet has ”XXX” written
repeatedly across the entire sheet, but instead of being written in black, each
set of ”XXX” is written in red, blue, or green ink, in a random order, so that
the patient to be evaluated says aloud the color of the ink of the crosses.
On the last sheet, the words "RED”, "BLUE” and ”GREEN” appear again
written all over the sheet, however, in this case instead of being written in
black, they will be written with an ink of a color that does not correspond
to the word, that is, the word “RED” will appear written in blue or green
ink. In the latter case, the patient must inhibit his impulse to read the word
that is written and say out loud the color of the ink of each word.

— Trial Making Test (TMT): is a test of motor speed and visual attention
that consists of two parts. In Trail Making Part A (TMT-A), the subject
must draw lines as fast as possible on a page where 25 numbers appear. In
Trail Making Part B (TMT-B), the subject must draw the lines alternating
between numbers and letters (numbers 1-12 alternate with letters A-L) [102].

— Digit Span Test: it is a test from the Wechsler Adult Intelligence Scale
(WAIS) to evaluate attention and memory task, which consists of two parts
[103]. The first one is the direct version, in which the subject must repeat
a sequence of numbers in the same order that is presented, as a measure
of the effectiveness of verbal attention [104],. In the second part, the in-
verse version, the subject must repeat the sequence in the reverse order of
their presentation, which implies a mental scan involving verbal and visual
processes, as well as working memory [105].

— Symbol Digit Modality Test (SDMT): this test from WAIS evaluates atten-
tion, visual tracking, mental processing speed and visuomotor speed. It
consists of matching geometric drawings with a number from 1 to 9, ac-
cording to a previous model. Different alternative forms described in some
compendiums of neuropsychological tests have been developed [103, 106].

— Digit-Symbol Coding: this test, also from WAIS, measures processing speed,
being sensitive to slow information processing, which may be affected by
visual perception, short-term memory, and motor coordination [107]. Tt
consists of copying abstract symbols associated with numbers as fast as
possible in a set time interval [108].

— Corsi Blocks: is a visuospatial span test to evaluate spatial memory and
visual working memory. It consists of a board with cubes randomly dis-
tributed. The test has two parts, the direct and the inverse version. In the
first one, the subject must reproduce a sequence previously performed by
the examiner in the same order; in the second, the subject must reverse the
presented sequence [103].
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1.2 Stroke rehabilitation

The amount and severity of stroke sequelae varies especially depending on the severity
of the stroke and the speed of treatment, because the larger the affected brain area,
the worse the prognosis for the patient’s recovery. However, as these two aspects are in
many cases uncontrollable and unavoidable, the improvement of most patients lies in
the effectiveness of rehabilitation (RHB). Taking into account the trend in the increase
in stroke cases and the disability that this generates in patients, in the coming decades
it is estimated that the demand for rehabilitation and long-term care for stroke patients
will increase 27% in the European Union [109].

Rehabilitation should begin early during the acute phase of the stroke, once the patient
is clinically stable [110]. This first phase of rehabilitation is carried out while the patient
is still admitted to the hospital. After this period, rehabilitation will be carried out
on an outpatient and home basis, because even when patients leaving the hospital are
considered to be in a stable condition, they still have a long way to go to regain lost
capabilities. For this second phase of rehabilitation that takes place when the patient is
already discharged, they often have to visit rehabilitation centers on a daily or weekly
basis to keep training in order to improve functionality, and with so, approximately
50% of the them are likely to regain some functional use of their paretic UL [111,
112].

Regardless of the type of sequela, conventional stroke rehabilitation typically
involves the following processes: (1) assessment, to identify and quantify the individual
needs of the patient; (2) goal setting, to define realistic goals that the patient can
achieved; (3) intervention, personalized training to try to achieve those goals; and (4)
reevaluation, to review progress in relation to the established goals [113].

Due to the enormous variety of stroke sequelae, rehabilitation must be carried out
by a multidisciplinary team to address each different a spect a ffected by st roke, for
which physiotherapists, occupational therapists, speech therapists and neuropsychol-
ogists usually participate. However, stroke recovery strategies are often delivered se-
parately in terms of motor and cognitive RHB [114]. Both approaches have typically
been applied at different recovery times, doses, and by different neurorehabilitation pro-
fessionals without considering the concomitant effects t hat t hey might h ave on other
abilities and domains [115].

1.2.1 Motor rehabilitation

As shown in previous sections, stroke can cause weakness, paralysis, or difficulties with
movement in one or more parts of the body, depending on the location and severity of
the stroke. Motor rehabilitation motor rehabilitation is usually the most challenging
part in the recovery process. It aims to improve motor function and help patients
regain maximum independence in their mobility and ADLs [116].

After a complete evaluation by different health professionals (mainly physiotherapists,
occupational therapists, and speech therapists), the severity of motor impairments is
determined and personalized rehabilitation goals are established.
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Figure 1.6: Two main types of rehabilitation after a stroke and the main objectives
they aim to achieve.

Physical therapists work on improving muscle strength, coordination and balance
through therapeutic exercises and mobilization techniques. It usually consists of the
execution of repetitive movements, focused on regain function in affected limbs and

learn unlearned physical activities if necessary. Occupational therapists focus on help-
ing patients perform activities of daily living, such as dressing, bathing, cooking, and
eating, independently or with as little assistance as possible. In some cases, assistive
devices such as orthoses, wheelchairs, walkers, and robotic therapy systems are used
to facilitate motor rehabilitation by both physical and occupational therapists (1.3.1
shows the most common rehabilitation technologies for upper limb motor recovery)

[57]. Furthermore, speech and language therapists work on the recovery of communi-
cation and language, and are often included in this rehabilitation process since some
stroke patients may experience speech and language difficulties due to involvement of
brain areas related to language processing.

1.2.2 Cognitive rehabilitation

Cognitive therapy involves a variety of techniques and strategies designed to address
affected cognitive areas, and it is frequently carried on by neuropsychologists and occu-
pational therapists. Some examples of cognitive therapies and approaches commonly
used are [117]:

e Memory training: Strategies are taught to improve memory, such as using re-
minders, organizing information, and practicing retrieval.

e Attention training: Exercises and activities designed to improve concentration
and sustained attention are worked on.

e Language rehabilitation: If the patient has experienced language difficulties,
speech and language recovery exercises are performed, as well as communica-
tion practice.
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e Spatial perception exercises: For patients with spatial perception problems, exer-
cises can be performed to improve spatial orientation and awareness of the envi-
ronment.

e Executive functions exercises: Skills such as planning, decision making and rea-
soning are worked on.

1.2.3 Combined motor and cognitive rehabilitation

Currently, new lines of research are emerging that suggest overlapping effects between
these interventions [118]. There is evidence that strength may be a predictor of cog-
nitive function [119], and it has been proven that the practice of manual strength
exercises has a beneficial effect on general cognition in healthy adults [120] and in mild
cognitive impairment [121]. In addition, UL motor rehabilitation can improve global
cognitive status, but also some specific cognitive domains such as attention and exe-
cutive funcitons in other disorders such as Parkinson’s disease [122]. However, there
is a notable paucity of evidence about the effects of hand motor interventions on the
cognitive status in stroke, in a recent literature review included in this thesis, motor
interventions were found to improve MoCA/MMSE scores post-stroke, being the best
interventions robot-assisted hand training and strength training. Nevertheless, the lack
of high quality evidence evaluating cognitive variables in motor rehabilitation protocols
was confirmed [123].

Therefore, post-stroke rehabilitation that considers both motor and cognitive aspects
is essential to achieve optimal patient recovery and for them to have the best possible
quality of life after the disease [124].

Over 20% of stroke survivors have concomitant motor and cognitive impairment in long
term [125]. Recent investigations show a pathophysiological and structural correlation
between cognitive and motor deficits in stroke survivors. Specifically, studies suggest
that global cognition, memory and executive functions are closely linked to the motor
performance of these patients [125]. This could be explained by the role of the frontal
lobe in the provision of executive functions and motor control, as it appears to be
the underlying basis for the coexistence and close interactions between cognition and
fine motor skills [126]. The underlying neural connections that motor and cognitive
functions share, holds the key to understanding why cognitive and physical performance
declines occur simultaneously after stroke [127]. These changes may be due both to
direct damage caused by the stroke and to changes in the structure and function of
connected brain areas (diaschisis) that are located at a certain distance from the lesion,
which affects broader areas of the neuronal network [128].

Figure 1.7 shows the information processing pathways for motor control, with the most
important connections between the basal ganglia and the cortex, which involve motor
and cognitive aspects.

Focusing on UL, several studies show the close relationship between the general cogni-
tive state and the function of the UL motor function, pointing out that the cognitive
demands directly influence the motor performance of the hand [129, 130]. Specifically,
motor variables such as coordination and reaction times could be influenced by the
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Figure 1.7: Cognitive and Motor Control [126].

cognitive state, affecting the performance of manual tasks [130, 131]. Other investiga-
tions show that there is an association between handgrip strength and an accelerated
decline in global cognitive performance [132, 133], so that handgrip strength could be
used as a potential early marker of cognitive decline [134].

In addition to this direct relationship, there are studies that indicate how cognitive
impairment affects physical RHB, noting that the alterations in executive functions
and attention resulting from stroke affect the progress of hand motor training [135,
136].

Furthermore, recent studies show concomitant effects in motor and cognitive stroke
rehabilitation. For example, numerous comprehensive analyses have indicated that
diverse forms of overall exercise training, including strength, aerobic, or ergometric
exercises, can have notable positive impacts on cognitive function after a stroke [137—
139]. However, it is crucial to note that this particular field of research has not received
extensive investigation and does face some controversies [140, 141]. When it comes to
rehabilitating the UL motor function, specialized training tailored to specific tasks and
supported by robotic assistance has been proposed as a way to enhance the effects of
neuropsychological rehabilitation on common deficits observed after a stroke, such as
hemineglect [142, 143]. The favorable outcomes of this approach might be attributed
to the functional reorganization of attentional networks, driven by the plasticity that
occurs as a result of using and engaging the affected areas during rehabilitation [143].

While earlier preclinical [144] and clinical [145] studies have hinted at the possibility of
simultaneous enhancements in cognitive function following hand motor rehabilitation
in stroke patients, a comprehensive summary of the evidence has been lacking until
now. Consequently, the primary goal of the systematic review carried out in Objective
1 during this investigation project was to analyze and combine the available data
concerning the influence of hand motor rehabilitation on cognition after a stroke. Our
objective was to ascertain the concurrent cognitive effects of motor interventions by
aggregating results from randomized clinical trials that explored improvements in hand
function variables through motor rehabilitation, with a particular focus on assessing
cognitive variables as well.
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1.3 Technologies for rehabilitation

The WHO (World Health Organization) recognizes as a therapeutic device any instru-
ment, apparatus or machine used for the treatment or prevention of diseases [146]. New
technologies are proving fundamental in the development of different clinical strategies,
both for the detection of diseases and for the treatment and recovery of patients.

The concept “technologies for rehabilitation” encompasses the entire set of products
and knowledge developed from rehabilitation engineering such as those used in the
disciplines that study and treat disabilities. It is not only about tools or devices that
contribute to carrying out RHB processes, but it also takes into account the functional
capacity of people with disabilities and an easy design and handling for patients [147].

A frequent classification of technologies manufactured for rehabilitation distinguishes
those commercial technologies from those tailor-made for the user. The former are
manufactured in a standard way for any possible user, proving to be cheaper, such as
wheelchairs, canes, etc. On the other hand, tailor-made technologies take into account
the individual characteristics of the user through an initial evaluation, as is the case
with different types of orthoses. However, it is true that the same tool can combine
both types of devices, tailor-made and in a standard way, such as prostheses [147],
which can present both advantages, turning out to be versatile for different types of
users but also having an individualized component for each one.

The use of new technologies in RHB allows the use of traditional methods and tools
in a way that increases their capacities and provides better results in rehabilitation
processes. As an example, in the field of neuropsychology, the development of new
technologies has made it possible to create computerized brain interface controlled
prostheses and orthoses, evaluation programs by virtual reality and in real time, cog-
nitive training programs, assistance tools, etc. [148]. Besides, new technologies can
make rehabilitation more entertaining and dynamic by gamifying the trainings so that
patients become more involved with the rehabilitation. In addition, they offer enough
potential to create more comfortable and personalized rehabilitation and training sys-
tems for the patient, and also more detailed evaluation information that allows better
patient follow-up, something especially interesting in neurological rehabilitation.

Within the entire range of medical devices, European Union (EU) 2017/745 legislation
distinguishes four classes of devices based on the risk they pose to health. According to
this regulation, the majority of diagnostic and rehabilitation devices belong to class Ila
(moderate - low risk), since physiotherapy devices and also health software are included
in this category. This regulation is important to take into account when developing new
medical devices, since the European Union relies on it to grant the CE marking (which
stands for ”Conformité Européenne”, and means that the manufacturer of a product
declares that the product meets all relevant European requirements for health, safety,
performance, and environmental protection).

The following subsections detail different technological tools for upper limb motor
rehabilitation and cognitive rehabilitation, explaining their main characteristics, the
different existing types, their operation and showing some examples.
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1.3.1 Technologies for upper limb motor rehabilitation

Within post-stroke physical rehabilitation, UL recovery takes on special importance as
UL is essential to ensure independence in the performance of ADL, such as dressing,
eating or drinking [149]. However, many patients get stuck in earlier phases of rehabi-
litation and are unable to regain fine control of the hands and fingers [150].

Currently, it is increasingly common to use different technologies to support UL thera-
peutic processes. On the one hand, there are video games and virtual reality systems
[151] that stimulate the patient to perform different exercises in simulated environ-
ments. On the other hand, there are tools that support rehabilitation in a more direct
way, such as robotic devices and sensor-based devices.

Robotic devices can be divided mainly into two types: active systems, which guide the
execution of movement, and passive systems, which restrict the movement of certain
joints [152]. Its use by the patient must generally be supervised by a specialized [150]
therapist, and requires the patient to travel to specific rehabilitation centers that have
this technology.

Sensor-based devices, instead of assisting in movements, sample and quantify the move-
ment in order to know more precisely the condition and evolution of the patient, which
is especially useful for home monitoring [153]. In this sense, wearable devices open up
a multitude of possibilities in the field of home rehabilitation.

Focusing on UL and, specifically, hand rehabilitation devices (HRDs), an additional
classification could be made dividing them into three categories: orthoses, exoskeletons,
or end-effector devices [154].

All of these HRDs are new emerging devices designed to rehabilitate any motor aspect
of the hand and to be used in any phase of rehabilitation therapy.

According to the recent Systematic Review carried out by Kabir et al [154], the follo-
wing subsections show the currently available HRDs their individual description.

1.3.1.1 Orthoses

Orthoses are devices that typically serve as support to protect the hand from postures
and movements that can damage it. Some cover the entire hand and others cover
each finger individually. Orthoses primarily provide support and alignment for rehabi-
litation. They offer strictly active rehabilitation therapy, with some devices providing
additional components to allow for resistive training. They are typically low cost, light
and easy to use, so the patient can use them from home. However, most of them don’t
have any actuators or sensors to perform resistive therapy and to be able to track any
data and provide feedback on the performance. These braces’ low profile inhibit them
from competing with more developed exoskeleton devices. Examples of hand orthoses
used for hand rehabilitation are: Saebo Stretch [155], Saebo Flex [156] and Script
Orthosis [157].
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(a) Saebo Stretch (b) Saebo Flex (¢) Script

Figure 1.8: Examples of hand orthoses.

Table 1.1 explains the general description of each of the most used hand orthoses today.

Orthoses Description

Script It is an interactive hand and wrist orthosis that provides assistance for
Orthosis wrist and finger extension. It is compatible and adaptable, and interacts
[157] with motivating games based on ADLs.

It is a splint that offers support and flexibility for the hand. Promotes

b
g?fe t(():h gentle stretching and extension of the fingers and wrist to reduce stiff-
[155] ness and prevent contractures while maintaining hand alignment. It is
adjustable for different hand sizes.
Sacho It is an orthosis that helps to extend the wrist and fingers. Through
Flex [156] a spring system, it helps to open the user’s hand to be able to release

objects that were held.

Table 1.1: Hand orthoses and their description.

1.3.1.2 Exoskeletons

In contrast to orthoses, exoskeletons have additional components that provide powered
functions to the user. Exoskeletons are motorized devices that improve the physical
performance of the patient, acting on the individual joints of each finger of the hand,
being able to adjust the design to each hand size. They have different sensors to
provide a safety and controlled rehabilitation, and to provide a variety of exercises to
be used in different phases of rehabilitation. With exoskeletons patients report greater
recovery on their hand motor function than with orthoses. They are not heavy and
are portable, so the patient can use them from home. However, its adjustment and
adaptation to each hand is not easy, the control algorithms are complex, and their costs
are usually much higher. Examples of hand exoskeletons used for hand rehabilitation
are: ExoHand, HandMate and CyberGrasp.
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(a) ExoHand (b) HandyRehab (¢) CyberGrasp

Figure 1.9: Examples of hand exoskeletons

Table 1.2 explains the general description of each of the most used hand exoskeletons
today.

Exoskeletons Description

It is a portable, motorized hand exoskeleton in which each
finger, including the thumb, is actuated by a linear actuator
HandMATE [158] that provides flexion and extension a ssistance. Using FSRs,
the device measures the grip initiation and extension force
performed, and can act on selected joints in the hand.

It is a pneumatically powered exoskeleton that actuates each
Gloreha [159] finger v ia a c able-actuated s ystem, w orking a s a tendon
during finger extension.

It actuates each finger independently by actuating the joints
of the hand through a linear actuation and link-based sys-

X-GLOVE [160] tem. It allows free movement of each joint, including joint
flexion and extension but avoiding hyperextension, and also
portability and interaction with real objects.

It provides safe activation of the hand thanks to a linkage-

PowerGrip [161] based system and servo motors.

It is a link-based exoskeleton that helps grasp and manipu-
late objects through actuators that achieve rotation of differ-
ent joints. The system uses force and tension sensors, thus
amplifying the force of the human hand, preventing fatigue
and providing a controlled passive and active rehabilitation

ExoHand [162]

System.

It is designed for rehabilitation in virtual reality environ-
ments. Through five actuators, a linkage-based system and
FSRs (Force Sensitive Resistors), the device exerts
individual grip forces for each fin-ger and also provides
resistive force feedback so that the user can feel the size
and shape of simulated objects in the virtual world.

CyberGrasp [163]
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Exoskeletons

Description

Rutgers Master 11
[164]

PowerAssist
Glove [165]

REHAB
Glove/Hagshenas-
Jaryani [166]

SEM Glove[167]

IronHand [168]

Hand of Hope
[169]
WearMe [170]

Exo Glove [171]

My-HERO [172]

Vanderbilt [173]

HandyRehab

VAEDA [174]

ReHand [175]

It is a pneumatically actuated exoskeleton device with tele-
rehabilitation and electromyography (EMG) sensors that
can improve FMA scores.

It is a soft robotic glove that uses flexible pneumatic ac-
tuators and pressure sensors in each finger, which provides
assistance in hand function, allowing the rehabilitation of
range of motion and grip strength.

It consists of five soft and rigid hybrid robotic fingers that,
together with pressure and inertia sensors, apply a controlled
flexion and extension movement to the fingers to provide
rehabilitation.

It is a cable-actuated exoskeleton device that helps improve
the user’s gripping ability, through FSRs and linear actua-
tors.

It is an assistance glove that, using FSRs, can serve as a
training tool and help strengthen the hand.

It is designed for EMG-driven robotic therapy that, thanks
to EMG sensors, provides useful data for passive, active and
assisted rehabilitation exercises performed with the device.

It is a wearable mechatronic glove that enables resistive mo-
tion tasks of the fingers and wrist, which includes inertial
movement sensors to provide safe rehabilitation.

It is a soft portable robot that uses a linkage, FSR and EMG
based system that allows for grasping objects and serves as
a rehabilitation tool.

Thanks to EMG signals and linear actuators, it controls and
provides assistance in the extension of the fingers and grip
strength.

It uses motors and a linkage-based system to provide safe
handheld actuation designed for patients with chronic hemi-
paresis of the upper extremities.

It is a device based on EMG sensors with a variety of therapy
programs designed for hand rehabilitation.

It is a portable voice-activated exoskeleton device with mo-
tors, a cable-driven system, EMGs and tension sensors, de-
signed for hand-focused therapy post-stroke.

It provides extension/flexion assistance for all five fingers of
the hand using gear motors and a linkage-based system and
that can be controlled via EMG signal and voice control.
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Exoskeletons Description

It is a a device based on flexion force sensors that allows the
PneuGlove [176] rehabilitation of the hand in a virtual reality environment
with a movement tracking system.

Using EMG sensors, it detects and recognizes the user’s in-
Tong et al. [177] tention to move and helps the user perform hand movements
in real time.

It is a system actuated by cable and force sensors and EMG
Wege’s device that allows to control the movement of the joints of the
[178] fingers and improve the strength of the patient providing a
passive rehabilitation.

It allows a complete range of movement for all the pha-
langes of the hand and is designed to control the position

)
ExoK’ab [179] and force-position for active and passive rehabilitation rou-
tines through force sensors.
Using FSR and a cable-actuated system, it allows flexion
VSFH [180] and extension of the fingers to be actuated, assists in manual

tasks and provides rehabilitation. Includes a hand orthosis
to maintain the functional position.

It is used for passive rehabilitation that uses EMG signals
to perform movements that allow tasks of picking up and
placing objects.

Meeker et al.
[181]

It is used for passive rehabilitation of the hand and the only
Flexohand [182] exoskeleton capable of independent action of each rotation
of the fingers of the hand.

It uses a system of cables and servomotors to open and close
the patient’s hand, and tension and EMG sensors to assist
or resist the user’s movement. It can be controlled through
a software program or by EMG signals.

Delph et al. [183]

Table 1.2: Hand exoskeleton devices and their description. Adapted from [154].

1.3.1.3 End-effector devices

End-effector devices differ from exoskeletons because they do not control the entire fin-
ger, the actuation over the joints is based on end point control. Typically, these devices
are stationary, that is, it is necessary to fix the hand to use them. As exoskeletons,
they have several sensors, so they can provide a high level of control and feedback,
which also makes them more complex and expensive. In contrast to exoskeletons,
end-effector devices incorporate higher sensing capabilities and games to engage the
patients, and also much simpler control mechanisms without sacrificing overall rehabi-
litation progress. However, as they are stationary devices, they cannot be portable and
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are limited to a singular location, which can be inconvenient. Examples of end-effector
devices used for hand rehabilitation are shown in Figure 1.10.

-

(b) HandCare (c) HEXORR

(a) Tyromotion Amadeo

Figure 1.10: Examples of hand end-effectors

Table 1.3 explains the general description of each of the most popular hand end-effector
devices.

g?fj; tors Description
Tyromotion It is a sensor-based device that allows individual movements of the fin-
Amadeo gers, with evaluation and rehabilitation programs for strength, tone and
[184] spasticity. Some trainings are based on EMG signals.
is a cable-actuated rehabilitation system that allows movement and con-
HandCARE . . .
trol of the strength of each independent finger for opening and closing
[185]
movements of the hand.
RehaDigit It is designed to repeat passive movements controlled by a vibration
[186] motor that acts on the different joints of the fingers.
Haptic It is used to train the opening/closing of the hand and the manipulation
Knob [187] of the knob through the use of force sensors.
Motus It is designed to improve grip strength, spasticity, tone and coordination
Hand [188] using kinematic and EMG sensors, with a user interface for home use.
It provides hand rehabilitation to train gross grasp without individual
HEXORR . . . .
[189) finger control, using motors to assist finger flexion and extension and

can lock motion to allow for isometric exercises.

Table 1.3: Hand end-effector devices and their description.

In addition to these devices included in the previous classification done by [154], we
have found another very interesting and recently commercialized device that should
be mentioned, Dextrain [190], which cannot be included in any of the above types.
Dextrain is a medical device more similar to ”"end effector devices” but that does not
control or act on any joint or part of the body. It is used externally as a tool for
hand rehabilitation, holding on and performing different actions on the device, but
not vice versa. It is designed for the diagnosis and treatment of hand disabilities



1.3. Technologies for rehabilitation 25

through visuomotor and audiomotor training exercises, with the main objective of
improving dexterity. It allows individual training of the fingers, providing precise
measurements of their execution, having training programs that can be customized
according to individual needs and level of performance. Like the previous devices, it
only focuses on recovering motor skills.

Figure 1.11: Dextrain Manipulandum [190].

Below, Table 1.4 shows the most important pros and cons of each type of HRDs, with
particular emphasis on size and portability, cost, utility, and ease of use.

Device’s Use Pros Cons
Type
Orthoses Support of Low cost; Light; Easy No control, feedback or
movements, to use; Portable; Use- tracking; Not for various
assistive ful for first phases of stages of RHB; Not in-
RHB; Some interact with tended for cognitive RHB
videogames nor evaluation
Exoskeletons  For hand RHB Provides motor control Expensive; Complex;

and some also and feedback; Light; Not intended for cogni-
for assistance  Portable; Useful for vari- tive RHB nor evaluation
ous phases of RHB; Some
interact with videogames

End-effector For hand RHB Provides motor control Expensive; Not portable;
devices and feedback; Useful Not intended for cogni-
for various phases of tive RHB nor evaluation
RHB; Some interact
with videogames

Table 1.4: Use, advantages and disadvantages of the different HRDs.

1.3.2 Technologies for cognitive rehabilitation

After an exhaustive search to find a definition of the concept of cognitive rehabili-
tation, [191] finally framed it within the “set of techniques and procedures aimed at
the enrichment, recovery or compensation of the cognitive abilities and functions of a
subject whose level of cognitive functionality is limited or deficient”. This concept is
generally applied in patients with brain damage, neurological deterioration or mental
illness [192]. Cognitive training must be hierarchical and train one or more cognitive
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skills, because when someone performs a task more than one cognitive domain is re-
quired [193]. In this way, within the technological tools for cognitive rehabilitation, we
can find software programs focused on working on a single specific skill and others that
follow more general strategies and objectives.

There is currently an increasingly entrenched trend to use computer tools, such as
computers and smartphone devices, to use cognitive rehabilitation programs [194]. This
type of tool offers a series of additional advantages over classic cognitive rehabilitation
systems [195-199], such as:

e The ease of access to the tool, since the existence of home computers or video
game consoles is nowadays very common in homes and in educational and reha-
bilitation centers.

e They facilitate the work of health professionals, since it allows a more efficient
and comfortable management of the materials for the evaluation of the patient’s
evolution.

e They allow a quality and versatility in the presentation of materials greater than
that of other traditional graphic and/or sound systems.

e The incorporation of additional elements, such as different sounds or images,
increases the quality of cognitive stimulation and allows establishing multidi-
mensional structures from a sensory perspective.

e They achieve a more motivating effect for the patient, resulting in less frustration.

e They allow the health professional to perform data analysis in a more efficient,
powerful and reliable way. Work sequences and data analysis can be obtained
automatically, saving time and effort on the part of the professionals.

e They allow the exercises to easily adjust parameters such as duration, level of dif-
ficulty, characteristics of the stimuli, etc., which enable personalized use adapted
to the individual characteristics of the patient and their rate of progress.

It is important to be able to customize aspects such as the duration of each training
session to allow the patient to progress without being distracted and exhausted. In
addition, different stages or levels must be included in this rehabilitation tools that
constitute a learning and evolution of the patient. However, it should not be forgotten
that since it is a therapeutic process, this training must always be previously validated
by a specialist clinician [200].

In [201], a systematic review was conducted to identify new cognitive stimulation,
training and rehabilitation programs. The main advantages that they highlight are the
ability that these tools provide to create specific treatments and personalized training,
being optimized for portable and easy-to-use devices. Although, as in the case of the
motor rehabilitation devices exposed in the previous section, many of these new tools
are a bit ambiguous without being the individual objective of each one or the specific
strategy they follow. Examples of this type of tools are CogniFit [202], CogniPlus
[203], and NeuronUp [204].
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1.3.3 Importance of gamification

Demotivation is very common among long-term rehabilitation patients, such as stroke.
Traditional rehabilitation activities are often repetitive, demotivating and little stimu-
lating for users in the medium and long term, even more for adult patients. In addition
to that, motor rehabilitation is often painful, monotonous, and does not usually have
a short-term visible results, so patients soon lose interest in their recovery process and
home rehabilitation is frequently abandoned [150].

Recent studies show how game-based rehabilitation achieves greater positive effects
on the user, especially regarding behavior and motivation, as in the case of video
games [205]. In addition, video game therapy provides effective, l ower-cost interven-
tions that allow practicing activities of daily living with greater realism, motivation
and dynamism, promoting active patient collaboration [206].

In order to motivate patients, [207] points out two basic foundations for the design of
games for rehabilitation: the sense of the game and the challenge. The sense of the game
refers to the relationship between the interaction of the user and the reaction of the
system, which must consider the immediacy of the game’s response and the evolution
and adaptation to the user’s progression. Regarding challenge, the video game must
maintain the optimal challenge for the user, neither too easy nor too difficult, and
gradually increase the difficulty as users im prove their performances, so that it is not
boring, but also does not demotivate the patient [207].

For this reason, after having introduced to stroke motor and cognitive sequelae re-
habilitation pitfalls, as well as the various devices available for such rehabilitation
with their own pros and cons, this project proposes a new paradigm in form of an
innovative device. It combines cognitive and motor rehabilitation through interac-
tion with a hand-operated, sensor-based modular and adjustable ergonomic device
named AMBER (Portable and Modular device for comprehensive Brain Evaluation
and Rehabilitation). The specifics o f t his d evice will b e e lucidated t hroughout this

thesis, including hardware and software design features that enable its dual function.
AMBER is designed for both cognitive and motor evaluation and rehabilitation of pa-
tients with upper limb motor impairments. The device focuses on the recovery and
motor rehabilitation of the hand and fingers, e nabling f unctional e valuation and the

facilitation of training/rehabilitation sessions that can be conducted autonomously or
under the guidance of a therapist. The use of the device is also intended to improve
cognitive functions like perception, memory, and attention, with a particular emphasis
on processing speed. It is important to say that this device serves as a supplementary
intervention and does not replace conventional therapy. AMBER’s design is compact
and lightweight, enhancing its portability. Furthermore, its simplicity of use enables
patients to use it within their natural environments, even at home, obviating the need
for additional expensive hospital or rehabilitation center visits. Throughout this thesis,
the significance of AMBER as a useful technological innovation with a clear socioeco-
nomic impact will be highlighted with a description of this design, validation and
usability. We believe this device can really make a difference in c ognitive and motor

rehabilitation on patients suffering a stroke.



2. Objectives and Hypothesis

2.1 Objectives

2.1.1 Main objective

The main objective of this thesis is to design, develop and validate a portable de-
vice capable of being used both for rehabilitation and for the physical and cognitive
evaluation of patients, aimed to be used primarily for stroke patients.

2.1.2 Secondary objectives

To this end, the following specific objectives are proposed to be achieved during the
execution of the project:

e Ol. Review and quantitatively synthesize the evidence regarding the impact of
hand rehabilitation on cognition post-stroke.

e 2. Design a portable device capable of gathering data from the interaction with
the patient’s hand through sensors and colorful light stimuli.

e O3. Design a set of tests and tasks that can be carried out through the interaction
with the device allowing the evaluation and training of hand motor variables and
cognitive variables.

e O4. Validate the reliability of the device to extract motor and cognitive
variables from the user.

e O5. Determine the usability of the device by therapists specialized in rehabilita-
tion.

2.2 Working hypothesis

Our primary working hypothesis is as follows:

It is feasible to create a portable device that enables the evaluation and training of
cognitive and hand motor variables, specifically for application in stroke patients.

In support of our primary hypothesis, we propose the following secondary hypotheses
for this study:

28
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e HI1. There is evidence demonstrating a correlation between hand rehabilitation
and cognitive improvement in post-stroke patients.

e H2. The designed device effectively captures data from user interaction.

e H3. Interaction with the designed device allows for the administration of a series
of tests and tasks that facilitate the evaluation and enhancement of hand motor
and cognitive variables.

e H4. The device exhibits a high reliability in extracting motor and cognitive
variables from users.

e H5. Rehabilitation specialists perceive the device as user-friendly and advanta-
geous for the rehabilitation of stroke patients.

2.3 Thesis organization

This thesis document is organized following the timeline of the tasks carried out during
the development of this research to meet the objectives listed above. Each of the five
objectives are explored in the chapters that follow. Chapter 3 addresses objective 1,
Chapter 4 addresses objective 2, and so forth. Chapter 3 is reprinted from a manuscript
that has been published and Chapter 4, 5 and 6 are an extension of a manuscript that
is in second round of review for publication. The last chapters include the general
discussion, limitations and conclusions obtained throughout the conduct of the entire
research project.



3. Objective 1: Synthesize evidence
on the impact of hand rehabilita-
tion in post-stroke cognition

This chapter reflects the systematic review and Bayesian network meta-analysis con-
ducted during this project on the effects of hand motor interventions on cognition after
stroke, fulfilling Objective 1 (O1): review and quantitatively synthesize the evidence
regarding the impact of hand rehabilitation on cognition post-stroke.

3.1 Methods

This systematic review followed the PRISMA 2020 statement [208] and was prospec-
tively registered in PROSPERO (CRD42022377865). The reporting of the Bayesian
Network Meta-Analysis (NMA) followed the PRISMA extension for this type of studies
[209] and the ISPOR-AMCP-NPC guidelines [210].

3.1.1 Eligibility criteria

The selected studies must had hand motor RHB intervention in a randomized controlled
trial (RCT) targeting any of the following for people with hemiparesis post-stroke:
hand function, hand strength, finger strength, hand dexterity and finger dexterity. In
addition, the studies had to provide at least one outcome measure of a cognitive variable
concomitant with hand motor variables but nor providing formal cognitive interventions
as part of the experimental protocol, it is, cognitive interventions delivered by a licensed
neuropsychologist. There were no restrictions on the outcome measures, but only the
following cognitive domains were considered for inclusion: global cognitive function,
attention, memory, executive functioning, praxis and perception. Therefore, other
cognitive domains such as decision-making, goal setting, social cognition or language
were excluded. Articles were only selected if they were written in English and/or
Spanish, and publication dates were the earliest available within each database.

As explained in our systematic review, we defined hand motor interventions as “thera-
peutic approaches aiming to produce an improvement of hand function through move-
ment and/or practice of functional tasks”, which included physical and occupational
therapy interventions. Control group interventions included all types of alternative
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treatments, including usual care, placebo or no intervention, cognitive RHB, non-
invasive brain stimulation and pharmacological interventions.

The population for this review was defined as adults (> 18 years) with functional
dysfunction of the hand as a consequence of stroke, regardless of the type of stroke,
location of injury, or stage of course. Participants with any other neurological disease
and people with diagnosed dementia were excluded.

Electronic searches were conducted in 6 databases from inception to November 2022:
PubMed, Web of Science, Scopus, Cochrane Library (CENTRAL), CINAHL and Em-

base. The searches were run between 1-30 November 2022.

The search strategy was undertaken considering the combination of the following con-
cepts: (1) stroke, (2) hand motor interventions, (3) hand motor function variables, and
cognitive domains including (4) global cognition, (5) attention, (6) memory, (7) exe-
cutive functioning, (8) praxis and (9) perception. The first three concepts were always
present in all electronic searches and were combined with each cognitive domain se-
parately to increase sensitivity. Search strings varied slightly depending on the MeSH
terms within each database. The detailed search strategy can be found in Appendix

A.

3.1.2 Study selection process
Screening was based on the following hierarchy.
For titles and abstracts:

e Study design was not observational.
e Participants were adults with stroke receiving hand motor interventions.
e Outcome measures of hand function variables were provided.

e At least one cognitive outcome measure was provided.
For full texts:

e Study design was randomized controlled trial.
e Cognitive interventions were not administered as part of the experimental condition.
e Cognitive outcomes were reported pre- and post-intervention.

e The publication was peer-reviewed.

Duplicates were first removed using the “deduplicator” online tool [211]. The soft-
ware ranked duplicates as “extremely likely”, “highly likely” and “likely” based on the
amount of their shared information. This process was manually checked by M.M.V!
to ensure the software did not remove any potential study. After duplicate removal,
two authors (L.V.L? and M.M.V') screened titles, abstracts and full texts indepen-
dently. In case of disagreement, consensus was reached by discussion and if this was
not possible a third independent author decided.

I'M.M.V significa Marcos Moreno Verdt
2L.V.L significa Laura Valenzuela Lépez
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3.1.3 Data collection and qualitative synthesis

A data extraction table was developed in Microsoft Excel to collect information from
the studies that met the inclusion criteria. Data items included: (1) the number and
characteristics of the participants, including age, gender, type of stroke (ischemic or
hemorrhagic), lesion location (cortical or subcortical and blood vessel affected where
available) and time after stroke onset (in weeks if possible), that defined the recov-
ery phase (acute < 3 months, subacute = 3-6 months, chronic > 6 months), global
cognitive function and global upper limb motor function, were collected and divided
into the intervention and control group wherever possible; (2) the features of the in-
terventions, including nature (conventional RHB or other interventions) and dosage
(minutes per session, sessions per week, total number of sessions and total number of
hours of therapy); (3) the outcome measures for hand motor variables and cognition
(including global cognition, attention, memory, executive functioning, praxis and per-
ception separately where available); (4) the main results of the trial, including pre-post
within-group differences and between-group differences at post-intervention.

3.1.4 Quantitative synthesis: Bayesian Network Meta-Analysis

For continuous outcome measures with enough number of comparisons, a Bayesian
NMA was applied. The statistical analyses were performed in R (version 4.1.3, R Core
Team 2023) using the ‘BUGSnet’ [212] and ‘gemtc’ [213] packages. The Bayesian NMA
was computed using the Markov Chain Monte Carlo simulation algorithm with Gibbs
sampling. For each outcome measure, the mean difference was computed as effect size.
In the studies in which the results were reported as 95% confidence intervals, data were
transformed into standard deviation (SD) using appropriate formulas [214]. The effec-
tiveness of the treatments was analyzed using the surface under the cumulative ranking
curve (SUCRA) and inspection of the rankogram, where larger values reflect greater
probability of effectiveness for each intervention. Direct comparisons between treat-
ments were analyzed as mean difference (MD) with 95% credible intervals (CI) through
a league table, and forest plots if statistically significant differences were found. In each
NMA, the selection of a random or fixed effects model and presence of inconsistency
were assessed [215]. In the case that a variable presented enough comparisons, the
presence of inconsistency was also evaluated using the node-split method. In addition,
if discrepancies were detected in the plot of posterior mean of consistency vs. inconsis-
tency models, an additional meta regression model was applied adding as covariables
age and baseline scores. The convergence of the posterior distributions of the param-
eters through Markov Chain Monte Carlo sampling was evaluated with the trace plot
of mean of each comparison over all the iterations, as well as with the density plot of
the subsequent effect size estimate. Further details on Bayesian NMA methods can be
consulted in Supplementary Materials. Publication bias was assessed with D measure
based on the Robust Bayesian Copas selection model defined as negligible (< 0.25),
moderate (0.25-0.5), high (0.5-0.75) and very high (> 0.75) [216].
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3.1.5 Risk of bias assessment

The Risk of Bias 2 (RoB 2) tool from the Cochrane Collaboration was used. RoB
2 is structured into a fixed set of domains of bias, focusing on trial design, conduct
and reporting. Each assessment focuses on a specific result from a RCT. Within each
domain, a series of questions aim to elicit information about features of the trial that
are relevant to risk of bias. A judgement about the RoB arising from each domain is
proposed by an algorithm and can be “Low” or “High” or express “Some concerns”.
The overall RoB result is the least favorable assessment across the domains of bias.

3.2 Results

3.2.1 Selection process

The flow of information is shown in Figure 3.1. From 4540 records initially identified,
2269 were duplicated and 2164 were excluded after title screening. From the remaining
107 studies, 57 were excluded after abstract screening. Fifty full texts were sought
for retrieval and 39 were assessed for eligibility, of which 15 were finally included in
qualitative synthesis [217-231] and 11 in quantitative synthesis via NMA [217-227].

3.2.2 Study characteristics

All the included studies were RCTs with parallel design which implemented hand
motor interventions in people with stroke and collected at least one cognitive outcome
measure pre-post intervention.

3.2.3 Participant characteristics

A total of 714 participants (287 females, mean age = 62.35 years) were included. A
table with the characteristics of the included studies according to participant features
is shown in Appendix A. The average age was 61.60 years in the experimental groups
and 63.11 years in the control groups. Regarding the stroke side, data from 349 of the
714 participants were retrieved. Among the reported data, 189 (54.15%) of the strokes
were on the left side. In the case of the type of stroke, not all the data were reported
either. Data from 365 participants were reported and 284 (77.8%) of the strokes were
ischemic and 81 were haemorrhagic. The post-stroke time was heterogeneous, including
patients in the acute, subacute and chronic phase, with the average time of the reported
data of 234.69 days, which corresponds to chronic stroke. However, most participants
were in the acute or subacute phase (446 of 648 participants from the data reported).

3.2.4 Intervention characteristics

Seven studies combined conventional RHB with virtual reality (VR) training, 5 stu-
dies with robot-assisted training and 3 studies with strength training as experimental
interventions. A table with the characteristics of the included studies according to
interventions’ features and outcome measures is shown in Appendix A. Conventional
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RHB alone was the main control intervention (13 studies), either combining occupa-
tional therapy and physical therapy or in isolation. One study combined RHB with
VR training as the control intervention. The amount of therapy received was matched
between experimental and control groups. Intervention’s dosage ranged between 30-
120 minutes/day, 1-5 sessions/week and 2-12 weeks. The total amount of treatment
received ranged between 450-2160 minutes.

Identification of studies via d atabases and registers

)
Records identified from
= PubMed (n = 1183) Records removed before screening:
ﬁ Scopus (n= 1118) Duplicate records removed by the
CINAHL (n = 505) “Deduplicator” tool (n = 2269)
g Cochrane Library (n = 433) Records marked as ineligible by
i Embase (n = 402) automation tools (n = 0)
= Web of Science (n = 899) Records removed for other reasons
TOTAL (n = 4540) (n=0)
| S—
¥
=)
Records screened Rec_lgr%d:(ﬁxglgglgg)aﬁer screening on:
=271 Abstract (n = 57)
v
_ Full texts sought for retrieval FU’FI%T& f(')% f(iff_ieg}eﬂ
§ =) Not available (n = 5)
3 hd Full texts excluded:
' Duplicate full texts (n = 2)
Full texts assessed for eligibility Study designisnot RCT (n=4)
(n=239) T No hand motor interventions (n = 2)
Cognitive interventions (n = 2)
Participants with clinically defined
dementia (n=3)
Participants were healthy indviduals
(n=1)
— Written in Polish (n=1)
— i Written in Russian (n = 1)
Studies included in qualtative :?;\?33%““9(2‘3070;"9 measures post-
synthesis I =
_ {(n=15) No motor outcome measures(n= 1)
.E Y
= Studies included in quantitative
synthesis
(n=11)

Figure 3.1: PRISMA 2020 flow diagram.
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3.2.5 QOutcome measures

Five studies utilized the Montreal Cognitive Assessment (MoCA) as the unique global
cognitive measure, and 3 studies utilized the Mini-Mental State Examination (MMSE).
Three studies provided data from both the MoCA and MMSE simultaneously. Three
studies utilized the Addenbrooke’s Cognitive Assessment-Revised (ACE-R) as an over-
all score for global cognition, one of which also utilized the MoCA. Two of the studies
utilizing the ACE-R overall score also provided data according to its specific cognitive
domains (attention, memory, fluency, language and visuospatial). Six studies assessed
different cognitive domains with specific outcome measures, includingthe Albert Test
(n=1), the Trail Making Test (n=2), the Wisconsin Card Sorting Test (n=1), a Re-
action Time paradigm (n=1), visual and auditory Computerized Performance Tests
(n=1), and the Stroop Test (n=2). Therefore, attention, memory and executive func-
tioning were the main cognitive domains assessed.

3.2.6 Risk of bias assessment

The majority of the included studies (n=10) were categorized as “some concerns” in
overall risk of bias and the remaining (n=>5) as “high”. In Domain 1, 7 studies had
low risk of bias and 8 studies “some concerns”. In Domain 2, 10 studies had “some
concerns” and 5 had high RoB. In Domain 3, all of the studies had low RoB. In Domain
4, only 1 study had “some concerns”, the remaining (n=14) had low RoB. In Domain
5, 10 studies had low RoB and 5 studies “some concerns”.

Overall Bias

Selection of the reported result
Measurement of the outcome
Mising outcome data

Deviations from intended interventions

Randomization process
0O 10 20 30 40 50 60 70 80 90 100
M Low risk Some concerns M High risk

Figure 3.2: Risk of bias summary. Authors’ judgements broken down for each risk of
bias criterion across all included studies.
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Figure 3.3: Traffic light risk of bias plot. Authors’ judgements broken down for each
risk of bias domain for every included study.

3.2.7 Effects of hand motor interventions on global cognition:
qualitative synthesis

Most studies (n=8) found positive effects of conventional RHB on global cognition,
whereas 4 studies did not find significant within-group differences between pre- and
post-intervention. All studies that examined the effects of VR training found positive
effects on global cognition. Three studies that examined the effects of robot-assisted
training found positive effects on global cognition, whereas 2 did not. Finally, positive
effects of strength training interventions on global cognition were found in all the studies
which implemented this treatment (n=3).

3.2.8 Effects of hand motor interventions on specific cognitive
domains: qualitative synthesis

One study did not find statistically significant effects of either robot-assisted training +
conventional RHB or RHB alone on the Albert Test, without between-group differences.
One study obtained positive effects of strength training + conventional RHB on the
Trail Making Test-B (but not on TMT-A) and on the Stroop Test, although the group
receiving conventional RHB alone only showed statistically significant effects on the
Stroop Test. No between-group differences were found in either case. One study found
positive effects of VR training + conventional RHB on the Trail Making Test. One
study found positive effects of VR training + conventional RHB on the Wisconsin Card
Sorting Test and Reaction Times, as well as conventional RHB alone.



3.2. Results 37

3.2.9 Effects of hand motor interventions on global cognition:
Bayesian NMA

3.2.9.1 Description of networks

Eleven studies were included in the Bayesian NMA with effects of four possible inter-
ventions on global cognition through MoCA and/or MMSE assessed. Three studies
provided effects on both scales. Most studies used conventional RHB as the control
intervention (n=10). Three studies compared conventional RHB with conventional
RHB + strength training, 4 studies with conventional RHB + robot-assisted training
and 4 studies with conventional RHB + VR training. One study compared two robot-
assisted training with VR training both interventions coupled with conventional RHB.
Therefore, four interventions were compared in the NMA for the variables MoCA (n=8
studies, total number of patients in network = 480) and MMSE (n=6 studies, total
number of patients in network = 350): conventional RHB, strength training, robot-
assisted training and VR training. The average outcome at post-intervention was 23.94
points for MoCA and 25.43 for MMSE. The number of direct comparisons was largest
for the MMSE.

3.2.9.2 Selection of the final model and model assessment

The random-effects model better fitted for MoCA and the fixed-effects for MMSE,
both without leverage outliers (Figure 11.2 in Appendix A). The consistency model
had a better fit than the inconsistency model for both the MoCA and the MMSE
(Figure 11.3 in Appendix A). When posterior mean deviance of consistency versus
inconsistency models were plotted, it showed some discrepancies in the MMSE (Figure
11.4 in Appendix A). However, node-split showed no significant differences (p> 0.05)
between the direct and indirect comparisons, which reinforced the consistency between
studies. Both the trace plot and the density plot indicated that the number of iterations
was sufficient for an adequate convergence of the models (Figure 11.5 in Appendix
A). Meta regression was applied for the MMSE but did not change the degree of
discrepancies between the consistency versus inconsistency models and therefore the
simpler model without co-variables was chosen (Figure 11.6 in Appendix A).

3.2.9.3 Ranking of interventions

The interventions with the greatest impact on the MoCA were strength training (SU-
CRA = 70.42) followed by robot-assisted training (SUCRA = 60.08) (Table 11.11 in
Appendix A). In the MMSE, robot-assisted training (SUCRA = 84.41) was followed by
strength training (SUCRA = 81.86). According to the rankogram, the most probable
best intervention for MoCA was strength training (41.68%), followed by conventional
RHB (33.46%). For MMSE, the most probable best treatment was robot-assisted trai-
ning (53.61%) followed by strength training (52.89%). Tables showing SUCRA scores
for each intervention and outcome measure (MoCA and MMSE) and Network charac-
teristics are shown in Table 11.11 in Appendix A.

No significant differences were found between any treatment comparisons for MoCA.
For MMSE, there were significant differences between robot-assisted training and con-
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ventional RHB [MD = -1.497 (-2.604, -0.396 95%CI)] as well as between robot-assisted
training and VR training [MD = -2.16 (-3.164, -1.153 95%CI)], both in favor of robot-
assisted interventions (Figure 7A-B). The same was found between strength training
and conventional RHB [MD = -1.419 (-2.477, -0.383 95%CI)] and VR training [MD
= -2.082 (-3.606, -0.537 95%CI)]. No significant differences were found between robot-
assisted and strength training [MD = -0.07 (-1.6, 1.43 95%CI)| These data is also shown
in more detail in Appendix A.

3.2.9.4 Publication bias

Publication bias was considered negligible (D < 0.25) assuming different between-study
distributions for both the MoCA and MMSE meta-analyses (Table 11.13 in Appendix
A).

3.3 Discussion

The present systematic review synthetized the available evidence on the effects of hand
motor interventions on cognitive outcomes in individuals with stroke. Fifteen studies
were included in the qualitative synthesis and 11 studies in the Bayesian NMA. The
Bayesian NMA examined the effects of four possible interventions on global cogni-
tion through MoCA and/or MMSE assessments. The results showed that combining
strength training or robot-assisted training with conventional RHB had the highest
probability of being the most effective intervention for improving global cognition in
individuals with stroke, followed by conventional RHB alone or its combination with VR
training. However, controversial results were found depending on the outcome measure
utilized, as the differences between the interventions were not statistically significant for
the MoCA in any of the indirect comparisons, although statistically significant for the
MMSE. This may be explained by the fact that although both tests have shown scree-
ning validity for post-stroke cognitive impairment [232], they assess global cognition in
non-identical ways [233]. MoCA was developed as a brief tool to screen subjects who
present with cognitive complaints and usually have normal MMSE scores, distributing
cases across a broader score range with less ceiling effect and greater sensitivity [234,
235]. This may have impacted on the statistical analysis, as the MoCA network had
greater inter-study variability with respect to cognitive status at post-intervention than
the MMSE, thus reducing the probability of statistically significant differences to be
found. This may explain why the NMA did not yield significant differences between
interventions for the MoCA as it did for the MMSE. Overall, the Bayesian NMA was
performed with a quite limited number of direct and indirect comparisons available (8
studies in MoCA and 6 studies in MMSE, 4 different interventions each). This is at
the boundary for applying this type of statistical analysis, even though the statisti-
cal models applied fitted reasonably well with the data and model assessment did not
show relevant inconsistencies. However, despite statistical modelling had reasonably
well fit, heterogeneity across studies was found regarding participant or intervention
characteristics (e.g., evolution phase or dosage), which may have impacted the results.

Aside from the above inconsistencies, strength and robot-assisted types of training
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seemed to be the most effective interventions to enhance global cognition post-stroke.
Positive effects of strength training are consistent with a large body of research sho-
wing that handgrip training and grip strength are tightly related to global cognition
in healthy old adults [129]. Plausible biological mediators of these effects have been
studied, for instance grip force patterns and grip force control may be a direct result of
cognitive adaptations during task learning and reflect sensory-motor network changes
[236]. In contrast, the relationship between robot-assisted training and cognition is less
well understood. It may be hypothesized that robot-assisted training is a more com-
prehensive intervention which combines training of several motor domains, including
strength, motor control and synergies and cross-modal sensory processing thanks to
multimodal feedback, as well as indirect training of cognitive domains thanks to the
practice of more complex tasks [237]. This would require greater cognitive demands
which are trained parallelly with motor components, resulting in a multimodal inte-
gration and coordination between sensory-motor and fronto-parietal networks [238].
Conversely, conventional RHB or VR protocols may have lacked these features in the
included studies, what may explain why they ranked lower in the NMA [239].

The qualitative synthesis revealed that most studies found specific cognitive effects of
hand motor interventions aside from global cognition, although less studies have been
conducted and larger heterogeneity of outcome measures was found. Conventional
hand RHB by itself had positive effects on attention, executive control and informa-
tion speed processing, what is consistent with a growing body of evidence showing
cognitive effects of other RHB schemes such as gait training [240], resistance training
[241] or general exercise protocols on these domains [242]. Moreover, although the
combination of conventional RHB with strength training improved different attention
components significantly more than RHB alone [227], this was only investigated in one
study. Regarding the use of robot-assisted training, one study did not find additional
effects on attention measures whereas another did find statistically significant effects
on visuospatial abilities, fluency and memory domains but not on language or attention
and orientation (all measured by the ACE-R). On summary, the cognitive outcomes
seemed to be focused on the central executive network, although a lack of formal com-
prehensive cognitive evaluation did not allow to conclude if there are relevant effects
outside of this network. Finally, the combination of conventional RHB with VR trai-
ning improved attention and executive control, but these effects were not superior to
conventional RHB alone [224]. Collectively, these findings reinforce the idea yielded
by the NMA on the lack of additional effects of VR paradigms to enhance cognition
after stroke, which contrasts with evidence from studies in people with traumatic brain
injury [243]. Further research is needed to elucidate the controversial results published
so far on the effects of VR training on post-stroke cognition.

Altogether, the results of this systematic review highlight the importance of considering
the clinical effects than hand motor interventions may have beyond purely physical
aspects. This is in accordance with complementary work demonstrating positive effects
of cognitive RHB on motor domains in people with stroke [244], but also in other
neurological conditions [245]. Therefore, the underlying idea of a cognitive-motor inter-
dependency becomes particularly relevant. From a clinical perspective, our results
are congruent with observational studies showing that cognitive and motor domains
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interrelate in people with stroke [246]. Based on the present systematic review, it
is crucial for future research studying the effects of motor interventions post-stroke to
consider including at least one global cognitive measure in addition to motor outcomes,
to advance our understanding of the inter-relationships between motor and cognitive
recovery.



4. Objective 2: Design a portable
device capable of gathering data
from the interaction with the pa-
tient’s hand through sensors and
colorful light stimuli

This chapter explains the steps followed to meet objective O2 ”design a portable device
capable of gathering data from the interaction with the patient’s hand through sensors
and colorful light stimuli”.

4.1 Methods

To achieve the objective 2 of this thesis, the first stepisthe design ofthe hardware

(structure and electronic components) of the new device, taking into account its in-

tended use and end user profile. After the design, the development of the prototype
of the device will be carried out based on the established design. These two steps are
explained in detail throughout this chapter.

4.1.1 Design

The beginning of this thesis arose from the identified need of a tool that could be used
at home by the patients of a brain damage unit needing to rehabilitate hand motor
variables such as strength and dexterity, most of these patients had also cognitive
impairments. This type of patient was very similar to other potential patients such as
neurodegenerative disease patients that might have cognitive problems but also have
motor problems in the hand caused by weakness. For this device to be complementary
to conventional RHB, it should be able to be programmed and graded in difficulty but
also should be able to evaluate the performance progression of the patient in order to
integrate its results it in the RHB programming by the therapists.

Taking into account the results of the systematic review presented in the previous
chapter, that demonstrated evidence of the dual impact of hand RHB on cognitive and
motor aspects, the design of the device was oriented for dual cognitive and motor RHB.

41



42 Objective 2

4.1.1.1 Requirements of the device

From this initial idea and design, various conversations were held with stroke
specialist, clinicians and engineers to gather ideas and develop the most optimal
design. In addition, exhaustive bibliographic searches were carried out on the
sequelae of stroke and the technological tools currently available for rehabilitation,
to gather ideas and examine the limitations that existing tools might have. The
device should allow motor and cognitive function to work concomitantly, while
being portable, so that it can be used from the patient’s home, with very limited
supervision, and economically affordable for a larger number of patients.

Taking into account all these information, the following general requirements were
established for the system design:

e The device must be adaptable and ergonomic, capable of fitting both the right
and left hand and adapting to different hand sizes.

e As a portable device, it must be small, resistant to drops and large forces,
lightweight, allowing easy use in various settings, including patients’ homes, with-
out the need for external continuous assistance or additional hardware.

e Regarding the materials and components, a very important aspect is that this
device is affordable, ensuring that it is cost-effective to manufacture and, there-
fore, economically accessible to a wide range of users, although no specific cost
and production studies were made, the objective was to be able to be produced
at a cheaper cost compared with the available devices for hand rehabilitation.

e The device must be able to measure different metrics, including strength and reac-
tion times, in order to assess and train cognitive and motor aspects such as
strength, motor coordination, processing speed and memory.

According to these established requirements, the following specific Non-Functional Re-
quirements (NFRs) were stablished to take into account when developing this device:

e NFR 1 Usability:

— NFR 1-1 Ergonomics: the system will allow it to be used by both the right
and left hands, and will allow the position of the fingers to be adjusted to
be able to be used by hands and fingers of different sizes.

— NFR 1-2 Portability: the device will be small in size and lightweight so that
it can be portable.

— NFR 1-3 Resistance: The device shall be resistant so that different forces
can be applied to it and survive drops without damage.

— NFR 1-4 Inexpensive: the device must be made up of simple and cheap
electronic components, so that it is affordable and accessible to a greater
number of people.

— NFR 1-5 Ease of installation: to install and use this device, it will only
be necessary to have the device and a computer, Tablet or Smartphone to
connect to it.

— NFR 1-6 Ease of use: the controlling website of the device will have an easy
and user-friendly interface allowing independent use without supervision.

— NFR 1-7 Ease of analysis: the system will allow the possibility of storing
data so that the results and evolution of patients can be seen by specialists.
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e NFR 2 Efficiency:

— NFR 1-1 Quick response: the system must have a very quick response when
pressing the FSRs.

— NFR 1-2 Light color variability: there will be different color lights, varying
depending on the exercise.

e NFR 3 Data security:

— NFR 3-1 Data protection: this system stores different type of data anony-
mously through a private and unique user code.
— NFR 3-2 Data access: the data will only be accessible by clinical specialists.

The specific metrics that the device is capable of measuring will be discussed in subsec-
tion 5.1.1.2.

4.1.2 Development

This section explains the development phases of the device proposed based on the
requirements previously exposed.

4.1.2.1 First Prototype

Taking into account the non-functional requirements explained previously, a first design
for the device was proposed mainly focused on usability requirements: ergonomics,
portability, resistance and economy. This first prototype is shown in Figure 4.1.

r- r.
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Figure 4.1: Initial design of the structure of the device seen from different angles

The initial design presented is composed of four individual cylindrical modules 3D
printed with PLA (polylactic acid) material, which can be nested side by side and
allow complete rotation on them. It was designed for use with either the right or
left hand. Each finger, excluding the thumb, has a dedicated module that can be
rotated and adjusted to accommodate different hand sizes and finger lengths. Each of
the fingers used with the device, it is index, middle, ring, and little finger, from now
on will be named as digit 2, digit 3, digit 4 and digit 5, respectively.

This design was made taking into account deep consideration of the biomechanics of the
hand. Each segment or module of the cylinder has been designed to adapt to the natural
curvature and kinematics of the fingers, t h us allowing fluid an d natural movements.
The possibility of rotating and adjusting these modules guarantees optimal adaptation
to the size of the hand and the position of each finger, an essential feature to maximize
therapeutic effectiveness and reduce the risk of undue effort or tension.
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From an ergonomic perspective, the device prioritizes user comfort. The adaptability
of the modules ensures that any discomfort or pressure on specific points of the hand is
minimized. Furthermore, the use of PLA in 3D printing provides an ideal combination
of durability and lightness, making the device resistant to prolonged use, but without
being burdensome or uncomfortable for the patient.

The design has also taken into account the possible integration of electronic compo-
nents. These components, once incorporated into the hollow cavity inside, will allow
the monitoring and evaluation of the patient’s progress, transforming the device not
only into a rehabilitation tool, but also into a means to effectively evaluate the state
and progress of the patient.

Furthermore, from an economic point of view, this design allows the device to be used
with both the right and left hands, and the rotation of its modules allows it to be used
by patients with larger and smaller hands, so that the same device can be used by
different patients, reducing costs and maximizing its usefulness.

4.1.2.2 Second Prototype

Starting from the first prototype presented in the previous section, a new prototype
was proposed taking into account not only the biomechanics or ergonomics for the end
user, but also possible functionalities that will be of interest for this device to fulfill its
rehabilitative functions and both cognitive and motor evaluation of stroke patients.

This second prototype can be divided into two different components: sensory cylinder
and electronics.

Sensory cylinder

The design of this device is focused on a cylindrical casing working as a sensory tool.
The initial design, shown in the Figure 4.1, underwent considerable modifications to
better fit the established requirements: the size and the internal diameter were enlarged
to make it more comfortable to grip and the electronic components to fit inside, stops
were established to prevent the cylindrical modules from turning excessively, the design
of the area where the electronic components would be placed was modified, and the
adjustment mechanism between modules was changed.

This way, the final design of each module is depicted in Figure 4.2. It is 24mm high,
so the module offers ample space to place your fingers. The outer diameter is 65mm
to ensure compatibility with large hands and long fingers without overlapping the
thumb when gripping. Its small hole has been enlarged to accommodate indicator
lights, and the circular surface, previously raised with relief, is now lowered so that
the force sensors can be positioned and protected from damage. The inner diameter
of the cylinders is designed to accommodate the electronics and wiring effectively.
With this size, the cylinders are also easily graspable by small hands. In addition, the
cylinder modules are engineered with stops inside, allowing limited rotation to achieve
an adjustable position without causing damage to the inner components of the device,
and the regions that hook one module to another are designed to prevent them from
separating easily.
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Figure 4.2: Sketch of the cylindrical modules of the device.

The structure, designed with a 3D modeling software (Autodesk®) Inventor®) 2022) as
shown in Figure 4.3, is printed with PET (Polyethylene terephthalate) filament, a
lightweight, durable and flexible material, a similar but better material than PLA in
terms of durability, so that the structure of the modules is highly resistant to
various stresses. This way, if a user squeezes it too hard, or if the device is
dropped, the cylindrical casing won’t break easily and electronic components will be
protected.

Figure 4.3: Sketch of a cylinder module of the device seen from different angles.

Each module features two holes: a small one for a LED, and a larger one with a
flat surface below for the placement of a force sensor, which is positioned where the
fingerprint will be placed. To grip the cylinder correctly, LEDs must always be visible
and not covered by the fingers.
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In addition to these four modules, as shown in Figure 4.4, two covers were designed
and printed to be placed on both ends of the cylinder and hide all the components.

o

Figure 4.4: Final 3D design of the device.

Electronic components

The electronics were also modified during the development of the device. Thanks to
some fellow engineers from the CSIC (Consejo Superior de Investigaciones Cientificas
or Superior Council of Scientific Investigations in English), specifically from the Center
for Automation and Robotics, changes to certain electronic components were proposed
to improve the performance and functionality of the device. The replaced components
were:

e Microprocessor Arduino Nano: this is a microprocessor with free and open source
software that, despite being very versatile for a multitude of electronic projects,
the functionalities and power it offered fell short for the needs of this project.

e LEDs RGB: are tiny LED bulbs used very frequently in electronic projects that
can produce almost any color using the three primary colors (red, green and
blue), however, there are other indicator lights such as Neopixel strips that were
finally used in this project, which allow greater versatility, intensity adjustments,
greater color clarity and ease of programming.

The final electronic system used for data processing and control in the device is battery
powered and consists of the following components:

e a microprocessor Raspberry Pi Zero 2W.

e a battery power supply (PiSugar 3 Li-ion Battery).
e an analog-to-digital (ACD) converter (ADS1115).
e four Force Sensitive Resistor sensors (FSRs).

e four RGB LEDs (RGB Neopixel strip).

Figure 4.5 below shows the five main electronic components used to develop the device::

Subfigure (a) shows the microprocessor, a Raspberry Pi which serves as the core of
the system to process all the data. This microprocessor model is the smallest in the
Raspberry family (65mm x 30mm), so it fits inside the device. All other components
must be connected to it to send and/or receive data. This microprocessor is equipped
with an integrated Wi-Fi module, enabling a connection between the device and a
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controlling website and an evaluation platform. It allows to be connected directly to
an external power source, and also to connect a battery. Thanks to a microSD memory
card that is connected to the microprocessor, functioning as if it were a computer’s
RAM memory, the operating system, the code for its operation, and the web server to
connect to the website are incorporated into the microprocessor.

Subfigure (b) shows the battery. This is the ideal lithium battery for the microprocessor
used, which has the same size to fit into the cylinder. It allows the device to have several
hours of autonomy, but also allows it to be used connected, via a USB-C port input,
to an external power source while charging if the battery runs out.

Subfigure (c) shows the analog-to-digital converter. This is used to acquired and trans-
form the analog data from the force sensors into digital information that can be read
and interpreted by the microprocessor. Its small size (18 mm x 28 mm) allows it to be
housed inside the cylinder with the rest of the components.

Subfigure (d) shows a Force Sensitive Resistor sensor (FSR). The device has four FSRs,
one for each cylinder module/finger, which are used to capture the force data of each of
the fingers. A FSR is a polymer thick film device that exhibit a decrease in resistance
with increasing force applied to the active surface. It is a very sensitive sensor which is
optimized for use in human touch control of electronic devices. The sensitive area of the
sensor is circular in shape with a diameter of 10mm, perfect for the size of fingerprints.

Subfigures (e) shows a RGB Neopixel strip. The device has four LEDs, one four each
cylinder module/finger, to emit colorful lights through this stripe. The LEDs on the
stripe allow for dynamic color changes and light intensities, so that it allows a lot of
versatility for the operation of the device. The lights are used as an indicator for the
operation of the exercises, and also to give visual feedback of the performance.

(a) Microprocessor (b) Battery (c) Analog to digital converter
Raspberry Pi Zero 2W PiSugar 3 ADS1115

@

(d) Force Sensitive Resistor (e) RGB Neopixel strip

Figure 4.5: Electronic components of the device.
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4.2 Results

The complete prototype of the device, made up by a 3D printer in PET material,
is small in size, with a height of 17.5 cm and a maximum width (diameter) of 6
cm, and is lightweight, weighing 252 grams, which ensures its portability and ease
of use. Inside the cylindrical casing, the following electronic components are housed: 4
Neopixel LEDs, 4 Force Sensitive Resistor sensors (FSRs), an analog digital converter
(ADS1115), a Raspberry Pi Zero 2W microprocessor and a PiSugar battery, in addition
to a button, placed in one of the covers, to turn the device on and off, and an additional
LED next to it that will light up indicating that the device is on, all the components
interconnected through small cables. Furthermore, a hole was made in one of the covers
of the device at the height of the microprocessor’s charging input position (USB-C type
input), so that it can be plugged in to charge the battery. These electronic components
can ensure the expected functioning of the device, allowing the programming and
incorporation of different tasks for the evaluation and RHB of the hand motor and
cognitive functions.

Figures 4.6 and 4.7 show the final prototype developed in this thesis. Figures 4.8 and
4.9 show the components housed within the final prototype and the additional button
and hole to turn the device on/off and charge.

Figure 4.6: Final prototype of the device.
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Figure 4.7: Rotation and grasping of the device.

Figure 4.8: Electronic components housed inside the device.

Figure 4.9: Button and hole for the USB-C charging connection.
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4.3 Discussion

The main purpose of this section was to meet the objective O2 ”design a portable device
capable of gathering data from the interaction with the patient’s hand through sensors
and colorful light stimuli”. The design of the device described in this chapter required
the consideration of important aspects of biomechanics, electronics and ergonomics
adapted to a tool for rehabilitation and evaluation of the motor and cognitive abilities
of the hand. This section presents the rationale behind the selection of certain materials
and components over others.

Beginning with the design, the concept of individual cylindrical modules arose directly
from the biomechanics of the hand. By mimicking the natural curvature and kinematics
of the fingers, the device ensures that users can maintain natural and fluid movements
during interaction. This feature stands in contrast to generic, one-size-fits-all designs
which may not account for the varied sizes and morphologies of different h ands. In
this way, the design of our device is significantly different from others mentioned in
the Objective 1, such as the Saebo Stretch orthosis, the ExoHand exoskeleton or
the Amadeo end-effector device which, despite their effectiveness, present
limitations in terms of shape and disposition of their grips. These devices, although
they offer individualized grips for each finger, usually have flat surfaces or fixed
structures that do not allow a complete and natural cylindrical grip. In contrast, our
device offers a more intuitive and ergonomic grip experience, simulating the shape
and natural movement of the fingers when holding cylindrical objects, as happens
in many situations in everyday life such as holding a hairbrush, toothbrush, or a
bottle of water. This feature is unique to our design and allows for a greater
range of motion and exercises, which is essential for effective and personalized
rehabilitation. Furthermore, the adjustment and rotation of the cylindrical modules
in our device not only accommodate different hand sizes and morphologies, but also
allow precise adaptation to the specific needs of each wuser, thus maximizing
therapeutic effectiveness and comfort during use. From an economic perspective, the
two-handed design (valid for left and right hands), adaptable to different hand sizes,
emphasizes the scalability and usefulness of the device in various patient demographics.
This adaptability ensures that the device is an economical solution for both
rehabilitation centers and individual users.

Material selection also played a pivotal role in ensuring the device’s robustness and
usability. While PLA offered a balance between lightness and durability, the transition
to PET filament in later designs optimized the device’s resistance to external stresses.
PET’s inherent properties provide enhanced durability, thereby increasing the longevity
of the device and protecting the inner electronic components from potential damages.
In the field of hand rehabilitation devices, a variety of materials have been explored. For
example, metal is valued for its strength and durability, but its weight and rigidity can
limit comfort and portability. Rubber and silicone, on the other hand, offer flexibility
and a comfortable grip, but tend not to be as durable in the long term and often lack
the rigidity needed to protect sophisticated electronic components.

On the electronics side, the transition from the Arduino Nano to the Raspberry Pi Zero
2W was a key decision driven by the increasing computational demands of the device.
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Although the Arduino Nano was an early choice due to its simplicity and reduced cost,
its limitations in terms of processing power and lack of built-in connectivity proved
to be significant obstacles to advanced development of the device. The Raspberry Pi
Zero 2W, on the other hand, with its integrated Wi-Fi module, not only offers greater
connectivity and data processing capabilities, but also facilitates real-time feedback
and data logging, crucial aspects for tracking progress. of the patient. There are other
processors of similar size, such as the BeagleBone or the ESP32, that could have been
considered. The BeagleBone, for example, offers powerful input and output capabili-
ties, but its larger size and power consumption make it less ideal for a portable device.
The ESP32, mostly used for its Bluetooth and Wi-Fi connectivity, could also be a
viable option, but its processing power is inferior to that of the Raspberry Pi Zero 2W.
The choice of the Raspberry Pi Zero 2W is thus justified by its optimal balance between
size, processing capacity, connectivity and energy efficiency, critical elements for our
device. Additionally, replacing traditional RGB LEDs with Neopixel RGB strips was
a significant improvement. Classic RGB LEDs, although functional, had limitations in
the variety of colors and light intensity. In contrast, Neopixel strips offer a wider range
of vivid colors and allow for dynamic changes in color and light intensity, increasing
versatility for device operation. Furthermore, programming Neopixels turned out to
be simpler and more practical compared to traditional RGB LEDs. This, along with
their flexibility and ability to provide dynamic feedback, makes them ideal for guid-
ing patients through exercises and providing visual feedback on workout performance.
Finally, the incorporation of Force Sensitive Resistor sensors (FSRs) serves as an opti-
mal choice for capturing real-time force data from fingers. Their sensitivity and form
factor, tailor-made for fingerprints, provides accurate and granular data essential for
evaluating and monitoring patients’ motor functions.

Among the possible limitations of the device design, there are some factors that im-
pact its functionality and user adaptability. A notable limitation is the absence of a
dedicated place and sensor to accommodate and measure the movements of the thumb.
Given the thumb’s pivotal role in hand function, this omission may restrict the device’s
ability to comprehensively evaluate and rehabilitate the full range of hand movements.
Additionally, while the use of PET filament enhances durability, it may not provide
the same level of tactile feedback as more flexible materials like silicone, potentially
affecting user comfort during prolonged use. Lastly, the reliance on the Raspberry Pi
Zero 2W despite its advantages in processing power and connectivity, also introduces
constraints in terms of energy consumption and heat dissipation, which could limit the
device’s operational time and durability.

In summary, this device’s design and development embraces a multidisciplinary ap-
proach aimed at creating a versatile, efficient, and user-centered solution for hand
rehabilitation and evaluation. Every design choice, from material selection to elec-
tronic components, converges towards meeting the objective of a portable, adaptable,
affordable, and effective device, paving the way for future innovations in the field of
medical rehabilitation devices.



5. Objective 3: Design a set of tests
and tasks that can be carried
out through the interaction with
the device allowing the evalua-
tion and training of hand motor
variables and cognitive variables

This chapter explains the steps followed to meet objective 3. Specifically, it is focused in
the software to complement the hardware presented in the previous point and explains
the functioning of the device, the programming used, the controlling and storage web-
site and its user interface.

5.1 Methods

To achieve the Objective 3 of this thesis, the first step is the design of the
software, which means, the design of the functioning and programming of operation of
the device. After the design, the development of the programming will we carried out
based on the established design, to create the different exercises and modes of
functioning. These two steps are explained in detail throughout this chapter.

5.1.1 Design

In addition to the tasks/exercises mentioned to meet Objective 3, a website /application
is also proposed to control the device and capture, store and display the data resulting
from the assessments.

As for the tasks to include, on the motor side, grasping was the obvious task allowing
functional use of the hand. Strength training was possible to perform with each finger
individually and with the entire hand. Besides, interaction with sensors for cognitive
exercises requires motor control, since interaction with a specific sensor requires good
inhibition of the rest of the fingers. F inally, i n t asks w here r apid c hanges i n finger
interaction are required, motor control and coordination are challenged.

52
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Regarding cognitive tasks, considering that our main target was the interaction of the
hand, an area that is widely represented in the frontal lobe, executive tasks such as
those implying reaction times and short-term memory were our goal. While these
functions may seem distinct, they are all interconnected. For example, the speed at
which we process information (processing speed) can affect how quickly we react to
stimuli (reaction time), which in turn can influence on short term information recovery
(memory). Similarly, the strength of hand grasp can be influenced by our reaction time
and processing speed, particularly in situations that require quick, precise movements.

Therefore, rehabilitation of these functions involves a global approach that
targets the entire frontal-parietal network. From the literature review
presented in Objective 1, it is evident that motor enhancement or
rehabilitation has a clear influence in cognitive performance. A possible reason
for this is that by training and strengthening connections on this network,
there are secondary benefits in other nodes connected to it. Details on the
cognitive paradigms used to evaluate and train can be found in the description of
the next chapter, which is dedicated to the validation of the system. Once completed
the design of the device and the conceptualization of its functioning, it was
evaluated and considered patentable. A European patent was requested,
information regarding this can be found in Chapter 11 and Appendix C.

The following subsections explain how the device's tasks were designed. To do
so, a first focus group was held with 8 stroke specialists from Hospital Beata
Maria Ana (Madrid), including neurologists, neuropsychologists, physiotherapists
and occupational therapists. After an explanation of the project's and device's
objectives, different tests commonly used in clinical practice were proposed and
analyzed to serve as abasis for designing the device's operation.

5.1.1.1 Relationship between Device Tasks and Conventional Neuropsy-
chological and Physical Tests

To design the specific tasks to be performed through the device, we studied the
performance of different conventional physical and neuropsychological tests commonly
used in the clinic for stroke evaluation and training. Based on these tests, the
design of the device tasks will be carried out.

Task 1: Strength

The strength task of the device will be based on the user pressing the FSRs of the
fingers, thus measuring the grasping and gripping capacity.

e Related Conventional Tests:

— Pinch Force: Evaluates the force between the thumb and the other fingers.

— Hand Dynamometry: Measures the maximum grip strength of the hand.

e Evaluated Variables: Both tests (pinch force and hand dynamometry), as well as
the device task, assess grip strength and muscle tone. These variables are crucial
in determining manual functionality, coordination, and recovery potential after
neuromuscular injuries. They are widely used since their reliability has been
proven in test-retest studies and others that relate it to the independence in ADLs
following a stroke [247, 248|.
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e Adaptation: Of the two tests mentioned, the pinch force is the most similar to
the operation of our device. However, the conventional way of performing this
test (pincer grip between the thumb and the study finger) is further away from
the way the device is gripped. For this reason, in this project the pinch force test
was adapted so that the position of the hand in the grip was as similar as possible
to the grip with the device. Hand dynamometry test was perform primarily to
evaluate the relationship between hand grip strength and fingers strength with
the device.

Task 2: Reaction Times

The on-device reaction time task will assess how quickly a user responds to visual
stimuli, thus measuring their processing speed and motor reaction.

e Related Conventional Tests:

— Stroop Test: Measures reaction time when naming colors, offering insight
into attention and processing speed.

— TMT-A (Trail Making Test Part A): Assesses visual processing speed and
hand-eye coordination when connecting numbers in a sequence.

— Finger Tapping and Detection tasks from Presentation®) software: measure
motor function and speed and information processing speed

e Evaluated Variables: The tests above along with the device task, assess pro-
cessing speed, sustained attention, hand-eye coordination, and motor
responsiveness. These variables are essential in determining an individual’s
cognitive and motor capacity, as well as their ability to perform daily tasks that
require quick responses.

e Adaptation: The aforementioned tests are widely used to evaluate the cognitive
level measuring processing speed in stroke patients [249-251], but their relation-
ship with motor tasks and how they can discriminate between different degrees of
functional disability is also studied [252]. For this reason, the device’s tasks
adapt conventional tests by integrating motor components of the hand.

Task 3: Memory

The memory task on the device will require the user to memorize and repeat a sequence
of lights, testing their short-term memory and working memory.

¢ Related Conventional Tests:

— Digit Span Test and Corsi Blocks: Both tests assess working memory by
requiring patients to repeat sequences in the same order or in reverse order.

— Symbol Digit Modality Test and Digit-Symbol Coding: These tests mea-
sure working memory and processing speed when matching symbols and
numbers.

e Evaluated Variables: Both conventional tests and the device task assess short-
term memory, working memory, and the ability to retain and reproduce informa-
tion. These variables are fundamental in determining the cognitive capacity of an
individual, especially in scenarios that require the rapid retention and retrieval
of information.
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e Adaptation: Although memory dysfunction is not usually specifically studied in
post-stroke patients, the aforementioned tests are usually widely used to evaluate
memory [253]. For this reason, these tests have been adapted to the operation
of the device, since it has been seen that this could help in the early detection of
dementia and improve the quality of life of patients.

In summary, the tasks which will be implemented in the device present similarities
and direct connections with conventional neuropsychological and physical tests, which
reinforces their validity and usefulness in neuromuscular and cognitive evaluation and
rehabilitation.

5.1.1.2 Operating requirements

Taking into account the design of the device, its intended use and functionality, and
the different f unctionalities p roposed a bove, t he f ollowing g eneral r equirements are
established that the operation of the exercises must meet:

e The device must have a user-friendly interface, allowing independent use without
constant medical supervision.

e Regarding the cognitive and motor function assessment, the device must incorpo-
rate preprogrammed tasks that allow an accurate and reliable evaluation of hand
motor function and cognitive performance, while avoiding physical or mental
fatigue that could affect the results of the tests.

e In addition, the device must support variations and repetitions of the programmed
tasks, allowing simultaneous rehabilitation of hand motor performance and cog-
nitive functions.

e Clinicians must have direct access to assessment data in real time, so they can
assess and analyze each patient’s individual progress.

With the objective of evaluating and training hand motor variables and cognitive
va-riables, the design of the exercises is divided into two modalities: Rehabilitation
and Training. Within each modality, 3 types of exercises are designed: Strength
Training/Evaluation, Reaction Time Training/Evaluation, and Memory Training/
Evaluation. Each exercise has a different basic functionality, which the user can
know thanks to the different operation of the device’s LEDs. In addition to this
operation, two basic functionalities are established that all exercises had to fulfill.
Firstly, the recording of data through the pressure sensors (FSRs), and secondly,
the processing of this data through the microprocessor that allows knowing the
user’s execution and, in this way, being able to produce feedback in real time (in the
case of Training Mode exercises) or store the data (in the case of Evaluation Mode).
Based on that, the specific Functional Requirements (FRs) of the device are listed
below:

e FR 1 Rehabilitation: the system will enable the necessary functionalities for
motor and cognitive rehabilitation.
— FR 1-1 Strength training: the system will allow strength training of the
fingers (digit 2, digit 3, digit 4 and digit 5), for both hands.
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* FR 1-1-1 Sensor registration: FSRs record every force interaction of
each finger.

x FR 1-1-2 Data processing: The microprocessor receives and interprets
the force data.

— FR 1-2 Reaction time training: the system will allow training the reac-
tion speed.
* FR 1-2-1 Sensor registration: FSRs will record information when pre-
ssing each finger.
x FR 1-2-2 Data processing: The microprocessor will record the time
between a stimulus and the user’s response (pressing the FSRs).
x FR 1-2-3 Data processing: The microprocessor will record if errors occur
in issuing the response from the user.
— FR 1-3 Memory training: the system will allow training the memory.
* FR 1-3-1 Sensor registration: FSRs will record information when pressing.
* FR 1-3-2 Data processing: The microprocessor will record if errors occur
when the user memorizes and repeats a sequence (by pressing the FSRs).

— FR 1-4 Feedback: the system will emit light feedback in response to user
interaction in each exercise.

x FR 1-4-1 Feedback in strength exercise: LEDs emit visual feedback
based on the force intensity: red light for low force intensity, yellow for
middle intensity, and green for high force intensity.

x FR 1-4-2 Feedback in reaction time exercise: LEDs emit visual feedback
based on the reaction speed: green light for fast responses (short reac-
tion times), yellow light for medium speed responses (medium reaction
times), and green light for slow responses (long reaction times).

x FR 1-4-3 Feedback in memory exercise: LEDs provide visual feedback
based on whether the user’s answer is correct or incorrect: green light
when selecting the correct answer and red light when selecting the wrong
answer.

e FR 2 Evaluation: the system will enable the necessary functionalities for motor
and cognitive evaluation.
— FR 2-1 Strength evaluation: the system will allow strength evaluation
of the fingers (digit 2, digit 3, digit 4 and digit 5), for both hands.

x FR 2-1-1 Sensor registration: FSRs record every force interaction of
each finger.

x FR 2-1-2 Data processing: The microprocessor receives and interprets
the force data.

— FR 2-2 Reaction time evaluation: the system will allow training the
reaction speed.

* FR 2-2-1 Sensor registration: FSRs will record information when pressing.
x FR 2-2-2 D ata processing: The microprocessor will record the time

between a stimulus being produced and the user’s response (pressing a

FSR).
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x FR 2-2-3 Data processing: The microprocessor will record if errors occur
in issuing the response from the user.
— FR 2-3 Memory evaluation: the system will allow training the memory.
x FR 2-3-1 Sensor registration: FSRs will record information when pre-
ssing.
x FR 2-3-2 Data processing: The microprocessor will record if errors occur
when the user memorizes and repeats a sequence (by pressing the FSRs).

— FR 2-4 Data storage: the system will record and store different data in
each of the exercises.

x FR 2-4-1 Data in strength exercise: the system will store each measure
of force of each one of the fingers, highlighting the maximum force
reached by each finger.

x FR 2-4-2 Data in reaction time exercise: the system will store each
measurement of the reaction speed of each of the fingers, highlighting
the average reaction time of each exercise.

x FR 2-4-3 Data in memory exercise: the system will store the number of
execution errors when repeating the memorized sequences.

— FR 3 Warnings: the system will notify the beginning and end of each
exercise by issuing a double white flash.

— FR 4 Change exercise: the system will allow the user to change exercise
at any time through the website.

— FR 5 Finish: the system will allow the end of the rehabilitation or evalua-
tion session at any time.

5.1.2 Development

5.1.2.1 Exercises

According to the identified requirements and the use cases (rehabilitation and evalua-
tion), the interaction of the subject with the device involves interacting with the
sensors integrated in each cylinder in a different way depending on the operating mode,
explained below.

Evaluation Mode

The Evaluation Mode (EM) of the device is designed to serve as a tool for assessing
the motor status of the upper limb, specifically the hand and fingers, as well as to
assess general cognitive status. The EM is characterized by recording any interaction
that the user makes with the device, storing the data of interest for the evaluation,
such as force (in kilograms), reaction time (in milliseconds) and execution errors,
which will be explained later in this document. Through different exercises, and
different levels of difficulty of each exercise, the EM of the device will allow the
therapist to know the motor and cognitive state of the patients, as well as monitor
their condition and progress during rehabilitation.

In the EM, the device assesses hand and finger strength through grip repetitions.
Attention, reaction time, and coordination are assessed through motor responses to
light indicators using specific fingers. Memory testing is done by repeating a pattern
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presented through the LEDs and pressing the corresponding buttons on each finger.
Finally, the patient’s interaction with the device is recorded and the data is stored and
transmitted to a dedicated website.

The specific tasks of the EM are explained in the following table.

Evaluation Exercise performance Recorded data
Mode
The user must press the 4 finger The device will re'(;(.)rd the force ex-
Task 1: e . erted every 300 milliseconds and the
FSRs individually or simultaneously . .
Force . maximum force achieved by each fin-
at any time. . . .
ger in each interaction.
The device will emit a sequence of The device records the time (in mil-
Task 2: lights while the user must press the liseconds) between each light turns

Reaction time

button corresponding to each light
on as quickly as possible.

on and the corresponding button is
pressed.

Task 3:
Memory

The device will emit a sequence of
lights while the user must memorize
it and repeat it once it has finished

The device records and check if the
buttons pressed are correct, count-
ing the errors, and the force applied

playing. in each of them.

Table 5.1: Tasks and their explanation on the EM.
Training Mode

The Training Mode (TM) of the device is designed to serve as a tool to train and
rehabilitate the motor function of the upper limb, specifically of the hand and fingers,
as well as to train cognitive abilities such as reaction time and memory. The TM
is characterized by issuing visual feedback to the user according to the execution of
the exercises. In this way, even if the patient is using the device without supervision,
he will know if he is performing the exercises correctly or if, on the contrary, he is
making mistakes. Different colors indicate the intensity of strength, repetition errors
in sequences, or response time to stimuli. Each exercise within the training mode offers
three difficulty levels.

Through different exercises, the TM of the device will allow the patient to train the
individual strength of the fingers and hand grip, reaction speed and memory, being
able to perform levels of greater or lesser complexity according to the individual state
of each patient. The TM exercises performances are the same as those of the EM,
but with the difference that the EM records all the data and the TM only gives visual
feedback. The performance of the different exercises of the TM are explained in the
Table 5.2.

The established intervals for force were defined as follows: low force for values from 0.01 kg
to 1.5 kg, medium force from 1.5 kg to 3.5 kg, and high force for values greater than 3.5 kg.
For time, the intervals were: short time for values from 0.01 seconds to 1 second, medium
time from 1 second to 2 seconds, and long time for values greater than 2 seconds. These
ranges were determined arbitrarily based on the pilot study, where the fastest times were
used to calculate the threshold corresponding to the mean plus two standard deviations. A
similar methodology was applied to the maximum force values. The resulting ranges were
then divided into tertiles, providing the values used for the initial validation calculations.



5.1. Methods 59

These thresholds will be refined once a population sample that adequately represents all
degrees of deficit and capacity is obtained, enabling a more accurate distribution of
performance for each test. This process extends beyond the initial scope of validating the

device's reliability.

Training Exercise performance Recorded data
Mode
Depending on the amount of force, the
The user must press the cgrr'esqund}ng LED' emits a colored .hght,
. e distin-guishing 3 grip force ranges: if the
Exercise 1: 4 finger FSRs individually . . ;
F or simultaneously at any applied force is small, the corresponding
oree time LED will emit red light; if the force is high,
’ the LED will emit green light; if the force is
intermedi-ate, the LED will emit yellow light.
The device will emit a se- When the. user  presses the bu.tton7 the
. . corresponding  light changes its  color
quence of lights while the depending on the reaction speed: the LED
Exercise 2: user must press the but- p & peed:

ton corresponding to each
light on as quickly as pos-
sible.

Reaction time

will turn green if the user presses the button
quickly, red if the time is long, and yellow if
the time is an intermediate value between
the previous es-tablished ranges.

The device will emit a se-
quence of lights while the
user must memorize it and
repeat it once it has fin-

Exercise 3:
Memory

If the button pressed is correct, its correspond-
ing LED will emit green light, if it is wrong,
the LED will emit red light.

ished playing.

Table 5.2: Exercises and their explanation on the TM.

All the exercises are developed using the Python programming language. Python is a
highly capable open source programming language, widely used for Big Data analysis,
Machine learning, Data Science, Artificial Intelligence, but also in video games and
web development. Furthermore, among its advantages is the fact that its code can
be executed in any operating system, which makes it more versatile. Python allows
programmers to configure the operation of the different electronic components and the
raspberry to work in the way that is desired, so that it codes the specific operation of
each exercise.

To be able to put the device into operation and choose the training modes and exercises,
Python codes that control each exercise are integrated into an HTML website with a
friendly user interface.

5.1.2.2 Website

The development of the system includes a website to serve as both a controller for
the device and an evaluation platform to access the recorded assessment data. The
website is designed in HTML with PHP programming languages. HTML is a Hy-
perText Markup Language widely used for the development of web applications and
websites. It is used to describe the structure of a web page and organize the con-
tent. Together with PHP, both programming languages are the most used to develop
web pages nowadays. PHP language is a server-side Hypertext Preprocessor, which
means that it connects to and runs on a web server, not on the user/client, in addition
to activating all the functional elements and the visual interface of the website. It
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was decided to use PHP instead of JavaScript (another language widely used to give
more functionality to HTML web pages) due to the need of integrating the website
with a server that allows the connectivity between the microprocessor of the device
and the website, and also the storage of device records through a database. Among
the main advantages, it decreases the loading times of the website, allowing greater
agility in response time and also allowing connection to large databases. Regarding
the database, a MySQL server has been used that provides security mechanisms to
protect the data, including authentication, authorization and encryption of communi-
cations. Users must authenticate to access the database. MySQL is widely used in
web applications, content management systems, enterprise information systems, and a
variety of other applications that require data storage and management. Its popularity
is due to its robustness and scalability. The PHP/Mysql tandem provides the device
with a secure environment that allows the user to automatically store their results in
the exercises performed, being able to retrieve them on request later to evaluate their
progress, in a simple way and respecting the integrity of the data.

This website allows each patient to have a private user profile where all their evaluation
information is stored, as shown in Figure 5.1.

Figure 5.1: Screenshots of web interface for login and user profile.

When logged in, the website acts as a remote control, first enabling users to choose the
hand (left or right as shown in Figure 5.2). Then, the user has to select the exercises
and the difficulty level as desired, as shown in Figure 5.3 and Figure 5.4.

NICID COMO FUNCIONA ENTRENAR i PERF:

ENTRENAMIENTO

Elige ia mano que deseas entrenar y el Ejerciciof/Nivel a utilizar.

Mano lquierda Mano Derecha

Figure 5.2: Webpage interface to select the hand for training.
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INICIO COMO FUNTIONA ENTRENAR & PERFIL SALIR
ENTRENAMIENTO MANO DERECHA

EJERCICIO 1

Pulsa los botones de AMBER de forma libre.

Mivel 1

EJERCICIO 2

Pulsa los botones de AMBER seguin se iluminen.

Nivel 1 Nivel 2 Nivel 3

EJERCICIO 3

Pulsa los botones de AMBER repitiendo la secuencia tras el parpadec de las luces.

Mivel | Nivel 2 Nivel 3

Figure 5.3: Webpage interface for exercise selection for right hand training.

INITIO COMO FUNCIONA ENTREMAR & PERFIL SALIR

ENTRENAMIENTO MANO IZQUIERDA

EJERCICIO 1

Pulsa los botones de AMBER de forma libre,

Mivel

EJERCICIO 2

Pulsa fos botones de AMBER sequin se iluminen.

Mivel 1 Nivel 2 Nivel 3

EJERCICIO 3

Pulsa los botones de AMBER repitiendo la secuencia tras el parpadeo de las luces.

Nivel 1 Nivel 2 Nivel 3

Figure 5.4: Webpage interface for exercise selection for left hand training.

The specific workflow of the device is illustrated in Figure 5.5. Upon turning on the
device, users, whether clinicians or patients, access the device’s website to select the
working mode: Rehabilitation or Evaluation. For the Evaluation, the user fist has to
log in with username and password, while for Rehabilitation there is no need to do it
as data will not be stored. After selecting the mode, the user chooses the exercise and
desired difficulty level to be executed on the device: Exercise 1, Exercise 2 (with three
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options of levels of difficulty) or Exercise 3 (with three options of levels of difficulty as
well). Subsequently, the exercise is initiated on the device, and the patient performs
the assigned task. Throughout the exercise on the Evaluation Mode, the device records
all interactions with the sensors and stores the data in CSV format upon completion.
These recorded data are then processed and transmitted to the web.

Loginin Selection of
Amber is » , »
turned on Amiers Working
website Mode
Evaluation Training
Selection of
the Hand
Right Left
Selection of
Type of
Exercise
Task 1 Task 2 Task 3
Selection of
difficulty
level
Easy Medium Difficult
Amber starts el
registered,

running and user ————

perform exercise stored, and sent

to the website

Figure 5.5: Device workflow diagram.

Additionally, the platform provides clinicians with an interface for monitoring exercise
performance during training mode and the results of evaluation mode, allowing them
to track patient progress, as shown in the figures below. This utility enables clinicians
to remotely and in real-time assess patient evolution objectively, enabling them to
optimize exercise regimens and rehabilitation sessions. Access to this information is
limited to clinicians with their own private administrative accounts.
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NI COME FUNEIONA EMTRENAR & PERFL saL®

Evaluacion realizada el jueves 19 de octubre de 2023 3 las 21:08
PRGID - Programa 1 manc derecha
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Figure 5.6: Results view of Exercise 1 (right hand) after an evaluation session.
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Figure 5.7: Results view of Exercise 2 - Level 2 (right hand) after an evaluation session.

INICIO COMD FUNCIONA ENTREMAR L BERFIL SaLIR

Evaluacion realizada el jueves 3 de agosto de 2023 a las 0852

PRGIMD - Pregrama 3 Medio mana derecha

Elementos en la secuencia
5

Errores

Figure 5.8: Results view of Exercise 3 - Level 2 (right hand) after an evaluation session.
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5.2 Results

The final operation of each of the exercises is explained below.

Exercise 1: the user can press the force sensors of the four fingers individually or
simultaneously. Depending on the force with which each button is pressed, the cor-
responding LED emits a colour, this light will remain on for as long as the user is
pressing the button. The colour depends on the force, so three ranges of grip force are
distinguished: if a button is pressed with a small force, the corresponding LED will
emit red light; if a button is pressed with a high force, the corresponding LED will
emit green light; if a button is pressed with an intermediate force, the LED will emit
yellow ligth. The change in tonality can be progressive. On the other hand, if the
four buttons are pressed simultaneously with the same range of force, the four LEDs
will emit a blue light. The device records and stores every interaction. The exercise
will finish one each button has been pressed at least four times or if the user clicks
the ”Stop” button of the website. In the Training Mode, no data is record, while in
Evaluation Mode every interaction is recorded and stored into the website.

Figure 5.9: Example of light functioning of Exercise 1.

Exercise 2: after a double flash of white light emitted by the four LEDs simultaneously
(which indicates the beginning of the exercise) the device will emit blue lights one by
one following a certain sequence. Once a LED turns blue, it will not turn off until
the user presses its corresponding button. If the user presses an incorrect button, the
device keeps the blue light waiting for the correct press. In the Training Mode, once
the user presses the correct button, the blue light turns off, quickly turning green,
yellow, or red, depending on how much time has been taken to press since the blue
light turned on. The LED will turn green if the user presses the button quickly, it will
light red if the time is long and it will turn yellow if the time to press is an intermediate
value between the previous ranges. In the Evaluation Mode, the light will change into
white regardless of response speed. Once the user releases the correct button, the next
LED in the sequence will turn blue, following the same mechanism as just described.
Once the last button in the sequence has been pressed, the device will once again emit
a double white flash to indicate that the exercise has ended. In the Training Mode, no
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data is record, while in Evaluation Mode every interaction is recorded and stored into
the website. This exercise has three levels of difficulty:

e Easy: it is a simple sequence, without repetitions of fingers, only consecutive
fingers.

e Medium: it is a sequence in which the order of some fingers is inverted.

e Difficult: in this sequence there exists finger jumps and repetitions.

Figure 5.10: Example of light functioning of Exercise 2 (similar to Exercise 3).

Exercise 3: after a double flash of white light emitted by the four LEDs simultaneously,
the device will emit blue light following a defined sequence. The first LED in the
sequence will turn on for two seconds, then this LED will turn off and the next LED in
the sequence will turn on. This sequence will continue until the exercise is completed.
The device will emit a double flash of white light from all four LEDs simultaneously
to indicate that the sequence has ended. After this, the user will have to press the
buttons in the same order in which the sequence of LEDs turned on. In the Training
Mode, ff the pressed button is correct, its corresponding LED will emit blue light, if
it is incorrect, the LED will emit red light. However, in the Evaluation Mode, all the
feedback light will emit in white color, regardless it is correct or not. When the user
has pressed a number of buttons equal to the number of elements in the sequence, the
exercise is finished. In the Training Mode, no data is record, while in the Evaluation
Mode every interaction is recorded and stored into the website. This exercise has three
levels of difficulty:

e Fasy: it is a short sequence of 3 elements.
e Medium: it is a longer sequence of 5 elements.

e Difficult: it is a long sequence of 7 elements.
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5.3 Discussion

The main purpose of this section was to meet the objective O3 "design a set of
tests/tasks that can be carried out through the interaction with the device allowing the
evaluation and training of hand motor variables and cognitive variables”. The tasks
proposed in this section, which meet objective O3 of this project, were satisfactorily
achieved.

The design and incorporation of the specified tasks within the device are deeply based
on the foundational understanding of both motor and cognitive evaluations commonly
used in clinical settings. These tasks were not randomly chosen but were constructed
with deliberate intent, based on a fusion of traditional methods and modern techno-
logical approaches.

Rationale Behind Task Design

Motor Evaluation: One of the cornerstones of motor evaluation, especially in the
context of the hand, is assessing strength. Hand strength is pivotal, not only as an
indicator of muscle function but also as a predictor of functional capacity in daily life
activities. This underscores the reason behind our decision to make one of the tasks
revolve around measuring force. In traditional settings, tools like pinch force meters
and hand dynamometers have been the gold standard. By integrating a force-measuring
task in the device, we are bridging the gap between conventional and contemporary
assessment tools, ensuring that the data generated remains both relevant and actionable
for therapists and medical professionals.

Cognitive Evaluation: When it comes to cognitive evaluations, memory often stands
out as a primary domain of interest. Memory, especially working memory, plays a cru-
cial role in our daily interactions and tasks. While there are numerous tests available
to evaluate memory, we chose to derive inspiration primarily from the Digit Span Test.
Its simplicity and effectiveness in gauging short-term memory and attention made it a
valuable model. By incorporating a memory task that uses a sequence of lights, we’ve
modernized the traditional approach while still aiming to achieve the same evalua-
tive outcomes. Furthermore, reaction time is a composite measure, reflecting multiple
cognitive processes including attention, speed of information processing, and motor
coordination. By introducing a task centered around reaction time, we encompass a
wider range of cognitive faculties. Traditional tests like the Stroop Test and TMT-A
have been instrumental in such evaluations. However, with the device’s approach of
using light sequences and immediate response mechanisms, we believe the task offers
a more interactive and dynamic method to evaluate the same cognitive domains.

Synergy with Conventional Tests

The main advantage of the device is its ability to combine conventional therapy with in-
novative technology. For this reason, its operation is based on similarity and alignment
with established physical and neuropsychological tests, which reinforces its scientific
credibility. Task design decisions were made with a two-fold objective: first, to ensure
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that tasks are based on proven methodologies and, second, to take advantage of tech-
nology for a more engaging patient experience through gamification, as well as accurate
data collection.

For instance, the memory task, inspired by tests like Digit Span and Corsi Blocks, offers
a visually engaging alternative while still targeting the core cognitive processes. Simi-
larly, the reaction time task, while drawing from traditional tests like the Stroop and
TMT-A, provides a real-time, interactive experience for the user, potentially enhancing
engagement and compliance.

Critical discussion

However, it is true that the selection of these tasks focused on tests of strength and
cognition that are effective for a more specific profile of post-stroke patients with a cer-
tain degree of motor and cognitive functionality. Criticism of this approach arises when
considering those patients with more severe motor or cognitive impairment. Gripping
capacity and interaction with cognitive exercises may be limiting for these profiles.
To evaluate hand strength, alternative tests could have been considered that do not
depend exclusively on grip ability, such as pressure sensors adapted to wristbands or,
in other words, rehabilitation gloves, which measure strength without the need for a
active grasp. This, whose current use is more widespread, would allow the inclusion
of patients with considerable motor impairment who cannot grasp the device. In the
cognitive domain, although memory and reaction time tasks are essential, we could
have explored tests that assess other domains such as pattern recognition or sustained
attention, which could be more accessible to those with advanced cognitive impair-
ment. For example, tasks that use auditory or tactile stimuli could be more inclusive
for these patients, which will be considered as future lines of research for this project,
having included these qualities in the device patent.

Our internal critique highlights the need to develop a broader range of tests to ac-
commodate varying levels of functionality. It is crucial that future research focuses on
the adaptability of the device to cover a broader spectrum of post-stroke patients, and
even other types of patients such as Parkinson’s or Alzheimer’s.



6. Objective 4: Validate the relia-
bility of the device to extract motor
and cognitive variables from the user

This section shows the procedure carried out to achieve objective O4, "to validate the
reliability of the device to extract motor and cognitive variables from the user”.

6.1 Methods

To achieve the objective 4 of this project a validation study was be carried out. This
validation will be divided into two different studies. The first one will be a techni-
cal validation, where it will be verified that the device complies with the established
functional and non-functional requirements to guarantee its correct functioning. The
second validation will be performed to check if the device works as intended, analysing
if its measurements are consistent and comparing its functioning with other existing
devices. Both validation studies are explain through this chapter.

6.1.1 Validation study

According to the Directive 2007/47/CE (RD 1591/2009) from the European Union,
AMBER is a Class Ila device, which means that presents a low to moderate risk to the
patient or user, as it is designed to be manipulated by patients and possess a certain
amount of electrical current. In this group of devices, most rehabilitation devices
and diagnostic equipment are included. Before its commercialization, different legal
regulations must be taken into account that the device must comply with to obtain the
CE certificate and be able to be used by the regular population. The four regulations
below will be complied:

e EU Medical Device Regulation (MDR) 2017/745: This comprehensive
regulation ensures a high level of safety and effectiveness for medical devices
marketed in the EU. Emphasizes clinical evaluation, post-market surveillance and
transparency, imposing strict requirements for medical device approval [254].

68
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e ISO 13485: It is an international standard that specifies requirements for a
comprehensive quality management system for the design and manufacturing of
medical devices, focusing on consistent design, development, production, instal-
lation and delivery [255].

e TEC 62304: This international standard defines life cycle requirements for me-
dical device software, focusing on software development, risk management and
system validation processes to ensure safety and reliability [256].

e Risk Management ISO 14971: It describes a process for manufacturers to
identify hazards associated with medical devices, estimate and evaluate the as-
sociated risks, control these risks, and monitor the effectiveness of the controls

[257].

Taking these regulations into account, the first step is to carry out a technical validation
that analyzes the functionality, robustness and efficiency of the device. After this, and
prior to a clinical study with patients, a validation of the device’s functionality will be
carried out with a group of healthy volunteers.

6.1.1.1 Technical validation

To technically validate the device, different evaluations were carried out. Firstly, the
device was subjected to different stress conditions, proving to be structurally resistant
and robust. Specifically, tests were carried out that consisted of forcing the device to
operate by using it in a way that would not be the usual way for the patients. It has
been forced to be used very quickly, pressing Dbuttons separately and
simultaneously, with very light forces and with very strong forces, without taking
into account the normal use that a patient would give it, to see possible failures
of the device that would have to be repaired in future steps. After some code
tweaking, the device responded cor-rectly in all tested cases. In addition, it also
resisted strong pressures, not breaking or deforming, ensuring its robustness in both
software and hardware. In all cases, the device recorded all interactions and
responded in less than 1 second, which ensures its efficiency. Finally, its
functionality was checked by performing each and every one of the exercises
repeatedly and verifying that all the exercises worked correctly and correctly met all
the requirements.

6.1.1.2 Device validation

A medical device validation refers to the process of confirming that a medical tool
(physical item or software) works as intended.

To create the best protocol to validate this new device called AMBER, we first per-
formed an exhaustive non-systematic review of the literature. After this, we consulted
8 specialists in stroke, each with expertise in different areas (1 neurologist, 2 phys-
iotherapists, 2 occupational therapists, and 1 neuropsychologist), all from
Hospital Beata Maria Ana (Madrid). We had informal discussions with them,
asking various questions to gather their insights and create the best evaluation
protocol for testing the device’s performance with subjects.
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Since the device we were testing has two main functions (evaluation and training
modes), we decided to focus on evaluating the device’s reliability as a tool for as-
sessing finger and hand strength, which is, the evaluation mode or EM. Additionally,
we wanted to compare and see how the evaluation results correlated with some cogni-
tive variables to see if it could be also used as a tool for evaluating general cognitive
ability regarding memory and reaction time.

For this initial evaluation, we designed a study focused on healthy subjects and we
planned to conduct several tests with them, so that we can establish a baseline and
better understand the device’s performance before moving on to test its functionality
with stroke patients. Our aim was to create a comprehensive evaluation protocol that
could effectively assess b oth m otor s kills and c ognitive a spects. B y c onsulting these
specialists, we sought to ensure that our evaluation would be well-rounded and relevant
to stroke rehabilitation.

Evaluation protocol

To assess the device’s EM, a test-retest reliability and validity study was designed
and conducted. To do so, the study followed the Guidelines for Reporting Reliability
and Agreement Studies (GRRAS) [258]. All procedures were in accordance with the
1964 Declaration of Helsinki and ethical approval was obtained by an independent
institutional review board (N 22/495). All participants gave written informed consent
before enrollment.

Thanks to the extensive literature review carried out, and the discussions held with
stroke rehabilitation specialists, the following validation protocol was established, to
be carried out with 36 healthy subjects, divided into 3 evaluations explained in the
subsections below: device evaluation, motor evaluation, and neuropsychological
evaluation.

6.1.2 Device evaluation

As this innovative device has two main working modes, first we decided to asses the
device evaluation working mode with healthy subjects prior to tests its rehabilitation
functionality with stroke patients. To do this, it was decided to test the three different
tasks of the device (strength, reaction time, and memory exercises) by asking the
36 subjects to perform them. All device assessment were administered twice, in two
different sessions, between 3 and 10 days apart to assess test-retest reliability. In each
session, the 3 different preprogrammed tasks described in 5.1 were administered in all
their levels of difficulty as follows.

e Task 1: force

Evaluates finger strength with digits 2, 3, 4, and 5 (which corresponds to the index,
middle, ring, and little fingers). The subject was instructed to exert as much force as
possible with each finger separately. They were verbally encouraged not to press any
of the other sensors with their remaining fingers to ensure isolated measurements. The
average of three attempts per finger (in kilograms) was the outcome measure.
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e Task 2: reaction time

Assess attention and reaction time, and it offers three levels of difficulty: easy, medium,
and hard. The user performed each level only once. For this task, the subject was
presented with a visual stimulus, where one of the four LEDs corresponding to the
four finger sensors would turn on. The subject was then instructed to respond as
quick as possible by pressing the sensor corresponding to the illuminated LED using
the corresponding finger. The easiest level consists of a sequence involving consecutive
fingers. The difficulty increases in the medium and hard levels by introducing more
challenging patterns with the omission and repetition of certain fingers. The outcome
measure for this task was the average reaction time of the fingers of each hand, and it
was recorded in milliseconds.

e Task 3: memory

Evaluates short-term memory at three difficulty le ve Is: easy, medium, and ha rd . The
user performed each level only once. In this task, the subject was presented with a
sequence of LED lights turning on sequentially. The sequence could be of 3, 5, and 7
elements for easy, medium, and hard levels, respectively. Once the sequence was com-
pleted, the subject was asked to recall the sequence pressing the sensors corresponding
to each finger in t he correct or der. T he outcome m easure for t his t ask was t he number
of completely correct sequences recalled by the subject.

All tasks were performed first with the dominant hand and then with the non-dominant
hand. Instructions of how to use the AMBER device and pictures of volunteers using it
are shown in Appendix B.

6.1.2.1 Motor evaluation

In addition to the assessment of the evaluation working mode of the device, we decided
to ask the same participants to perform some motor assessments to compare the results
with the device. For the motor evaluation, the assessments carried on are explained
below. This tests were administered only once, the same day as the first evaluation
session with the device. The different assessments are explained below.

e Conventional finger pinch force

To asses the pinch force, subjects were asked to produce as much force as possible
with each finger separately with an analog baseline hydraulic Pinch Gauge (MVS in
motion, Belgium) [259], in an analogous way as it was done with the device s sensors.
The average of the kilograms of force of three attempts per finger was the outcome
measure. This was performed first with each finger of the dominant hand, and then
with the fingers of the non-dominant hand.

e Hand-grip strength

Handgrip strength was assessed with a digital Jamar hydraulic hand dynamometer
[260]. Subjects were asked to produce as much full-hand grip force as possible first
with the dominant hand and then with the non-dominant hand. The average of the
kilograms of force of three attempts per hand was the outcome measure.
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¢ Fine hand dexterity

Fine manual dexterity was assessed through the Grooved Pegboard Test [261], which
consists on manipulating and inserting 25 keyhole shaped pegs into the corresponding
holes in the shortest possible time. It was carried out first with the dominant hand
and later with the non-dominant hand. The time taken to complete the test was the
outcome measure.

(a) Hydraulic Pinch (b) Jamar hydraulic hand dy- (¢) Grooved pegboard
Gauge namometer

Figure 6.1: Conventional hand motor evaluation devices used.

6.1.2.2 Neuropsychological evaluation

A neuropsychological evaluation was also carried out, first of all to rule out participants
who had mild cognitive impairment, and to compare the results of the participants with
the results obtained through the device in the reaction time and memory exercises. The
cognitive tests performed are explained below.

e Processing speed (Reaction time)

Reaction time evaluation was carried out through different computerized tasks con-
trolled by Presentation(®) software (http://www.neurobs.com) as described elsewhere
[262].The first task was the Finger Tapping (FT), used as a measure of motor function
and motor speed, providing quantitative information on slowing down of responses
[263-265]. In this task, following the Strauss application norms [263], the participants
were instructed to press the spacebar on the keyboard as fast as possible and repeatedly
with the index finger (digit 2). Five 10-seconds attempts with each hand were per-
formed. The average of response times (in milliseconds) recorded between 2 consecutive
taps was the outcome measure of this first task. The second task, called Detection, is
inspired by the SRT task of the Computerized Information Processing Testing battery
[266]. This task was used as a measure of information processing speed. It is the time
elapsed between the presentation of a stimulus and the execution of a motor response
[267]. Participants were instructed to press the left mouse button as fast as possible
when the “4” stimulus appeared in the center of the screen at varying inter-stimulus
times. Just the dominant hand was used for this task. The average time between the
appearance of the stimulus and the motor response was the outcome measure in this
task.
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Figure 6.2: Example of Detection task in Presentation software.

e Memory

Immediate and working memory was assessed through the Direct version of the
Digit Span Test from Wechsler Adult Intelligence Scale-IV (WAIS-1V) [268, 269], where
the subject, after hearing a sequence of numbers from the examiner, had to memorize
and immediately repeat the sequence out loud trying to avoid errors. The number of
completely correct sequences was the outcome measure.

Spatial and visual memory was tested through the Forward version of the Corsi
Block-Tapping Test (CBT) [270], where the subject had to memorize and tap a se-
quence of blocks in the same order that the examiner had previously taped on a subset
of nine blocks. The number of completely correct sequences was the outcome measure.

55

(a) Digit Span Test (b) Corsi Blocks Test

Figure 6.3: Conventional hand motor evaluation devices used.

In addition to these cognitive scales, other cognitive tests were performed to the par-
ticipants in the study to analyze more different correlations and to have more data for
future studies. These other cognitive scales were: MoCA, TMT (part A and part B),
Symbol Digit Modality Test, and Digit-Simbol Coding Test.

6.1.2.3 Participants

As mentioned before, we decide to perform this evaluation protocol in a group of 36
healthy subjects. Participants were recruited among personnel of the hospital, healthy
companions of patients and university students. They were included if they were adults
(> 18 years) and had neither of the following exclusion criteria:

1. Presence of cognitive impairment (Montreal Cognitive Assessment < 26 points).
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2. Known neurological diseases, motor or sensory disturbances that affect hand
strength.
3. Visual disturbances that prevent visualizing colors such as daltonism or blindness.

Thirty-six healthy individuals participated. Their demographic characteristics are
shown in Table 7.1.

. - Subjects
Characteristics (N=36)
Age (years) 43.27 + 18.52
Sex
Female / Male 17 /19
Handedness
Right / Left 31/5
MoCA (score) 28.42 £+ 1.66
Abbreviations: MoCA: Montreal Cognitive Assess-
ment

Data are presented as mean + standard deviation

Table 6.1: Socio-demographic characteristics of the participants.

The 36 participants were asked to perform the three different tasks of the device in
all their levels (strength, reaction time, and memory exercises) and the motor and
cognitive tests explained before.

6.1.3 Statistical analysis

After the evaluation of the 36 participants, the device data was extracted and the
motor and cognitive tests were scored.

Statistical analyses of the data were performed using SPSS v 25.0 software (IBM Corp.
Armond, NY). Specifically, the test-retest reliability of the device was analyzed to as-
sess the stability of the measurements over time. This analysis was carried out through
the Intraclass Correlation Coefficient (ICC) with a two-factor mixed model of average
measures and consistency agreement. 95% confidence intervals of the ICC were ob-
tained for measures of Tasks 1-3. ICCs were interpreted as < 0.5, 0.5—0.75, 0.75—0.9,
and > 0.9 for poor, moderate, good, and excellent reliability, respectively [271]. Addi-
tionally, limits of agreement were obtained by means of Bland-Altman plots, computing
the difference between test and retest against the mean of the two measurements [272].
Standard Error of Measurement (SEM) was also obtained following the formula SEM
= SD - /1 — ICC [273]. ITmportantly, for this analysis, the data of the 36 participants
were used after performing data cleaning. This cleaning consisted of eliminating outlier
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values in cases in which, for the same type of measurement of a specific subject, the
test and retest values differed by more than 100%.

Construct validity was analyzed to assess the accuracy with which the device measures
each construct in Tasks 1-3 against a known gold standard. This was done through
the Pearson correlation coefficient. Pearson’s r was interpreted as sh owing negligible,
weak, moderate, strong or very strong correlation for values 0.00-0.09, 0.10-0.39, 0.40-
0.69, 0.70-0.89, 0.90-1.00, respectively [274]. For this analysis, alpha = 0.05 was set for
statistical significance.

6.2 Results

This section shows the results of the validation study to complete the objective O4,
"to validate the reliability of the device to extract motor and cognitive variables
from the user”, analysing the results of the evaluations.

6.2.1 Evaluation measurements

The 36 participants that initially enrolled the study completed both assessment ses-
sions, with a mean interval of 6 + 1.89 days between test and retest. Missing data for
at least one task and session were present in 4 participants.

The following two tables show the measurements carried out on the first day of evalua-
tion. Table 6.2 shows the measurements relative to the strength evaluations, first with
the Device, and then with the Pinch Gauge, the hand dynamometer, and the Grooved
Pegboard test. Table 6.3 shows the measurements related to the reaction time and
memory assessments, first the ones perform with the device and then with the Presen-
tation software, the Direct version of the Digit Test from Wechsler Adult Intelligence
Scale-IV (Digits-D WAIS-IV) and the Corsi Block-Tapping Test (CBT).

In addition to these values, measurements of all device tasks were again obtained on
a second day, so that test-retest reliability can be evaluated, the data and results of
which are presented in the next section.
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Measurements day 1

Variable
Mean SD
Pinch Force - Device (kg)
Dominant side
Digit 2 4.76 1.12
Digit 3 3.13 1.19
Digit 4 2.29 1.08
Digit 5 1.37 0.76
Non-dominant side
Digit 2 3.58 1.25
Digit 3 2.99 1.06
Digit 4 1.92 0.98
Digit 5 1.88 1.16
Pinch Force - Pinch Gauge (kg)
Dominant side
Digit 2 4.71 1.22
Digit 3 4.10 1.21
Digit 4 3.11 1.15
Digit 5 1.94 0.92
Non-dominant side
Digit 2 4.32 1.29
Digit 3 4.00 1.29
Digit 4 2.82 1.17
Digit 5 1.97 0.91
Grip Strength - Dynamometer (kg)
Dominant hand 28.52 10.26
Non-dominant hand 25.38 8.98

Fine hand dexterity — Grooved Pegboard (sec)

Dominant hand 64.83 16.52
Non-dominant hand 71.26 18.07

Abbreviations: SD, standard deviation; kg, kilograms; sec, seconds.

Table 6.2: Measurements done the first day of evaluations (first part).
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Measurements day 1

Variable
Mean SD

RT — Device (msec)

Dominant side - overall 695.42 131.86
Digit 2 674.14 111.03
Digit 3 719.83 181.00
Digit 4 704.28 167.00
Digit 5 687.86 172.32

Non-dominant side - overall 689.03 140.55
Digit 2 627.97 145.18
Digit 3 668.42 185.10
Digit 4 695.75 110.17
Digit 5 762.72 171.40

RT — Presentation (msec)

Tapping
Dominant side 164.85 24.11
Non-dominant side 185.21 31.25
Mean sides 173.93 26.50

Detection 281.89 30.46

Memory — Device

Score 3.83 1.34

Memory — Digits-D WAIS-IV

Score 4.53 1.11

Memory — CBT

Score 4.47 1.16

Abbreviations: SD, standard deviation; RT, Reaction Time; sec, seconds;
msec, milliseconds; Digits-D WAIS-IV, Direct version of the Digit Test from
Wechsler Adult Intelligence Scale-IV; CBT, Corsi Block-Tapping Test.

Table 6.3: Measurements done the first day of evaluations (second part).

6.2.2 Test-retest device reliability

Reliability and SEM results for each Task and finger, are shown in Table 6.4, to test
the feasibility of the measurements of the device comparing the data obtained in two
different days of evaluations. Limits of agreement analysis is shown in Figure 6.4,
Figure 6.5 and Figure 6.6.
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Device Test (day 1) Device Test (day 2)

Variable ICC (95% CI) SEM

Mean SD Mean SD
Task 1 - Strength (kg)

Dominant side

Digit 2 4.76 1.12 3.97 1.52 0.741 (0.470-0.874)  0.570
Digit 3 3.13 1.19 3.13 1.25 0.801 (0.611-0.899)  0.531
Digit 4 2.29 1.08 2.07 1.05 0.786 (0.572-0.893)  0.500
Digit 5 1.37 0.76 1.24 0.67 0.784 (0.563-0.893)  0.353

Non-dominant side
Digit 2 3.58 1.25 3.15 1.43 0.851 (0.704-0.925)  0.483
Digit 3 2.99 1.06 2.73 1.38 0.784 (0.572-0.891)  0.493
Digit 4 1.92 0.98 1.89 1.25 0.852 (0.707-0.925)  0.377
Digit 5 1.88 1.16 1.53 1.06 0.814 (0.619-0.909)  0.500

Task 2 - RTs (msec)

Average of levels

Dominant side” 695.42 131.86 615.08 123.54 0.782 (0.568-0.890)  61.57
Digit 2 674.14 111.03 647.06 106.77 0.715 (0.441-0.855)  59.27
Digit 3 719.83 181.00 618.80 117.78 0.754 (0.518-0.875)  89.77
Digit 4 704.28 167.00 625.74 141.84 0.863 (0.728-0.931)  61.81
Digit 5 687.86 172.32 650.00 177.05 0.846 (0.696-0.922)  67.62

Non-dominant side” 689.03 140.55 657.00 136.19 0.833 (0.668-0.916)  57.44
Digit 2 627.97 145.18 649.80 99.24 0.786 (0.580-0.891)  67.16
Digit 3 668.42 185.10 669.86 135.89 0.740 (0.491-0.868)  94.38
Digit 4 695.75 110.17 675.60 118.77 0.885 (0.772-0.942)  37.36
Digit 5 762.72 171.40 700.23 151.29 0.900 (0.802-0.950)  54.20

Easy level

Dominant side” 679.39 170.43 627.76 128.54 0.707 (0.420-0.852) 92.253

Non-dominant side” 669.59 177.55 630.50 171.21 0.684 (0.373-0.840) 99.808

Medium level

Dominant side” 661.17 100.99 623.10 127.13 0.805 (0.610-0.903)  44.596

Non-dominant side” 686.97 161.49 659.59 137.94 0.718 (0.442-0.858)  85.757

Hard level

Dominant side” 756.36 130.00 657.22 126.53 0.696 (0.392-0.848) 71.677

Non-dominant side” 725.90 175.38 686.96 130.78 0.554 (0.107-0.777) 117.124
Task 3 - Memory

Score 3.83 1.34 4.53 1.23 0.774 (0.556-0.885)  0.637

Abbreviations: SD, standard deviation; kg, kilograms; RT, Reaction Time; msec, milliseconds; ICC,
Intraclass Correlation Coefficient; CI, confidence interval; SEM, standard error of measurement.
* Overall.
Table 6.4: Measurements done the first day (test) and the second day (retest) of
evaluations.
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Plots in Figures 6.4, 6.5 and 6.6 show the difference between test and retest against
the mean of the two days, for strength (data in kilograms), reaction times (data in
milliseconds) and memory (score), respectively. The mean difference (solid black line)
and upper and lower limits for a 95% confidence interval (dashed blue lines) are shown.
Each dot represents a single participant.

As shown in table 6.4, in Task 1 (strength), ICC = 0.741-0.852 showed moderate to
good test-retest reliability. The device was slightly more reliable with the non-dominant
than the dominant hand (ICC = 0.784-0.852 vs ICC = 0.741-0.801, respectively).
Accordingly, SEM was higher for the dominant hand compared to the non-dominant
side (SEM = 0.353-0.570 kg vs SEM = 0.377-0.500 kg, respectively). As can be seen in
Figure 6.4, most of the participants are within the limits of the 95% confidence interval,
so the limit of agreement was considered satisfactory.
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Figure 6.4: Bland-Altman plots for finger strength. Panels A-D and E-H show the
finger strength of the dominant and non-dominant hand, respectively.

In Task 2 (reaction time), ICC = 0.715 — 0.90 showed moderate to good test-retest re-
liability. In this case, the device was also slightly more reliable with the non-dominant
than the dominant hand (ICC = 0.74-0.90 vs ICC = 0.715-0.863, respectively). Ac-
cordingly, SEM was higher for the dominant hand compared to the non-dominant side
(SEM = 0.059-0.090 sec vs SEM = 0.037-0.094 kg, respectively). The 95% confidence
interval was also considered satisfactory in this case, since, as can be seen in Figure
6.5, the values of almost all the participants are within this range.
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Figure 6.5: Bland-Altman plots for RTs. Panels A-D and E-H show the dominant and
non-dominant hand respectively, for each of the levels (easy, medium and hard) and
for the average of the three levels.

In Task 3 (memory), ICC = 0.774 showed good test-retest reliability. As seen in
Figure 6.6, in this case also the values of the majority of the participants are within
the established 95% confidence interval.
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Figure 6.6: Bland-Altman plot for memory.
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6.2.3 Motor validation

In addition to the test-retest reliability study, motor data were analyzed through two
more different strategies. First, a construct validity analysis to correlate the finger
strength measured by the device to the finger strength measured by pinch guage as a
"gold standard”. Secondly, a criterion and convergent analysis to correlate the
strength measurements done by the devices and to the fine manual dexterity measured
by the Grooved Pegboard test, respectively.

6.2.3.1 Construct validity

Correlation analysis between each Task and conventional evaluation of finger pinch
force are shown in Table 6.5.

The finger Pinch Gauge used in this project is an analogue hydraulic Pinch Gauge,
whose operation is based on a hydraulic principle to measure the applied force. Its
measurements are presented by means of a measurement scale in kilograms, with half-
kilogram increments between each graduated mark.

In Task 1 (strength), the device showed moderate to strong correlations with its pinch
force counterparts (Pearson’s r range: 0.563 to 0.781, all P-value < 0.001). Compara-
ble correlations between the device and pinch force were found across fingers in each
hand, and in finger pairs (i.e., index-index) across hands.

Pinch Gauge

Device
Pearson’s r P-value
Dominant side
Digit 2 0.766 < 0.001
Digit 3 0.597 < 0.001
Digit 4 0.563 0.001
Digit 5 0.671 < 0.001
Non-dominant side
Digit 2 0.781 < 0.001
Digit 3 0.648 < 0.001
Digit 4 0.744 < 0.001
Digit 5 0.756 < 0.001

Table 6.5: Correlation results of the force measured by Device and the Pinch Gauge.

The following images show the correlation matrix of the measurements of the AMBER
Device and the Pinch Gauge, differentiating by finger, both for the dominant and
non-dominant hand.
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6.2.3.2 Criterion and convergent validity
Criterion validity

Finger strength measurements done by the devices were correlated to hand grip strength
measure by an hydraulic hand dynamometer, both ways to measure gross manual dex-
terity, one through individual finger strength and the other through whole-hand grip
strength.

Device Dynamometry
Pearson’s r P-value
Dominant hand 0.159 0.410

(overall strength)

Non-dominant hand 0.597 0.001
(overall strength)

Table 6.6: Correlation results between strength measures done with device and dy-
namometry test.

In Task 1 (strength), the device showed a moderate correlation analyzing the validity
of criteria when comparing the finger strength tasks of the device with a similar but
different construct such as grip strength measured with a dynamometer.
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Convergent validity

Finger strength measurements done by the devices were correlated in this case to
measurements of fine manual dexterity through the Grooved Pegboard Test.

Device Grooved Pegboard

Pearson’s r P-value

Dominant hand 0.597 0.001
(overall strength)

Non-dominant hand 0.298 0.116
(overall strength)

Table 6.7: Correlation results between strength measures done with device and Grooved
Peghoard Test.

In Task 1 (strength), no convergent validity was found when comparing the measure-
ments of the device with the final manual dexterity task of the Grooved Pegboard,
being totally different and conceptually distant constructs.
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6.2.4 Cognitive validation

6.2.4.1 Construct validity

In Task 2 (reaction time), the device showed weak to strong correlations with the
computerized finger tapping, varying with respect to the level of difficulty of the task,
obtaining higher correlations as the difficulty of the exercise increases (Pearson’s r
range: 0.383 to 0.702, all P-value < 0.05). Comparable correlations were found be-
tween the device and the detection task, higher correlations were seen comparing the
hardest level of the device and also comparing the average value of all the 3 difficulty
levels of the task for both hands with the computerized task.

Device Tapping Detection

Pearson’s r P-value Pearson’sr P-value

Average of levels

Dominant side” 0.592 < 0.001 0.373 0.025
Non-dominant side” 0.649 < 0.001 - -
Easy Level

Dominant side” 0.383 0.021 0.138 0.422
Non-dominant side” 0.444 0.007 - -

Medium Level

Dominant side” 0.447 0.006 0.334 0.006
Non-dominant side” 0426 < 0.001 - -
Hard Level

Dominant side” 0592  <0.001 0422  <0.001
Non-dominant side” 0.702 < 0.001 - -

* Overall.

Table 6.8: Correlation results of the reaction times measured by device and the Pre-
sentation software: Tapping and Detection.

In Task 3 (memory), the device showed moderate correlations with the direct version
of the Digit test from WAIS-IV (Pearson’s r: 0.637, P-value < 0.001). To calculate
this correlation, since the memory exercise of the device has 3 levels of difficulty with
memorization of sequences of 3, 5 and 7 digits, we used a subscore of the Digits test,
comprising only the sequences of 3, 5 and 7 digits among all those in the test. On
the other hand, the Task 3 of the device showed a weak correlation with the forward
version of the Corsi Block-Tapping Test (CBT), which was not statistically significant
(Pearson’s r: 0.236, P-value = 0.116).
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Memory Digits-WAIS CBT
Pearson’s r P-value Pearson’sr P-value
Score 0.637 < 0.001 0.236 0.166

Abbreviations: WAIS, Wechsler Adult Intelligence Scale; CBT,
Corsi Block-Tapping Test.

Table 6.9: Correlation results of the Memory scores measured by device and the Direct
version of the Digit Test from WAIS-IV, and also the Forward version of the CBT.

6.2.4.2 Other cognitive analysis

The cognitive variables related to reaction times and memory analyzed in the previous
subsection were analyzed first as they were the most similar to the device exercises.
The analyses of the other cognitive variables are shown in the following tables. To do
this, tasks whose results are the execution time of the task will be separated from tasks
whose results are the score obtained.

) TMT-A TMT-B
Device
Pearson’s r P-value Pearson’sr P-value
Dominant hand — overall RT 0.421 0.011 0.572 < 0.001
Non-dominant hand - overall RT 0.434 0.008 0.439 0.007

Abbreviations: TMT, trial making test.

Table 6.10: Correlation results between reaction times measured by device and cogni-
tive tests related: TMT-A and TMT-B.

In Task 2 (reaction time), moderate correlation was found between the mean value of
reaction times of the right and left hand, with respect to the time taken to perform
the TMT-A and TMT-B tasks, with better correlation with TMT-B. This results are
shown in Table 6.10.

. Stroop W Stroop C Stroop WC
Device
Pearson’s r P-value Pearson’sr P-value Pearson’sr P-value
Memory Score - 0.430 0.009 0.376 0.024 0.404 0.014
Test
Memory Score - 0.564 0.000 0.522 0.001 0.392 0.018
Retest

Abbreviations: W, Words; C, Colors; WC, Words-Colors.

Table 6.11: Correlation results between memory scores measured by the device and
related cognitive tests.
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) Stroop Interferece SDMT DSCT
Device
Pearson’s r P-value Pearson’sr P-value Pearson’sr P-value
Memory Score - 0.279 0.099 0.344 0.040 0.390 0.019
Test
Memory Score - 0.078 0.649 0.391 0.018 0.520 0.001
Retest

Abbreviations: SDMT, Symbol Digit Modality Test; DSCT, Digit-Symbol Coding
Test.

Table 6.12: Correlation results between memory scores measured by the device
and more related cognitive tests.

In Task 3 (memory), weak and moderate correlations were found in different
convergent validity analysis between the memory scores of the device, and different
cognitive test related: Stroop, SDMT and DSCT. This results are shown in Table
6.11 and Table 6.12.

6.3 Discussion

Once the device and its tasks had been developed, meeting the objective O4, "to
vali-date the reliability of the device to extract motor and cognitive variables
from the user”. For this validation, a protocol was design and established with a group
of healthy adult volunteers to assess the technical capabilities and reliability of
the device as a motor and cognitive assessment tool. These subjects
participated in two testing sessions on different days. On the first day they used the
AMBER device and all the different tasks and levels it contains, as well as
performing a series of motor and cognitive assessments with which to compare the
data. On the second day they used only the AMBER device, so that the test-
retest reliability of the device could be analyzed.

After in-depth analysis, the device demonstrates technical capabilities that allow
the desired assessments to be made with minimal error at steady state. In addition,
the accuracy of their mode of assessment was thoroughly tested. It can measure the
precise force exerted with each finger and can provide an assessment of various
cognitive functions that could be used to assess processing speed, attention, and
memory. The Test-Retest reliability for the three measures (strength, reaction
time and memory) shows moderate to good results. The results of this preliminary
study conducted with healthy subjects are discussed below.

6.3.1 Strength

Strength measurements of each finger were performed with the AMBER device on
two different days to analyze Test-Retest reliability. In addition, on the first day of
measurements, other gross force measurements of each finger were made with the
Pinch Gauge as the gold standard, hand grip strength with the dynamometer, and
fine manual dexterity measurements through the grooved test.
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In the first place, it is observed how the measurements of the strength of each finger
show the same tendency, both measured with AMBER and with the Pinch Gauge.
The finger that exerts greater force is digit 2, followed by digit 3, then digit 4, and
the finger that exerts less force is digit 5. Furthermore, this trend is shown for both
the dominant and non-dominant hands. These results are in line with those of other
studies, such as [275], where regardless of gender and age, the finger that performs the
greatest force is digit 2, followed by digit 3, digit 4, finally the one that exerts the least
force is digit 5.

Regarding the test-retest analyses, strength measures show good reliability for 7 of
the 8 fingers, where intraclass correlation reliability coefficients were high (> 0.75)
except for the digit 2 of the dominant hand (with an ICC = 0.741). The reason behind
this lower reliability is likely attributed to the notably higher strength values recorded
for the dominant hand’s digit 2 on the first day compared to the second day. This
discrepancy is possibly due to the testing protocol, where all evaluations began with
the digit 2 first, followed sequentially by the other fingers, without providing the option
of a first familiarization trial. Subjects, when confronted with this new device, might
have felt uncomfortable during the initial grasp of the device with their digit 2. Several
of them commented that they found it more comfortable to perform the exercises on
the second day. In addition, the evaluated person observed how the subjects took
longer to adjust the device to their size on the first day and how sometimes the device
even slipped out of their hands, something that only happened on the second day. This
discomfort in the grip may have been the reason why they did not exert force in the
same way on both days. However, as they progressed to the second day, familiarization
with the grip of the device and the specific way they needed to press each finger may
have led to more consistent force measurements for finger 2. In addition, the need
for familiarization may also be the reason why the correlation has better results with
the dominant hand than with the non-dominant hand, since the exercises were always
performed first with the dominant side.

In terms of correlation analysis, the correlation between AMBER’s measured finger
strength and her ”gold standard” Pinch Gauge showed a moderate to good correlation
(Pearson’s r range: 0.563 to 0.781), with the finger with the least correlation was digit
4 of the dominant hand and those with the highest correlation were digit 2 of the
dominant and non-dominant hand. This may also be due to the fact that they need
to familiarize themselves with the device, since the subjects showed greater problems
when grasping both instruments with the digits 4 and 5 (ring and little finger) than
with the rest, and also due to the weakness of the fingers. digits 4 and 5 when grabbing
an object, as demonstrated by [276].

On the other hand, the correlation of the force values of each finger measured with
the AMBER device and the value of grip force measured with the dynamometer was
analyzed. The mean strength values for each finger of each hand show a moderate
correlation with the grip strength of each hand. In addition, it can be seen how a very
similar relationship is maintained between the correlation of the individual strength of
each finger with respect to the grip of that hand, and the correlation between AMBER
and the Pinch Gauge (where the finger with the least correlation is the digit 4 of
the dominant hand and those with the highest correlation being the digit 2 of the
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dominant and non-dominant hand), which demonstrates the consistency of AMBER’s
measurements.

However, no convergent validity was found when comparing device measurements with
the final Grooved Pegboard manual dexterity task. This fits the purpose of the de-
vice, as AMBER performs gross force measurements, such as the Pinch Gauge and
dynamometer, while the Grooved Pegboard test measures ultimate manual dexterity,
an entirely different and conceptually distant construct.

6.3.2 Processing speed (reaction time)

In terms of the reliability of reaction times, there is a moderate to good correlation be-
tween the test and retest results. To calculate this correlation, we averaged the reaction
times of each finger at each level of difficulty. Reaction time is a measure of how quickly
our brain processes information and responds to it. It includes several components,
such as the time it takes to detect a stimulus and the time it takes to produce a motor
response. In between, there are complex cognitive processes that happen in a graded
manner. The simplest task is the finger tapping task, where no cognitive processing is
involved. This task allows us to directly evaluate motor skills. Our device has not a
directly equivalent task. In more complex tasks, participants need to detect a stimulus
and respond to it while sensory and motor components interact. Lastly, in tasks where
the response is done with just one finger while inhibiting the rest, inhibitory control is
expected to be involved. This complex process is expected to be the most similar to
the second task of our device. For the analysis of the results of the assessment with
the device, we did not differentiate the finger that executed the response. This is be-
cause we cannot control the different motor control capabilities of each finger, as they
largely depend on individual differences among participants. Among the three levels
of difficulty, the medium level demonstrates the highest reliability (ICC = 0.805 with
the dominant hand and ICC = 0.718 with the non-dominant hand). While one might
assume that the reliability would decrease as the level of difficulty increases, in this
case, the easiest level actually exhibits lower reliability than the medium level. This
could be attributed to the fact that subjects didn’t undergo any training trial, and the
easy level helps them understand the exercise dynamics better. Regarding the hardest
level, the lower reliability could be due to a greater increase in difficulty than intended,
leading subjects to face a more challenging task compared to the transition from the
first level to the second. Furthermore, at all difficulty levels, a decrease in reaction
time is observed during the retest compared to the initial test. This suggests that
subjects become more familiar with and learn the exercises over time during the first
assessment. Regarding the correlation with the computerized evaluation of reaction
times, it is worth specifying the two reaction time constructs we used: tapping, which
is a simple motor task with no cognitive processing involved, and detection, a complex
cognitive task involving sensory and motor elements. We only evaluated the detec-
tion construct using the dominant hand, as assessing the non-dominant hand could
introduce unexpected motor variables due to the ease of using the computer mouse.

Overall, we observed significant positive correlations between the device’s measure-
ments and both tapping and detection reaction times. On the dominant side, the de-
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vice’s measurements showed a moderately strong correlation with tapping (Pearson’s
r range: 0.383 to 0.592) and a relatively weaker correlation with detection (Pearson’s r
range: 0.138 to 0.422). These correlations were statistically significant for all difficulty
levels. On the non-dominant side, we also observed significant positive correlations
between the device’s measurements and tapping (Pearson’s r range: 0.426 to 0.702).

Regarding the different levels of difficulty, the correlations remained consistent with
the overall trend. At the easy level, the device’s measurements exhibited a moderate
correlation with tapping on both dominant and non-dominant sides. However, for the
detection task, the correlations were weaker and non-significant, which suggests that
the device’s measurements might be more reflective of simple motor tasks rather than
complex cognitive tasks at this level.

Moving to the medium level, the correlations between the device’s measurements and
tapping were statistically significant on both dominant and non-dominant sides. The
same occurred for the detection task. The strength of the correlations increased com-
pared to the easy level, indicating that the device’s measurements captured variations
in both simple motor tasks and complex cognitive tasks more effectively at this level.

At the hard level, the correlations between the device’s measurements and tapping on
both sides were strong and statistically significant. The correlation with the detection
task was also better than at the moderate level.

In summary, the results suggest that our device’s capability to measure reaction times
is positively correlated with both tapping (simple motor task) and detection (complex
cognitive task) across different difficulty levels. The device appears to be more sensitive
to simple motor tasks’ reaction time overall and shows stronger correlations compared
to complex cognitive tasks, especially at easier levels. These findings may reflect that
the response to easiest levels is done in an automatic manner, similarly to the tapping
paradigm in computerized evaluation, as the cadence of appearance of the stimulus is
constant, so the activation of complex cognitive processes is not needed. When more
complex sequences are presented, the reaction times increase. The poorer correlation
might be justified by the fact that the stimulus presentation in the computerized de-
tection task is variable, whereas in our device, it is done at a regular frequency, just
varying the location of the stimuli.

6.3.3 Memory

Memory exercises of the device show good reliability and demonstrates a strong positive
correlation when compared to conventional evaluations as a subscore of the direct
version of the Digit test from WAIS-IV, despite the auditive learning paradigm used in
that test. Our device utilizes different stimulus locations that need to be memorized,
leading us to also employ the forward version of the CBT for comparison. However,
the correlation with CBT was not statistically significant (Pearson’s r: 0.236, P-value
= 0.116). This lack of significance may be attributed to the fact that fingers are often
associated with numerical symbols, and their memorization might be following the
phonologic learning pathway, similar to the digits test, rather than the CBT.



7. Objective 5: Determine the usa-
bility of the device by therapists
specialized in rehabilitation

This chapter reflects the usability study carried out among therapists specialized in
stroke rehabilitation and the healthy volunteers participating in the validation process.

7.1 Methods

To proceed with the usability study of the new device developed during this project, we
performed two different types of usability studies: one focused on therapists specialized

in stroke rehabilitation, and other focused on the healthy volunteers who used the

device for the validation. Both studies served to obtain the opinion and feedback, on

firstly from rehabilitation specialists who could give us a realistic opinion about the

clinic utility of this device, and secondly from users who, although they were not the

end user profile, used the device the same way that a patient would. This allowed them

to share their experience using the device in terms of complexity of use and ergonomics,
as in other studies evaluating the usability of new assessment and rehabilitation
tools through therapists and healthy subjects [277, 278]. As highlighted in these studies,
evaluating rehabilitation or assessment devices through the interaction of healthy users
and specialists is an approach that allows for a thorough evaluation of the clinical utility
and ergonomics of the device. For this reason, therapists are sought to provide a realistic
perspective on clinical applicability, while volunteers provided feedback on the complexity
of use and ergonomics of the device.

7.1.1 Usability study with stroke therapists

The main objective of the usability study carried out with specialized rehabilitation
therapists was to know if they consider this device is useful for the evaluation and
rehabilitation of stroke patients.

To do this, a group of 16 therapists from Hospital Beata Maria Ana (Madrid)
were recruited, including physiotherapists, neuropsychologists, occupational therapists
and neurologists, all of them specialized in treating stroke patients.

The following table shows the characteristics of the participants.
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Participant Age Speciality  Years of FAM Use of
(range) EXP with tech.

(range) tech. devices

devices in clinic
P1 18-29 Neurophysio. 1-5 3/10 8/10
P2 40-49 Neurophysio. ~ 16-20 9/10 7/10

and OT
P3 30-39 oT 6-10 9/10 8/10
P4 40-49 Neuropsychol  16-20 6/10 7/10
P5 30-39 Physio. 1-5 5/10 5/10
and OT

P6 30-39 Neuropsychol.  1-5 7/10 5/10
p7 18-29 Neurophysio 1-5 7/10 4/10
PS 18-29 OT 1-5 9/10 8/10
P9 18-29 Neurology 1-5 8/10 8/10
P10 40-49 Physiotherapy 21-25 10/10 6/10
P11 40-49 Neuropsychol.  21-25 7/10 8/10
P12 30-39 oT 6-10 8/10 8/10
P13 30-39 Neurophysio.  6-10 7/10 7/10

Abreviations: EXP, Experience; FAM, Familiarization; Tech., Technological; Neurophysio., Neu-
rological Physiotherapy; Physio., Physiotherapy; NeuroRHB, Neurorehabilitation; OT, Occupa-
tional Therapy; Neuropsychol., Neuropsycholpgy
Data in columns 5 and 6 are represented on a rating scale out of 10, where 10 represents the
maximum value and 0 the minimum value.

Table 7.1: Characteristics of the participants.

Firstly, they were given a presentation of the objectives of this project and a demons-
tration of the device, in which they were able to see the operation of the device in real
time and take it with their own hands. After this, an open discussion session was held
in which the therapists gave their free opinion about the device, which was comple-
mented by completing a survey. This survey aimed to know, first of all, the experience
of these therapists with the use of new technologies in the clinic. But specially, to
know if they found the use of this device useful and beneficial, for which patient profile
they considered it most suitable, and to know their feedback regarding the ergonomy,
as well as their opinion about the operation of the exercises and the associated web
page, especially in terms of its complexity and convenience, in order to be able to make
improvements in its development as future lines of this project.
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The specific questions that were asked in the survey were the following:

How old are you?
What is your clinical specialty?
How many years of experience do you have working in that specialty?

How familiar are you with the use of devices and new technologies in the clinical
setting?

How do you feel about using devices in clinic?

How often do you use medical devices and new technologies with patients?
Are you satisfied with the functionality of the device?

What level of complexity have you found in use?

Have you met your expectations?

Do you think it would be useful for your stroke patients?

Would you use this device in the clinic?

Would you recommend the use of this device to other specialists?

Would you recommend the use of this device to patients for home use?

For what type of patients do you think this device would be most useful and
beneficial?

What do you think of the size and weight of the device?

What do you think of the quality of the device in terms of materials?
What do you think of the ergonomics of the device?

What do you think of the device evaluation form?

What do you think of the device’s training exercises?

What do you think of the visualization of the results?

What do you like most about using this device?

What would you like this device to do that it doesn’t?

What limitation(s) do you find on the device?

In your opinion, what aspects of this product could be improved?
If you could change anything about this device, what would it be?

Overall, what would you rate this device for use by stroke patients?
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7.1.2 Usability study with healthy volunteers

The main objective of the usability study carried out with the healthy volunteers with
whom the device was validated was to know how complex its use had been for them
and whether they found it responsive to its interaction.

To this end, after the second evaluation session with the device, all participants were
asked to answer a short survey. The specific questions asked were the following:

e What do you consider to be your dominant hand?
e What is your age range?
e How easy and comfortable was it to hold the device with your dominant hand?

e How easy and comfortable was it to grip the device with your NON-dominant

hand?
e How complex was it for you to understand how the exercises work?
e Did the sensors on each finger seem to sensitively reflect the force you exerted?
e How difficult were the reaction speed exercises for you?
e How difficult were the memory exercises for you?

e Would you recommend its use to a family member with brain damage or altera-
tions in hand motor function?

e Could you give us any suggestions or recommendations to improve the function-
ality of the device?

7.2 Results

7.2.1 Results from stroke therapists

Among the 16 participants, 13 of them answered the survey. In addition to the survey,
an open discussion was held to get more ideas from the participants.

All the participants are specialized in treating stroke patients: 3 of them were neu-
ropsychologists, 1 a neurologist, 4 occupational therapists, 4 physiotherapists, and 1
occupational therapist and physiotherapist. Most of them are quite familiar and com-
fortable with using devices and new technologies in the clinical setting.

They rated satisfaction with the functionality of the device with an average of 6.23
points out of a maximum of 10. They rated the complexity of using the device with
an average of 4.31 out of a maximum of 10. After the explanation of the objectives
of the project, the demonstration of the operation of the device met the expectations
of most specialists, valuing it with a 6.07, with 10 being the highest score, exceeding
expectations. 76.9% of those surveyed stated that they would use the device in the clinic
and would recommend its use to other specialists, while 92.3% would also recommend
its use at home.
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Regarding its application in stroke patients, opinions varied significantly. On a scale
where 10 signified extreme useful and 0 indicated no useful at all, the average value
score was 5.46 out of 10 for those with stroke, with the most frequent rating being
7 out of 10, chosen by 5 of the 13 respondents. The lowest scores were given by
the specialists who most missed the inclusion of the thumb in the device and asked
ergonomic improvements.

After these questions, they were asked for what type of patients they considered the
use of this device most convenient and beneficial. The responses were very diverse but
are summarized below:

e Musculoskeletal pathology of the wrist-hand.

e Alzheimer disease.

e Stroke but with high functioning.

e Acquired brain damage, with high functionality / mild hemiparesis.
e Cognitive impairment, dementia.

e Patients with attention problems.

e Peripheral neuropathies.

e Trauma conditions of the hand.

e Rheumatology.
Regarding the design characteristics of the device, half of those surveyed rated its size
as adequate, while the other half found it somewhat large in size. The weight and

quality of the materials were suitable for all therapists. However, everyone pointed out
the need to improve ergonomics to facilitate grip and wrist position.

Regarding the way of evaluating the device, everyone considered the exercises adequate.
The same thing happened with the training mode exercises. Visualization of the results
was simple and comfortable for all therapists.

Finally, therapists were asked to give free responses about the limitations of the device
and aspects that they would improve and add.

Limitations they observed:

e Non-inclusion of the thumb.

Position of the LEDs (difficult to see depending on the type of grip).

e Ergonomics could be improved (especially due to wrist position).

Difficulty for the patient to start tasks when having to access a website.
e Big size.
Characteristics they would incorporate into the device:

e Sensitive feedback.
e Auditory feedback.
e More difficulty levels.
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Objective 5

Record grip strength of the overall hand, not just the fingers.
That can be used without the need for a website.

Inclusion of the thumb.

Be able to ignore specific fingers.

Inclusion of a strap or a base or support so that the position is fixed and the grip
more stable.

they were asked to indicate the aspect they liked most about the device:

Portable.

Home rehabilitation.
Fasy to use.
Gamification.

Feedback for the patient.
Economic.

Levels of complexity.

Combination of motor and cognitive aspects.

In general, and only thinking about stroke patients, therapists rated the device 5.7 out

of 10

as a tool for evaluating and training stroke patients.

After the final open discussion with the stroke specialists, different clinical characte-
ristics were extracted that would fit the end user profile with Acquired Brain Injury
(AIB) for the use of the AMBER device:

Preservation of Cognitive Abilities: Patients should have a relatively intact
visual memory to memorize and reproduce the light sequences.

Appropriate Fine Motor Level: They must have mild motor impairment,
which allows them to make precise movements to adjust their fingers and respond
to the lights emitted by the device. Sufficient dexterity to interact with the
sensors is essential to reproduce the sequences.

Tolerance of Lack of Thumb Support and Wrist Control: Despite the
lack of thumb support and the requirement for wrist motor control, patients with
minimal involvement in these areas may adapt better to the device. Having some
ability to perform pincer movements with the fingers without a specific thumb
support would be beneficial.

Muscle Tone: Patients with moderate or controllable muscle tone may be better
suited to use the device. Although the device evaluates and strengthens the clamp
force in the distal interphalangeal areas, it is essential that patients have muscle
tone that allows them to interact with precision and control in these areas without
presenting excessive spastic or rigid muscle tone, which could make it difficult the
execution of tasks.
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e Transfer to ADL: Although the device focuses on specific motor and cognitive
training, it is essential to evaluate how these acquired skills can be transferred to
everyday tasks. Patients who can generalize the skills developed with the device
to ADL, such as grasping objects, performing precise movements when dressing
or feeding, will have greater therapeutic benefit.

These clinical criteria would make it difficult for most of post-stroke patients to access
the device. For this reason, it was suggested to also test the device in other pathologies,
such as peripheral neuropathies of the upper limb, rehabilitation after fracture of the
distal third of the radio-ulnar or carpus, patients with distal involvement of the upper
limb due to rheumatic pathology, among others.

7.2.2 Results from healthy volunteers

Among the 36 participants, 23 of them answered the survey. Of all those surveyed,
90.9% found the device easy or very easy to grab while using it with their dominant
hand. On the other side, with the non-dominant hand the percentage decreased to
54.5%, with 4.5% of them finding it difficult to grasp, as shown in Figure 7.1.

Dominant hand Non-dominant hand

@ Very easy
@ Easy

© Medium

@ Difficult

@® Very difficult

Figure 7.1: How easy it was for the volunteers to grasp the device with their dominant
hand (left graph) and non-dominant hand (right graph).

Regarding understanding the functioning of the device, Figure 7.2 shows that 95.4% of
the volunteers found it easy or very easy to understand how the device and its exercises
work.

About the difficulty on the performance of the exercises, Figure 7.2 that 31.8% of the
users did not find t he r eaction s peed e xercises ( exercise 2 ) d ifficult at all , while the

remaining 68.2% found them easy. And with respect to the memory exercises, 9.1%

found them quite difficult, 72 .7% fo und th em so mewhat di fficult, and the remaining

9.1% found them easy.

Furthermore, all participants thought that the device was reasonably accurate with
respect to the force they were doing, as shown in Figure 7.4.

Finally, 81.8% stated with certainty that they would recommend the use of this device
to a family member with stroke, and no volunteer rejected it.
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63,6%

@ Very easy
@ Easy

@ Medium

@ Difficult

@ Very difficult

Figure 7.2: How complex it was for the volunteers to understand how the device and
the exercises work.

Reaction time exercises Memory exercises
@ Easy

® Somewhat difficult
© Difficult

Figure 7.3: How difficult it was for the volunteers to perform the Reaction Time (graph
on the left) and Memory (graph on the right) exercises.

@ Nothing
@® Something
@ Fairly

® Alot

Figure 7.4: Accuracy/sensitivity perception of the device by the users.

In addition to these questions, the volunteers were asked for possible suggestions or
recommendations that could improve their user experience with the device, from which
the following suggestions were obtained:

e Create a position for the thumb.
e Ergonomics adjustments to improve grip comfort.

e Sound effects apart from lighting.
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7.3 Discussion

Overall, the results suggest a positive perception of the device, although they also
highlight significant areas for improvement.

The average satisfaction score with the functionality of the device, given by the thera-
pists, was 6.23 out of 10, indicating a moderate level of acceptance. This assessment,
together with the fact that 76.9% of respondents stated that they would use the device
in the clinic and recommend it to other specialists, suggests a perceived usefulness of
the device in the professional setting. However, the diversity of opinions regarding the
inclusion of the thumb and the necessary ergonomic improvements highlight the impor-
tance of considering comfort and physical functionality in the design of rehabilitation
devices.

When comparing these results with usability studies of other rehabilitation devices
reported in the literature, it is observed that the inclusion of the opinion of both
patients and therapists is relatively uncommon, which adds value to our study due
to its holistic approach. For example, many devices focus exclusively on functionality
without considering ergonomic aspects or the ultimate functionality of all fingers, which
is crucial for a wide range of movements and daily tasks. The survey results also
indicate that the device is considered more suitable for a wide spectrum of pathologies.
Not only for post-stroke patients, but also for those with peripheral neuropathies,
traumatic hand conditions, and rheumatic pathologies, among others. This diversity
in potential application underscores the wide range of situations in which its use is
proposed, outperforming many reviewed devices that are limited to specific conditions.

Regarding the inclusion of the thumb, feedback suggests that it is a fundamental aspect
missing from our device, which is consistent with literature pointing to the importance
of the thumb in performing precision and grip tasks. Comparison with existing de-
vices shows that few effectively include the thumb in their designs, highlighting an
opportunity for improvement and differentiation for our device.

To conclude, the results of the usability surveys indicate an overall positive percep-
tion of the device, with clear potential for its application in various clinical contexts.
However, the areas identified for improvement, especially in terms of ergonomics and
thumb inclusion, are critical to maximizing its usefulness and acceptance among end
users. Comparison with other devices in the literature highlights both strengths and
opportunities for improvement for our device, underscoring the importance of a design
that considers both functionality and user comfort.



8. General discussion

The main objective of this thesis was to present a new device for hand motor and
cognitive evaluation and rehabilitation, throughout its design, development, and vali-
dation. This device was designed targeting individuals with neurological impairments
and specifically stroke, so it underwent a comprehensive evaluation process in line with
the specified requirements, taking into consideration its intended application, human
factors as handedness, and potential future clinical use.

First of all, a literature search was conducted for current technological devices used for
diagnostic and therapeutic purposes of both hand and cognitive function as part of this
thesis’s state-of-the-art review. It was found that none of these devices are designed
to train cognitive and motor functions simultaneously, reinforcing the relevance of
developing and utilizing a device that integrates both dimensions. Additionally, most
of today’s devices do not allow for continuous data recording and storage or remote
access to these data, which is essential for monitoring the status and progress of the
user. The existing devices are often large, heavy, expensive, and challenging to use,
limiting access for many patients. This issue is particularly important among patients
living in rural areas or without rehabilitation facilities near their homes. In situations
such as the recent Covid-19 pandemic, accessing a hospital for rehabilitation sessions
was a significant challenge and devices like this would have been very useful.

Following an exhaustive search of the evidence concerning the impact of hand reha-
bilitation on cognition in stroke patients, a systematic review was conducted as part
of Objective 1 of this thesis (shown in Chapter 3), “to review and quantitatively syn-
thesize the evidence regarding the impact of hand RHB on cognition post-stroke”. It
revealed a significant relationship between hand motor interventions and cognitive out-
comes in stroke cases, strength and robot-assisted types of training seemed to be the
most effective interventions to enhance global cognition post-stroke. These results are
in line with studies showing that hand grip training and grip strength are tightly re-
lated to global cognition in healthy old adults. In the case of stroke rehabilitation, grip
force control may be a direct result of cognitive adaptations during task learning and
reflect sensory-motor network changes. Cognitive improvements in hand rehabilitation
can be expected to happen mainly on the central executive network.

The results of this systematic review highlight the importance of considering the cli-
nical effects than hand motor interventions may have beyond purely physical aspects
and underscore the importance of considering rehabilitative interventions that simul-
taneously address motor and cognitive aspects. These results confirm our hypothesis
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that there is evidence demonstrating a correlation between hand rehabilitation and
cognitive improvement in patients who have suffered a stroke.

However, some limitations were also pointed about this Systematic Review, one of the
most relevant was the limitation for quantitative synthesis of domain-specific cognitive
effects due to the diversity of evaluation tools used.

Regarding participant characteristics, heterogeneous cognitive levels at baseline were
found across studies, with at least some subgroups of individuals with stroke presenting
mild cognitive impairment, which may impede direct translation of the results into
clinical practice.

After those findings, while meeting the Objective 2 of this thesis (in Chapter 4), ”de-
sign a portable device capable of gathering data from the interaction with the patient’s
hand through sensors and colorful light stimuli”, a new device was designed with spe-
cial attention to the requirements identified by an expert forum. Among the device
requirements identified, it needed to be small, portable, light, economical, and easy
to use, so that patients could operate it independently from home without help, as
well as from the clinic with a therapist. Furthermore, the design should be simple but
adaptable for different user profiles (i.e., patients with larger and smaller hands), so
that a single device can be useful for all patients. The device should allow for motor
and cognitive training in a motivating way for the user and ideally enable therapists
to monitor patient progress remotely.

Following these desired specifications, the device was designed with an innovative focus
on sensory interaction and light stimulation, thanks to different electronic components
such as pressure sensors and LEDs connected to a microprocessor. Its electronic com-
ponents successfully allowed the designed device to be relatively small and constructed
in an affordable ergonomic structure capable of effectively capture data from the user’s
interaction with the device. Moreover, its adaptability and usability focus make it
particularly suitable for personalized rehabilitation, crucial in the recovery of stroke
patients.

However, the type of battery used was found to be a susceptible of improvement, since
its limited battery charge may restrict its extensive use, often necessitating connection
to a power source for prolonged usage. Additionally, the absence of a specific place
and sensor for the thumb (first digit) was identified as a drawback, since many daily
activities heavily rely on the use of this finger, its exclusion may limit the device’s full
potential in interactions with users.

The tasks designed for the device as part of Objective 3 (in Chapter 5) were focused
in the evaluation and training of motor and cognitive variables through the user’s
interaction with the device, taking full advantage of the hardware design (in Chapter 4),
and aligning with the findings of Objective 1. Various exercises and levels of difficulty
were designed, focusing on both motor and cognitive aspects, and two operating modes
were developed to fulfill the purpose of this device: a training mode and an evaluation
mode. This unique device was designed to be used both in training sessions and for
the evaluation of the patient’s status, so it would allow to be used in different phases of
the patient’s recovery thanks to its various difficulty levels. These tasks were designed
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in user-friendly and gamified manner, to offer an innovative and appealing method for
rehabilitation, potentially improving adherence and treatment effectiveness. However,
it is important to note that the device’s pre-programmed tasks may be limiting for
comprehensive clinical usage. While the current programs are useful, the device would
benefit from the inclusion of newer and more flexible programming options that would
allow therapists to modify and customize programs according to specific needs.

Following the design and development of the device, and as part of the Objective 4
of this thesis (in Chapter 6), a validation protocol was established with a group of
healthy adult volunteers to assess the technical capabilities and reliability of the de-
vice as a motor and cognitive assessment method. These subjects participated in two
testing sessions on different d ays. O nt he first day, th ey used the AM BER device

with all its different t asks and levels, as well as p erformed a series of motor and cog-

nitive assessments for data comparison. On the second day, they exclusively used the
AMBER device to analyze its test-retest reliability. After an in-depth analysis, the
device demonstrated technical capabilities that allow for the desired assessments to be
made with minimal error at a steady state. Additionally, the accuracy of its assessment
mode was thoroughly tested. It can measure the precise force exerted by each finger
and provide an assessment of various cognitive functions such as processing speed,
attention, and memory. The Test-Retest reliability for the three measures (strength,
reaction time, and memory) showed moderate to good results. The validation of the
device demonstrated its reliability for assessing motor and cognitive varia-bles from
healthy subjects, confirming its potential as an assessment tool in cognitive and
motor rehabilitation of stroke patients.

Finally, to meet the Objective 5 of this thesis, the usability of the device was analyzed
by therapists specialized in stroke and also by the healthy volunteers which partici-
pated on the validation. After a presentation and a demonstration of the functioning
of device, a group of therapists answered a survey giving their objective opinion about
the device design and its operation. This survey helped us see the potential appli-
cations of the device, since practically everyone stated that they would use it in the
clinic and that they would recommend its home use to many of their patients. They
perceived it user-friendly interface and considered it beneficial f or t he rehabilitation
of some profiles of stroke p atients and also suggested application on other traumato-
logical and neurological diseases demonstrating the potential versatility of the device.
However, they observed some possible improvements such as better ergonomics that
may facilitate stabilization of the grip and wrist position. Another valuable suggestion
was to transform the pre-programmed static tasks, into a more flexible programmable
platform which could control the sequences of the tasks or at least have a wider range
of tasks that allow more variability in the exercises, and therefore allow greater adap-
tability for more patient profiles. In this way, t heir feedback also served to create new
future lines of research in this project, which would help improve the functionality of
the device and reach greater user profiles. On t he other hand, t he feedback from the
volunteers was also very useful, pointing out that there are possible improvements in
ergonomics but they were very satisfied with the operability, gamification and difficulty
of the exercises was appropriate as a first prototype.

In summary, the novel design and dual-functionality of this device for cognitive and
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physical assessment and rehabilitation were considered to be eligible for patenting. Po-
sitive preliminary feedback and an international patent request underlines that further
design improvements and iterative refinements are feasible. This process will hopefully
culminate in its commercial availability for clinical use and the opportunity to conduct
a clinical trial to evaluate its effects on patients recovering from stroke

Finally, it is worth highlighting as part of this general discussion, the contribution
that the international stay of this doctorate had in the thesis. Participation in similar
projects within the Neuromechanical Modeling and Engineering Lab of the University
of Twente allowed us to learn about other studies and development of devices within
the area of neurorehabilitation. This, first of all, allowed the knowledge of different
approach methods for the design and prototyping of medical devices, usability studies
with healthy volunteers, and also data analysis techniques used in this project. Fur-
thermore, it allowed us to develop ideas for future lines in terms of programming and
data processing that would not have been imagined without this international stay.



9. Limitations and future lines

During the development of this project, some limitations of the device were identified.
From each of those limitations, new ideas for improvement arose as future lines of
research on this project. Both limitations with each solution are listed below:

e Battery capacity: even the battery used was selected for its small size and easy
connection to the microprocessor, the limited battery charge may restrict its ex-
tensive use, often necessitating connection to a power source for prolonged usage.
To solve this, the change the battery for one with more capacity is proposed.
Even the battery used was selected for its small size and easy connection to the
microprocessor, the limited battery charge may restrict its extensive use, often
necessitating connection to a power source for prolonged usage.

e Absence of a place for the thumb: the absence of a specific place and sensor for
the thumb (first digit) may limit the device’s full potential in interactions with
users, since many daily activities heavily rely on the use of this finger. As a
future line, it is proposed to design a new prototype that includes a place and
sensor for the thumb.

e Hand and wrist stability: since the device does not have a support base for a
surface, or a strap that allows it to be attached at all times to the patient’s hand
or wrist, this can cause instability in patients with a more severe degree of motor
impairment, such as in cases of dystonia or reduced abduction capabilities. In
this case, a new design will also include a strap or similar so that the user has
the device attached to his wrist and therefore if the patient lets it go or it slips,
it does not fall.

e Static pre-programmed tasks: there is no possibility of modifying the exercises
by the therapists. To address this, the pre-programmed sequences of the exercises
will be randomized and more levels of difficulty will be developed for each type
of exercise. In addition, the exercises could be programmed in a way that the
therapist can easily modified them through the web, so that they can adapt the
exercises according to the needs of each patient.

Following the integration of the identified enhancements, the device will be prepared
for submission for medical device prototype certification. Additionally, it will be ready
to commence a clinical trial with stroke patients to assess AMBER’s efficacy as an
instrument for cognitive and motor rehabilitation.

Additionally, it is important to highlight that this device has great potential to apply
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Machine Learning and automatic learning techniques directly in the device. Using this
advanced analysis, the device will be able to compare in real time the execution of the
exercises of a patient with a desirable pattern that can be previously established, so
that the device can indicate to the therapist the degree of similarity with said desired
pattern. Also through classification models, the device could learn from each patient’s
data and in this way could help tutor the patient’s training progression in real time,
for example indicating whether or not a certain exercise should be repeated, avoiding
unnecessary repetitions and improving the effectiveness of the therapy, focusing only
on the tasks that the patient should improve.



10. Conclusions

Below, the main conclusions derived from this study are recapitulated:

There is evidence that hand motor interventions can improve global cognition in
people with stroke and possibly focusing on frontoexecutive functions (H1).

The combination of strength training or robot-assisted training and conventional
RHB may be the most effective intervention to improve global cognition according
to the MMSE (H1).

A Portable, cheap and easy to use device would fill unmet needs in hand neu-
rorehabilitation devices ecosystem (H2).

A small, light and simple design device would constitute a useful tool to use in
rehabilitation at the clinic as well as home (H2).

The adaptability of the device to different hand sizes is a valuable feature making
it usable by a greater number of patients (H2).

The electronic components integrated in AMBER are efficient capturing the in-
teraction with the subjects (H2).

The user-friendly interface and gamification of tasks of AMBER makes its use
more appealing to patients (H3).

The cognitive evaluation through the interaction with the hand and fingers is
possible using AMBER device (H3).

Motor evaluation through the interaction with the hand and fingers is possible
using AMBER device (H3).

AMBER device has shown a good test-retest reliability, obtaining motor and
cognitive variables from the user (H4).

The programmed tasks on AMBER make it possible to train and evaluate both
motor functions of the hand and cognitive abilities simultaneously (H4).

Therapists value positively the design and functionality of the device (H5).

Healthy volunteer users indicated that the use of the device and the exercises
were simple and intuitive highlighting its potential as a reliable and versatile tool

(H5).
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11. Scientific contributions

11.1 Patent

Application Number and Date: 300470544, December 21, 2022.
Publication Number: EP22383249.4.

Inventors: Juan Pablo Romero, Roberto Alvarez Fernandez, Laura Valenzuela Lépez,
Rodrigo Martinez, Gabriel Alfonso Delgado Oleas.

11.2 Scientific Papers

1. “Effects of Hand Motor Interventions on Cognition Post-Stroke: A Systematic
Review and Bayesian Network Meta-Analysis.” Archives of Physical and Reha-
bilitation Medicine (WOS-JCR-~Q1, Impact Factor: 4.3, Quartile: Q1). Published.
DOIL: https://doi.org/10.1016/j.apmr.2023.12.013.

2. “AMBER: A Device for Hand Motor and Cognitive Rehabilitation. Development
and Proof of Concept.” IEEFE Transactions on Neural Systems and Rehabilitation
Engineering (WOS-JCR-Q1, Impact Factor: 4.9, Quartile: Q1). Published. DOI:
https://doi.org/10.1109/TNSRE.2024.3429155

11.3 Conference Contributions

Title of the work: "AMBER: a device for hand motor and cognitive rehabilitation.
Development and proof of concept”.

Name of the conference: 13th World Congress for NeuroRehabilitation Event
type: Congress

Geographical scope: International, non-EU

Type of participation: Participatory - Poster

Review before acceptance: Yes

Corresponding author: No

City of the event: Canada

Start date: 22/05/2024

End date: 25/05/2024

Organizing entity: World Federation of NeuroRehabilitation (WFNR)

11.4 Scientific Recognition

The AMBER project has been selected for the Healthstart Madrid 2024 call (https://
www.madrimasd.org/healthstart/) to promote the creation of technological start-ups in
the health sector, coming from hospitals, health centres, research centres, universities and
independent entrepreneurs, exclusively from the Community of Madrid.


https://doi.org/10.1016/j.apmr.2023.12.013

Appendix

Appendix A: Supplementary information from the

Systematic Review

Concept

Stroke

Hand
rehabilitation
interventions and
hand motor
variables

Cognition and
general cognitive
function

Attention and
neglect

Memory

Executive
functions and
praxis
Perception

Table 11.1: Search strategies based on the key concepts identified for the review. MeSH

Search

strategy

number
S1

S2

S3

S4

S5

S6

S7

Search terms and boolean operators

((stroke OR poststroke OR post-stroke OR “cerebrovascular disorder” OR
“cerebrovascular accident” OR *“cerebrovascular disease” OR “brain damage”
OR “brain injury””) OR (ischemia OR ischaemia OR “brain ischemia” OR “brain
ischaemia™ OR “ischemic attack™) OR (haemorrhage OR hemorrhage OR
haematoma OR hematoma))

((“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR *“hand
recovery” OR “hand training” OR “hand program” OR *“hand approach™) OR
(“hand function” OR “hand motor skill” OR “hand motor ability” OR “fine
motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength” OR
“pinch force” OR “finger strength™) OR (“hand dexterity” OR “manual
dexterity” OR “finger dexterity™))

(cognition OR “cognitive level” OR “cognitive function” OR “cognitive
ability” OR “cognitive impairment™ OR “cognitive disorder” OR “cognitive
deficit” OR “cognitive dysfunction” OR “cognitive disfunction” OR
“neuropsychology” OR “neuropsychological”)

((“divided attention” OR “focused attention” OR “selective attention” OR
“sustained attention” OR “visual attention” OR “attention span” OR “attentional
span” OR arousal OR vigilance) OR (neglect OR “hemineglect” OR “hemi-
neglect” OR “unilateral neglect” OR “spatial neglect” OR inattention))
(“explicit memory” OR “implicit memory” OR “long term memory” OR “short
term memory” OR “working memory” OR “procedural memory” OR “episodic
memory’’)

((“executive function” OR “executive dysfunction” OR “dysexecutive
syndrome” OR “set shifting” OR “switching” OR “monitoring” OR
“interference control”) OR (apraxia OR “motor apraxia” OR “limb apraxia™))
(perception OR “perceptual disorder” “visual perception” OR agnosia OR
prosopagnosia OR stereognosis)

terms were searched on each search engine wherever possible.
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The search strategies S1 and S2 composed the common search command as (S1 AND
S2). On each database, the search strategies S3-S7 were added to this common search
command as (S1 AND S2 AND S3, S1 AND S2 AND 54, etc).

Number of records retrieved
(S1 AND 52 AND ...)

Database 3 sS4 S5  S6 s7 subtotal After duplicate Total After duplicate
removal removal

PubMed 717 133 48 243 42 1183 990

Cochrane CENTRAL 238 30 14 96 55 433 329

Web of Science 396 80 26 202 195 899 745

Scopus 623 91 53 308 43 1118 940 3415 2271
CINAHL 305 38 8 78 75 505 411

Embase 203 53 19 102 25 402 344

Table 11.2: Initial results retrieved per search engine and per each combination of
search strategies.

The following tables show the search strings for each database, including PubMed,
Cochrane Library, Web of Science, Scopus, CINAHL, and Embase. The common strat-
egy included the concepts of stroke, hand motor interventions, and hand motor func-
tion variables. The specific strategies included the concepts of general cognition (S3),
attention (S4), memory (S5), executive functioning and praxis (S6), and perception

(S7).
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PubMed (MEDLINE)

S3

S5

((((stroke OR poststroke OR post-stroke OR "cerebrovascular disorder" OR "cerebrovascular accident" OR
"cerebrovascular disease" OR "brain damage" OR "brain injury") OR (ischemia OR ischaemia OR "brain ischemia"
OR "brain ischaemia" OR "ischemic attack") OR (haemorrhage OR hemorrhage OR haematoma OR hematoma)))
AND ({("hand rehabilitation" OR "hand therapy" OR "hand intervention" OR "hand recovery" OR "hand training"
OR "hand program" OR "hand approach") OR ("hand function" OR "hand motor skill" OR "hand motor ability"
OR "fine motor skill") OR ("hand strength" OR "grip strength" OR "pinch strength" OR "pinch force" OR "finger
strength") OR ("hand dexterity” OR "manual dexterity" OR "finger dexterity")))) AND ((cognition OR "cognitive
level" OR "cognitive function" OR "cognitive ability" OR "cognitive impairment" OR "cognitive disorder" OR
"cognitive deficit" OR "cognitive dysfunction" OR "cognitive disfunction" OR "neuropsychology" OR
"neuropsychological"}))

{(((stroke OR poststroke OR post-stroke OR "cerebrovascular disorder" OR "cerebrovascular accident" OR
"cerebrovascular disease" OR "brain damage" OR "brain injury") OR (ischemia OR ischaemia OR "brain ischemia"
OR "brain ischaemia" OR "ischemic attack") OR (haemorrhage OR hemorrhage OR haematoma OR hematoma)))
AND ((("hand rehabilitation" OR "hand therapy" OR "hand intervention" OR "hand recovery" OR "hand training"
OR "hand program" OR "hand approach") OR ("hand function" OR "hand motor skill" OR "hand motor ability"
OR "fine motor skill") OR ("hand strength" OR "grip strength”" OR "pinch strength" OR "pinch force" OR "finger
strength") OR ("hand dexterity" OR "manual dexterity" OR "finger dexterity")))) AND ((("divided attention" OR
"focused attention" OR "selective attention" OR "sustained attention" OR "visual attention" OR "attention span"
OR "attentional span" OR arousal OR vigilance) OR (neglect OR "hemineglect" OR "hemi-neglect" OR "unilateral
neglect" OR "spatial neglect" OR inattention)})

{({(stroke OR poststroke OR post-stroke OR "cerebrovascular disorder" OR "cerebrovascular accident” OR
"cerebrovascular disease" OR "brain damage" OR "brain injury") OR (ischemia OR ischaemia OR "brain ischemia"
OR "brain ischaemia" OR "ischemic attack") OR (haemorrhage OR hemorrhage OR haematoma OR hematoma)))
AND ((("hand rehabilitation" OR "hand therapy" OR "hand intervention" OR "hand recovery" OR "hand training"
OR "hand program" OR "hand approach") OR ("hand function" OR "hand motor skill" OR "hand motor ability"
OR "fine motor skill") OR ("hand strength" OR "grip strength" OR "pinch strength" OR "pinch force" OR "finger
strength") OR ("hand dexterity" OR "manual dexterity" OR "finger dexterity")))) AND {("explicit memory" OR
"implicit memory" OR "long term memory" OR "short term memory" OR "working memory" OR "procedural
memory" OR "episodic memory"))

S6

57

((({stroke OR poststroke OR post-stroke OR "cerebrovascular disorder" OR "cerebrovascular accident” OR
"cerebrovascular disease" OR "brain damage" OR "brain injury") OR (ischemia OR ischaemia OR "brain ischemia'
OR "brain ischaemia" OR "ischemic attack") OR (haemorrhage OR hemorrhage OR haematoma OR hematoma)))
AND ((("hand rehabilitation" OR "hand therapy" OR "hand intervention" OR "hand recovery" OR "hand training"
OR "hand program" OR "hand approach") OR ("hand function" OR "hand motor skill" OR "hand motor ability"
OR "fine motor skill") OR ("hand strength" OR "grip strength" OR "pinch strength" OR "pinch force" OR "finger
strength") OR ("hand dexterity" OR "manual dexterity" OR "finger dexterity")})) AND ((("executive function" OR
"executive dysfunction" OR "dysexecutive syndrome" OR "set shifting" OR "switching" OR "monitoring" OR
"interference control") OR (apraxia OR "motor apraxia" OR "limb apraxia")))

(({(stroke OR poststroke OR post-stroke OR "cerebrovascular disorder" OR "cerebrovascular accident" OR
"cerebrovascular disease" OR "brain damage" OR "brain injury") OR (ischemia OR ischaemia OR "brain ischemia"
OR "brain ischaemia" OR "ischemic attack") OR (haemorrhage OR hemorrhage OR haematoma OR hematoma)))
AND ((("hand rehabilitation" OR "hand therapy" OR "hand intervention" OR "hand recovery" OR "hand training"
OR "hand program" OR "hand approach") OR ("hand function" OR "hand motor skill" OR "hand motor ability"
OR "fine motor skill") OR ("hand strength" OR "grip strength" OR "pinch strength" OR "pinch force" OR "finger
strength") OR ("hand dexterity" OR "manual dexterity" OR "finger dexterity")))) AND ((perception OR
"perceptual disorder" "visual perception" OR agnosia OR prosopagnosia OR stereognosis))

Table 11.3: Search strings for PubMed database.
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s3

s4

S5

S6

s7

Cochrane (CENTRAL)
({(stroke OR poststroke OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma))):ti,ab,kw AND ({(“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR "hand
recovery” OR “hand training” OR “hand program” OR "hand approach”) OR (“hand function” OR “hand motor
skill” OR “hand motor ability” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength”
OR “pinch force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger
dexterity”))):ti,ab,kw AND ((cognition OR “cognitive level” OR “cognitive function” OR “cognitive ability” OR
“cognitive impairment” OR “cognitive disorder” OR "cognitive deficit” OR “cognitive dysfunction” OR “cognitive
disfunction” OR “neuropsychology” OR “neuropsychological”)):ti,ab,kw
({(stroke OR poststroke OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma))):ti,ab,kw AND (((“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR "hand
recovery” OR “hand training” OR “hand program” OR "hand approach”) OR (“hand function” OR “hand motor
skill” OR “hand motor ability” OR “fine motor skill“) OR (“hand strength” OR “grip strength” OR “pinch strength”
OR “pinch force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger
dexterity”))):ti,ab,kw AND (((“divided attention” OR “focused attention” OR “selective attention” OR “sustained
attention” OR “visual attention” OR “attention span” OR “attentional span” OR arousal OR vigilance) OR (neglect
OR “hemineglect” OR “hemi-neglect” OR “unilateral neglect” OR “spatial neglect” OR inattention))):ti,ab,kw
({(stroke OR poststroke OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma))):ti,ab,kw AND ({{“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR "hand
recovery” OR “hand training” OR “hand program” OR "hand approach”) OR {“hand function” OR “hand motor
skill” OR “hand motor ability” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength”
OR “pinch force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger
dexterity”))):ti,ab,kw AND ((“explicit memory” OR “implicit memory” OR “long term memory” OR “short term
memory” OR “working memory” OR “procedural memory” OR “episodic memory”)):ti,ab,kw
({(stroke OR poststroke OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR "brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma))):ti,ab,kw AND (((“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR “hand
recovery” OR “hand training” OR “hand program” OR “hand approach”) OR (“hand function” OR “hand motor
skill” OR “hand motor ability” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength”
OR “pinch force” OR "finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger
dexterity”))):ti,ab,kw AND (((“executive function” OR “executive dysfunction” OR “dysexecutive syndrome” OR
“set shifting” OR “switching” OR “monitoring” OR “interference control”) OR (apraxia OR “motor apraxia” OR
“limb apraxia”))):ti,ab,kw
({(stroke OR poststroke OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma))):ti,ab,kw AND ({{“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR "hand
recovery” OR “hand training” OR “hand program” OR "hand approach”) OR {“hand function” OR “hand motor
skill” OR “hand motor ahility” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength”
OR “pinch force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger
dexterity”))):ti,ab,kw AND ((perception OR “perceptual disorder” “visual perception” OR agnosia OR
prosopagnosia OR stereognosis)):ti,ab,kw

Table 11.4: Search strings for Cochrane Library database.
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Web of Science

S3

((stroke OR poststore OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma)) (Topic) and ((“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR “hand recovery”
OR “hand training” OR “hand program” OR “hand approach”) OR (“hand function” OR “hand motor skill” OR
“hand motor ability” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength” OR
“pinch force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger dexterity”)) (Topic)
and (cognition OR “cognitive level” OR “cognitive function” OR “cognitive ability” OR “cognitive impairment” OR
“cognitive disorder” OR “cognitive deficit” OR “cognitive dysfunction” OR “cognitive disfunction” OR
“neuropsychology” OR “neuropsychological”) (Topic)

54

S§5

S6

§7

((TS=(((stroke OR poststore OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma)})} AND TS=(((“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR “hand recovery”
OR “hand training” OR “hand program” OR “hand approach”) OR (“hand function” OR “hand motor skill” OR
“hand motor ability” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength” OR
“pinch force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger dexterity”)))) AND
TS=(((“divided attention” OR “focused attention” OR “selective attention” OR “sustained attention” OR “visual
attention” OR "“attention span” OR “attentional span” OR arousal OR vigilance) OR (neglect OR “hemineglect”
OR “hemi-neglect” OR “unilateral neglect” OR “spatial neglect” OR inattention)))

((TS=(((stroke OR poststore OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma)})} AND TS=(((“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR “hand recovery”
OR “hand training” OR “hand program” OR “hand approach”) OR (“hand function” OR “hand motor skill” OR
“hand motor ability” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength” OR
“pinch force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger dexterity”)))) AND
TS=((“explicit memory” OR “implicit memory” OR “long term memory” OR “short term memory” OR “working
memory” OR “procedural memory” OR “episodic memory”))

((TS=(((stroke OR poststore OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma)})} AND TS=(((“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR “hand recovery”
OR “hand training” OR "hand program” OR “hand approach”) OR (“hand function” OR “hand motor skill” OR
“hand motor ability” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength” OR
“pinch force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger dexterity”)))) AND
TS=(((“executive function” OR “executive dysfunction” OR “dysexecutive syndrome” OR “set shifting” OR
“switching” OR “monitoring” OR “interference control”) OR (apraxia OR “motor apraxia” OR “limb apraxia”)))
((TS=(((stroke OR poststore OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma)})) AND TS=(((“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR “hand recovery”
OR “hand training” OR “hand program” OR “hand approach”) OR (“hand function” OR “hand motor skill” OR
“hand motor ability” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength” OR
“pinch force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger dexterity”)))) AND
TS=((perception OR “perceptual disorder” “visual perception” OR agnosia OR prosopagnhosia OR stereognostic))

Table 11.5: Search strings for Web of Science database.
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s3

sS4

S5

S6

Scopus
{ TITLE-ABS-KEY ( { ( stroke OR poststroke OR post-stroke OR "cerebrovascular disorder" OR
“cerebrovascular accident" OR "cerebrovascular disease" OR "brain damage” OR "brain injury" ) OR {(
ischemia OR ischaemia OR "brain ischemia" OR "brain ischaemia" OR "ischemic attack" ) OR (
haemorrhage OR hemorrhage OR haematoma OR hematoma))) AND TITLE-ABS-KEY ( ( ( "hand
rehabilitation"” OR "hand therapy" OR "hand intervention"” OR "hand recovery" OR "hand training" OR
"hand program" OR "hand approach" ) OR ( "hand function" OR "hand motor skill" OR "hand motor ability"
OR "fine motor skill") OR ( "hand strength” OR "grip strength" OR "pinch strength" OR "pinch force" OR
“finger strength" ) OR ( "hand dexterity" OR "manual dexterity" OR "finger dexterity" ) ) ) AND TITLE-ABS-
KEY ( ( cognition OR "cognitive level" OR "cognitive function" OR "cognitive ability" OR "cognitive
impairment" OR "cognitive disorder" OR "cognitive deficit" OR "cognitive dysfunction" OR "cognitive
disfunction" OR "neuropsychology" OR "neuropsychological")))
( TITLE-ABS-KEY ( ( ( stroke OR poststroke OR post-stroke OR "cerebrovascular disorder" OR
“cerebrovascular accident" OR "cerebrovascular disease" OR "brain damage” OR "brain injury" ) OR {(
ischemia OR ischaemia OR "brain ischemia" OR "brain ischaemia" OR "ischemic attack" ) OR (
haemorrhage OR hemorrhage OR haematoma OR hematoma))) AND TITLE-ABS-KEY ( ( ( "hand
rehabilitation” OR "hand therapy" OR "hand intervention" OR "hand recovery" OR "hand training" OR
"hand program"” OR "hand approach") OR ( "hand function" OR "hand motor skill" OR "hand motor ability"
OR "fine motor skill") OR ( "hand strength” OR "grip strength" OR "pinch strength" OR "pinch force" OR
“finger strength" ) OR ( "hand dexterity" OR "manual dexterity" OR "finger dexterity" ) ) ) AND TITLE-ABS-
KEY ( ( ( "divided attention" OR "focused attention" OR "selective attention" OR '"sustained attention" OR
"visual attention" OR "attention span" OR "attentional span" OR arousal OR vigilance ) OR ( neglect OR
"hemineglect" OR "hemi-neglect" OR "unilateral neglect" OR "spatial neglect" OR inattention))))
( TITLE-ABS-KEY ( ( ( stroke OR poststroke OR post-stroke OR "cerebrovascular disorder" OR
"cerebrovascular accident” OR "cerebrovascular disease" OR "brain damage" OR "brain injury" ) OR (
ischemia OR ischaemia OR "brain ischemia" OR "brain ischaemia" OR "ischemic attack" ) OR (
haemorrhage OR hemorrhage OR haematoma OR hematoma))) AND TITLE-ABS-KEY ( ( ( "hand
rehabilitation” OR "hand therapy" OR "hand intervention" OR "hand recovery" OR "hand training" OR
"hand program" OR "hand approach") OR ( "hand function" OR "hand motor skill' OR "hand motor ability"
OR "fine motor skill" ) OR ( "hand strength” OR "grip strength” OR "pinch strength" OR "pinch force" OR
“finger strength" ) OR ( "hand dexterity" OR "manual dexterity" OR "finger dexterity" ) ) ) AND TITLE-ABS-
KEY ( ( "explicit memory" OR "implicit memory" OR "long term memory" OR "short term memory" OR
"working memory" OR "procedural memory" OR "episodic memory" ) ) )
{ TITLE-ABS-KEY ( ( ( stroke OR poststroke OR post-stroke OR "cerebrovascular disorder" OR
"cerebrovascular accident" OR "cerebrovascular disease" OR "brain damage" OR "brain injury" ) OR (
ischemia OR ischaemia OR "brain ischemia" OR "brain ischaemia” OR "ischemic attack" ) OR {
haemorrhage OR hemorrhage OR haematoma OR hematoma))) AND TITLE-ABS-KEY ( ( ( "hand
rehabilitation” OR "hand therapy" OR "hand intervention” OR "hand recovery” OR "hand training" OR
"hand program" OR "hand approach" ) OR ( "hand function" OR "hand motor skill" OR "hand motor ability"
OR "fine motor skill") OR ( "hand strength” OR "grip strength” OR "pinch strength" OR "pinch force" OR
"finger strength" ) OR ( "hand dexterity" OR "manual dexterity" OR "finger dexterity" ) )) AND TITLE-ABS-
KEY ( ( ( "executive function" OR "executive dysfunction” OR "dysexecutive syndrome" OR "set shifting" OR
"switching" OR "monitoring"” OR "interference control" ) OR ( apraxia OR "motor apraxia" OR "limb
apraxia" ))))

57

( TITLE-ABS-KEY ( ( ( stroke OR outstroke OR post-stroke OR "cerebrovascular disorder" OR "cerebrovascular
accident" OR "cerebrovascular disease” OR "brain damage" OR "brain injury" ) OR (ischemia OR ischaemia
OR "brain ischemia" OR "brain ischaemia" OR "ischemic attack" ) OR ( haemorrhage OR hemorrhage CR
haematoma OR hematoma))) AND TITLE-ABS-KEY ( ( ( "hand rehabilitation" OR "hand therapy" OR "hand
intervention" OR "hand recovery” OR "hand training" OR "hand program" OR "hand approach"”) OR (
"hand function" OR "hand motor skill" OR "hand motor ability" OR "fine motor skill" ) OR ( "hand strength"
OR "grip strength” OR "pinch strength" OR "pinch force"” OR "finger strength” ) OR ( "hand dexterity" OR
"manual dexterity" OR "finger dexterity" ) ) ) AND TITLE-ABS-KEY ( ( perception OR "perceptual disorder"
"visual perception” OR agnosia OR prosopagnosia OR stereognosis)) )

Table 11.6: Search strings for Scopus database.
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S3

CINAHL (via EBSCO)
( ((stroke OR poststroke OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma)) ) AND ( ({(“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR “hand recovery” OR
“hand training” OR “hand program” OR "hand approach”) OR (“hand function” OR “hand motor skill” OR “hand
motor ability” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength” OR “pinch
force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger dexterity”)) ) AND (
(cognition OR “cognitive level” OR “cognitive function” OR “cognitive ability” OR “cognitive impairment” OR
“cognitive disorder” OR “cognitive deficit” OR “cognitive dysfunction” OR “cognitive disfunction” OR
“neuropsychology” OR “neuropsychological”) )

54

S5

56

57

( ((stroke OR poststroke OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma)) ) AND ( ((“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR “hand recovery” OR
“hand training” OR “hand program” OR “hand approach”) OR (“hand function” OR “hand motor skill” OR “hand
motor ability” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength” OR “pinch
force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger dexterity”)) ) AND
((“divided attention” OR “focused attention” OR “selective attention” OR “sustained attention” OR “visual
attention” OR “attention span” OR “attentional span” OR arousal OR vigilance) OR (neglect OR “hemineglect”
OR "hemi-neglect” OR “unilateral neglect” OR “spatial neglect” OR inattention)) )

( ((stroke OR poststroke OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma)) ) AND ( ((“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR “hand recovery” OR
“hand training” OR “hand program” OR "hand approach”) OR (“hand function” OR “hand motor skill” OR “hand
motor ability” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength” OR “pinch
force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger dexterity”)) ) AND (“explicit
memory” OR "“implicit memory” OR “long term memory” OR “short term memory” OR “working memory” OR
“procedural memory” OR “episodic memory”) )

( ((stroke OR poststroke OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma)) ) AND ( ((“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR “hand recovery” OR
“hand training” OR “hand program” OR “hand approach”) OR (“hand function” OR “hand motor skill” OR “hand
motor ability” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength” OR “pinch
force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger dexterity”)) ) AND
({“executive function” OR "executive dysfunction” OR “dysexecutive syndrome” OR “set shifting” OR “switching”
OR “monitoring” OR “interference control”) OR (apraxia OR “motor apraxia” OR “limb apraxia”)) )

( ((stroke OR poststroke OR post-stroke OR “cerebrovascular disorder” OR “cerebrovascular accident” OR
“cerebrovascular disease” OR “brain damage” OR “brain injury”) OR (ischemia OR ischaemia OR “brain
ischemia” OR “brain ischaemia” OR “ischemic attack”) OR (haemorrhage OR hemorrhage OR haematoma OR
hematoma)) ) AND ( ((“hand rehabilitation” OR “hand therapy” OR “hand intervention” OR “hand recovery” OR
“hand training” OR “hand program” OR “hand approach”) OR (“hand function” OR “hand motor skill” OR “hand
motor ability” OR “fine motor skill”) OR (“hand strength” OR “grip strength” OR “pinch strength” OR “pinch
force” OR “finger strength”) OR (“hand dexterity” OR “manual dexterity” OR “finger dexterity”)) ) AND

(perception OR “perceptual disorder” “visual perception” OR agnosia OR prosopagnosia OR stereognosis) )

Table 11.7: Search strings for CINAHL database.
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Embase

s3

(stroke:ti,ab,kw OR poststroke:ti,ab,kw OR 'post stroke':ti,ab,kw OR 'cerebrovascular disorder':ti,ab,kw OR
'cerebrovascular accident':ti,ab,kw OR 'cerebrovascular disease':ti,ab,kw OR 'brain damage':ti,ab,kw OR 'brain
injury':ti,ab,kw OR ischemia:ti,ab,kw OR ischaemia:ti,ab,kw OR 'brain ischemia':ti,ab,kw OR 'brain ischaemia':ti,ab,kw
OR 'ischemic attack':ti,ab,kw OR haemorrhage:ti,ab,kw OR hemorrhage:ti,ab,kw OR haematoma:ti,ab,kw OR
hematoma:ti,ab,kw) AND ('hand rehabilitation':ti,ab,kw OR 'hand therapy':ti,ab,kw OR 'hand intervention':ti,ab,kw
OR 'hand recovery":ti,ab,kw OR 'hand training':ti,ab,kw OR 'hand program':ti,ab,kw OR 'hand approach':ti,ab,kw OR
'hand function':ti,ab,kw OR 'hand motor skill":ti,ab,kw OR 'hand motor ability":ti,ab,kw OR ‘fine motor skill":ti,ab,kw
OR 'hand strength':ti,ab,kw OR 'grip strength':ti,ab,kw OR 'pinch strength':ti,ab,kw OR 'pinch force".ti,ab,kw OR
'finger strength':ti,ab,kw OR 'hand dexterity":ti,ab,kw OR 'manual dexterity':ti,ab,kw OR 'finger dexterity":ti,ab,kw)
AND (cognition:ti,ab,kw OR 'cognitive level'ti,ab,kw OR 'cognitive function':ti,ab,kw OR 'cognitive ability':ti,ab,kw OR
'cognitive impairment':ti,ab,kw OR 'cognitive disorder':ti,ab,kw OR 'cognitive deficit':ti,ab,kw OR 'cognitive
dysfunction':ti,ab,kw OR 'cognitive disfunction':ti,ab,kw OR 'neuropsychology':ti,ab,kw OR

'neuropsychological':ti,ab, kw)

(stroke:ti,ab,kw OR poststroke:ti,ab,kw OR 'post stroke':ti,ab,kw OR 'cerebrovascular disorder':ti,ab,kw OR
'cerebrovascular accident':ti,ab,kw OR 'cerebrovascular disease':ti,ab,kw OR 'brain damage":ti,ab,kw OR 'brain
injury':ti,ab,kw OR ischemia:ti,ab,kw OR ischaemia:ti,ab,kw OR 'brain ischemia':ti,ab,kw OR 'brain ischaemia':ti,ab,kw
OR 'ischemic attack':ti,ab,kw OR haemorrhage:ti,ab,kw OR hemorrhage:ti,ab,kw OR haematoma:ti,ab,kw OR
hematoma:ti,ab,kw) AND (‘hand rehabilitation':ti,ab,kw OR 'hand therapy':ti,ab,kw OR 'hand intervention'ti,ab,kw OF
'hand recovery':ti,ab,kw OR 'hand training':ti,ab,kw OR 'hand program':ti,ab,kw OR 'hand approach':ti,ab,kw OR 'hanc
function':ti,ab,kw OR 'hand motor skill':ti,ab,kw OR 'hand motor ability':ti,ab,kw OR 'fine motor skill':ti,ab,kw OR 'hant
strength':ti,ab,kw OR 'grip strength":ti,ab,kw OR 'pinch strength':ti,ab,kw OR 'pinch force"ti,ab,kw OR 'finger
strength':ti,ab,kw OR 'hand dexterity':ti,ab,kw OR 'manual dexterity":ti,ab,kw OR finger dexterity':ti,ab,kw) AND
('divided attention':ti,ab,kw OR 'focused attention':ti,ab,kw OR 'selective attention':ti,ab,kw OR 'sustained
attention":ti,ab,kw OR ‘visual attention':ti,ab,kw OR 'attention span"ti,ab,kw OR 'attentional span":ti,ab,kw OR
arousal:ti,ab,kw OR vigilance:ti,ab,kw OR neglect:ti,ab,kw OR 'hemineglect':ti,ab,kw OR 'hemi-neglect':ti,ab,kw OR
'unilateral neglect':ti,ab,kw OR 'spatial neglect':ti,ab,kw OR inattention:ti,ab,kw)

55

(stroke:ti,ab,kw OR poststroke:ti,ab,kw OR 'post stroke':ti,ab,kw OR 'cerebrovascular disorder':ti,ab,kw OR
'cerebrovascular accident':ti,ab,kw OR 'cerebrovascular disease':ti,ab,kw OR 'brain damage':ti,ab,kw OR 'brain
injury':ti,ab,kw OR ischemia:ti,ab,kw OR ischaemia:ti,ab,kw OR 'brain ischemia':ti,ab,kw OR 'brain ischaemia':ti,ab,kw
OR 'ischemic attack':ti,ab,kw OR haemorrhage:ti,ab,kw OR hemorrhage:ti,ab,kw OR haematoma:ti,ab,kw OR
hematoma:ti,ab,kw) AND ('hand rehabilitation':ti,ab,kw OR 'hand therapy':ti,ab,kw OR 'hand intervention':ti,ab,kw OF
'hand recovery':ti,ab,kw OR 'hand training':ti,ab,kw OR 'hand program':ti,ab,kw OR 'hand approach':ti,ab,kw OR 'hand
function':ti,ab,kw OR 'hand motor skill":ti,ab,kw OR 'hand motor ability':ti,ab,kw OR 'fine motor skill:ti,ab,kw OR 'hant
strength':ti,ab,kw OR 'grip strength":ti,ab,kw OR 'pinch strength':ti,ab,kw OR 'pinch force"ti,ab,kw OR 'finger
strength':ti,ab,kw OR 'hand dexterity":ti,ab,kw OR 'manual dexterity":ti,ab,kw OR 'finger dexterity":ti,ab,kw} AND
('explicit memory':ti,ab,kw OR 'implicit memory"ti,ab,kw OR 'long term memaory':ti,ab,kw OR 'short term
memory':ti,ab,kw OR "working memory':ti,ab,kw OR 'procedural memory':ti,ab,kw OR 'episodic memory':ti,ab, kw)

56

(stroke:ti,ab,kw OR poststroke:ti,ab,kw OR 'post stroke':ti,ab,kw OR 'cerebrovascular disorder':ti,ab,kw OR
'cerebrovascular accident':ti,ab,kw OR 'cerebrovascular disease':ti,ab,kw OR 'brain damage':ti,ab,kw OR 'brain
injury':ti,ab,kw OR ischemia:ti,ab,kw OR ischaemia:ti,ab,kw OR 'brain ischemia':ti,ab,kw OR 'brain ischaemia':ti,ab,kw
OR 'ischemic attack':ti,ab,kw OR haemorrhage:ti,ab,kw OR hemorrhage:ti,ab,kw OR haematoma:ti,ab,kw OR
hematoma:ti,ab,kw) AND ('hand rehabilitation':ti,ab,kw OR 'hand therapy':ti,ab,kw OR 'hand intervention':ti,ab,kw OF
'hand recovery':ti,ab,kw OR 'hand training':ti,ab,kw OR 'hand program':ti,ab,kw OR 'hand approach':ti,ab,kw OR 'hand
function':ti,ab,kw OR 'hand motor skill':ti,ab,kw OR 'hand motor ability':ti,ab,kw OR 'fine motor skill':ti,ab,kw OR 'han
strength':ti,ab,kw OR 'grip strength":ti,ab,kw OR 'pinch strength':ti,ab,kw OR 'pinch force"ti,ab,kw OR 'finger
strength':ti,ab,kw OR 'hand dexterity':ti,ab,kw OR 'manual dexterity':ti,ab,kw OR 'finger dexterity':ti,ab,kw} AND
('executive function':ti,ab,kw OR 'executive dysfunction':ti,ab,kw OR 'dysexecutive syndrome':ti,ab,kw OR 'set
shifting':ti,ab,kw OR 'switching':ti,ab,kw OR 'monitoring':ti,ab,kw OR 'interference control"ti,ab,kw OR apraxia:ti,ab, ks
OR 'motor apraxia':ti,ab,kw OR 'limb apraxia':ti,ab,kw)

57

(stroke:ti,ab,kw OR poststroke:ti,ab,kw OR 'post stroke':ti,ab,kw OR 'cerebrovascular disorder':ti,ab,kw OR
'cerebrovascular accident':ti,ab,kw OR 'cerebrovascular disease':ti,ab,kw OR 'brain damage':ti,ab,kw OR 'brain
injury':ti,ab,kw OR ischemia:ti,ab,kw OR ischaemia:ti,ab,kw OR 'brain ischemia':ti,ab,kw OR 'brain ischaemia':ti,ab,kw
OR 'ischemic attack':ti,ab,kw OR haemorrhage:ti,ab,kw OR hemorrhage:ti,ab,kw OR haematoma:ti,ab,kw OR
hematoma:ti,ab,kw) AND (‘hand rehabilitation’:ti,ab,kw OR 'hand therapy':ti,ab,kw OR 'hand intervention':ti,ab,kw OF
'hand recovery':ti,ab,kw OR 'hand training':ti,ab,kw OR 'hand program':ti,ab,kw OR 'hand approach':ti,ab,kw OR 'hand
function':ti,ab,kw OR 'hand motor skill':ti,ab,kw OR 'hand motor ability':ti,ab,kw OR 'fine motor skill':ti,ab,kw OR 'han
strength':ti,ab,kw OR 'grip strength':ti,ab,kw OR 'pinch strength':ti,ab,kw OR "pinch force':ti,ab,kw OR 'finger
strength':ti,ab,kw OR 'hand dexterity':ti,ab,kw OR 'manual dexterity':ti,ab,kw OR 'finger dexterity':ti,ab,kw} AND
((perception:ti,ab,kw OR 'perceptual disorder':ti,ab,kw) AND 'visual perception':ti,ab,kw OR agnosia:ti,ab,kw OR
prosopagnosia:ti,ab,kw OR stereognosis:ti,ab, kw)

Table 11.8: Search strings for Embase database.
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Methods

In each NMA, the selection of a random or fixed effects model was evaluated, as well
as the presence of inconsistency, by analyzing the leverage graph (defined as posterior
mean residual deviance of each study arm minus the deviance at the posterior mean
of the fitted values) versus Bayesian residual deviance (w) defined as each study arm
contribution to the posterior mean deviance of the model. Likewise, deviance was
evaluated specifically with the mean of the residual deviance (Dres), effective number of
parameters or sum of leverages (pD) and Deviance Information Criteria (DIC) defined
as the sum of Dres and pD. In these statistics, the lower the value, the better fit of the
model.

In the case that a variable presented enough comparisons, the presence of inconsistency
was also evaluated using the node-split method, which allows detecting the presence
of significant differences between direct and indirect comparisons. In addition, if dis-
crepancies in the plot of posterior mean of consistency vs. inconsistency models were
detected, an additional meta regression model was applied adding as covariables age
and baseline scores.

The convergence of the posterior distributions of the parameters through Markov Chain
Monte Carlo sampling was evaluated with the trace plot of mean of each comparison
over all the iterations, as well as with the density plot of the subsequent effect size
estimate.

MoCA MMSE

RHB + Robgt-assisted RHB + Rgbot-assisted

RHB + Strength RHB RHB + Strength RHB

RHB + VR RHB + VR

Figure 11.1: Structure of the networks for Montreal Cognitive Assessment (MoCA)
and Mini-Mental State Examination (MMSE). The size of the nodes and thickness of
the comparisons is proportional to the number of studies. RHB: conventional rehabi-
litation; VR: Virtual Reality.

Results

The following tables show the characteristics of the studies included in the Systematic
Review.
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data is presented as median instead of mean.

*

Abbreviatures: CG: Control Group; EG: Experimental Group; MMSE: Mini-Mental State Exam-

ination; MoCA: Montreal Cognitive Assessment; RCT: Randomized Controlled Trial

Table 11.9: Characteristics of the included studies according to participant features.
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Activities of Daily Living; ACE-R: Addenbrooke’s Cognitive

Assessment-Revised; CT: Cancellation test; CPT: Computerized Performance Test; EG: Experimental Group;

AO: Action Observation; ADLs:
Physical Therapy; ROM: Range of Motion; RT: Reaction Time; RHB: Rehabilitation; RAVLT: Rey Auditory Verbal

Learning Test; ROCFT: Rey-Osterrieth Complex Figure Test; ST: Stroop Test; TOL: Tower of London; UL: Upper

MMSE: Mini-Mental State Examination; MoCA: Montreal Cognitive Assessment; OT: Occupational Therapy; PT:
Limb; VR: Virtual Reality; WMSS: Wechsler Memory Scale Stories; WCST: Wisconsin Card Sorting Test.

Abbreviations:
Table 11.10: Characteristics of the included studies according to treatment features.
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Ranking of interventions

MoCA MMSE
Intervention Score Intervention Score
RHB + Strength training 70.42 RHB + Robot-assisted training 84.41
RHB + Robot-assisted training 60.08 RHB + Strength training 81.86
RHB + VR training 53.48 RHB 29.56
RHB 16.02 RHB + VR training 4.17

Abbreviations: MMSE: Mini-Mental State Examination; MoCA: Montreal Cognitive Assessment; RHB: Rehabili-
tation; SUCRA: Surface Under the Cumulative Ranking Curve Area (SUCRA); VR: Virtual Reality.

Table 11.11: SUCRA scores for each intervention and outcome measure (MoCA and
MMSE).

MoCA
RHB + RHB + RHB +
Rank  RHB Robot-assisted training  Strength training VR training
1 0.49% 35.5% 41.68% 22.33%
2 6.56% 26.95% 34.5% 31.98%
3 33.46% 19.85% 17.22% 29.48%
4 59.49% 17.71% 6.6% 16.21%
MMSE
RHB + RHB + RHB +
Rank  RHB Robot-assisted training  Strength training VR training
1 0% 53.61% 46.39% 0%
2 0.71% 46% 52.8% 0.4%
3 87.26% 0.39% 0.64% 11.72%
4 12.04% 0% ] 0.08% _ 87.88%

Abbreviations: MMSE: Mini-Mental State Examination; MoCA: Montreal Cognitive Assessment; RHB: Rehabili-
tation; VR: Virtual Reality.
Table 11.12: Rankogram table for each intervention and outcome measure (MoCA
and MMSE). Each value represents the probability in percentage that the intervention
would rank at every possible position.

Comparison models

For the MoCA, the random-effects model better fitted (Figure 11.2) with a decrease
of 17.098 points in DIC and 20.82 points in Dres, with slightly increase in model
complexity (pD from 10.985 to 14.707) without leverage outliers. For the MMSE, the
fixed-effects model presented the best fit with a decrease of 1.439 points in DIC and
0.59 points in Dres with slightly decrease in model complexity (pD from 9.805 to 8.956),
without leverage outliers (Figure 11.2).
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Figure 11.2: Fixed vs random-effects model comparison.

The consistency model had a better fit than the inconsistency model for both the
MoCA and the MMSE (Figure 11.3). When posterior mean deviance of consistency
versus inconsistency models were plotted, it showed some discrepancies in the MMSE
(Figure 11.4). However, node-split showed no significant differences (p> 0.05) between
the direct and indirect comparisons, which reinforced the consistency between studies
(Supplementary Figure 11.5). Both the trace plot and the density plot indicated that
the number of iterations was sufficient for an adequate convergence of the models.
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Figure 11.5: A: MMSE nodesplit forest plot. B:Models trace and density plots.

The following figure shows the fixed vs random-effects models with and without co-
variables model comparison, to show why the simpler model without co-variables was
chosen.
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Publication bias
MoCA MMSE
N of studies N of patients N ofstudies N of patients
RHB vs. RHB + Robot-assisted training 2 67 2 57
RHB vs. RHB + Strength training 3 305 1 200
RHB vs. RHB + VR training 3 108 2 51
RHB + Robot-assisted vs. RHB + VR training - - 1 42
Table 11.13: Comparison characteristics.
MoCA
I N of studies N of Min Max Average
ntervention
patients score score score

RHB 8 240 18.7 27.4 22.777

RHB + Robot-assisted training 2 32 21.86 23.47 22.715

RHB + Strength training 3 151 2342 25.96 25.271

RHB + VR training 3 57 21.9 28 26.005

MMSE
. N of studies N of Min Max Average
Intervention .
patients score score score

RHB 5 152 23.98 29.2 24.853

RHB + Robot-assisted training 3 46 26.46 27.8 26.915

RHB + Strength training 1 100 25.4 25.4 254

RHB + VR training 3 52 24.36 28.2 25.892

Table 11.14: Intervention characteristics.
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Between-study effects distributions MoCA MMSE
Normal 0.079 0.081
Student’s T 0.179 0.137
Laplace 0.206 0.191
Slash 0.054 0.111

Table 11.15: Measure of publication bias.
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Appendix B: Supplementary information of AMBER
device

Instructions for the Strength Task:

"Please place one of your fingers on the corresponding sensor (start with the index finger).
When you are ready, press the sensor as hard as you can. Make sure not to use any other
fingers; only use the indicated finger. Repeat the process with the other fingers, including
the middle finger, ring finger, and pinky finger. Each measurement will be taken three
times for each finger."

Instructions for the Reaction Time Task:

"After a double flash of white lights, the device will emit a series of blue lights. When a
light turns on, press the sensor corresponding to that light with the correct finger (for
example, sensor 1 with the index finger, sensor 2 with the middle finger, and so on) as
quickly as possible. This task will have three difficulty levels: easy, medium, and hard. In
the easy level, the lights will appear one after the other, while in the more difficult levels,
the sequence will become increasingly complex. Please stay alert and try to respond as
quickly as possible during each attempt. Each task ends with a double white flash."

Instructions for the Memory Task:

"In this task, after a double white flash, you will see a sequence of blue lights turning on
one after the other. Your goal is to remember the sequence and, when it ends, reproduce it
by pressing the sensors in the same order in which the lights appeared. The sequence
length will vary: 3 lights for the easy level, 5 lights for the medium level, and 7 lights for
the hard level. Each sequence ends with a double white flash. Try to be as accurate as
possible when recalling the sequence.”

Figure 11.7: Pictures of a healthy volunteer using the AMBER device with two different
grips.
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Description of the invention

CN11012334BA

© TXPMTCEA

CN110123346A 20190816

EPO

SUBJECT OF THE INVENTION
Multi-finger functional grip analysis device and method based on multi-directional disturbance torque control

[0001]

[0002]

[0003]

(0004]

[0005]

(0006]

[0007]

[0008]

[0009]

[0010]

Page 1

Technical field

The present disclosure relates to the field of grip test devices, and more particularly to a multi-
finger functional grip analysis device and method based on multi-directional disturbance torque
control.

Background technigue
Hand injury and dysfunction have a serious impact on daily living ability. Grasping test
evaluation is an effective means to measure hand dysfunction, so it plays an important role in

neurophysiological testing, rehabilitation assessment and hand function damage identification.

The inventor found in the study that there is currently no instrument capable of accurately testing
and evaluating the grasping function of the simultaneous participation of the five fingers.

Summary of the invention

The purpose of the embodiments of the present specification is to provide a multi-finger functional
grip analysis device based an multi-directional disturbance torque control, which can provide a
plurality of different directions of disturbance torque, and can accurately test and record the fingers
of the five-finger precise grip under the disturbance torque. The three-dimensional force, three-
dimensional moment and pressure center point time series of the fingertip.

The embodiment of the present specification provides a multi-finger functional grip analysis device
based on multi-directional disturbance torque control, which is realized by the following technical
solutions:

include:

a cylindrical housing in which the fluid is contained;

26.05.2023 02:17:16



136 Appendix

CN110123346A

[0011] a torque sensor for detecting a thumb side force is disposed on an inner wall of the cylindrical
casing, and a torque sensor for detecting a four-finger side force is disposed on the opposite side
of the inner wall of the cylindrical casing;

[0012] The cylindrical housing is disposed on the base, and is connected tfo the electromagnet device at
the bottom of the base;

[0013] The electromagnet device is configured to generate a transient abrupt disturbance torgue in a
specified direction acting on the bottom of the base;

[0014] The specified direction instantaneous abrupt disturbance torque is a momentary abrupt
disturbance torque generated at a plurality of marked paositions at equal intervals centered on the
center of the base;

[0015] The torque sensor detects the data signal of the test subject under the action of the instantaneous
abrupt disturbance torque, and uses the data signal to process the whole hand grip function
evaluation parameter and the grip coupling index between the fingers.

[0016] The embodiment of the present specification provides a multi-finger grip function test analysis
method based on multi-directional disturbance yaw moment sensing control, which is realized by
the following technical solutions:

[0017] include:
[0018] The grip function test analysis device is grasped by the tester;

[0019] The bottom of the base of the grip test device receives the instantaneous abrupt disturbance
torque in a specified direction;

[0020] The specified direction instantaneous abrupt disturbance torque is a momentary abrupt
disturbance torque generated at a plurality of marked positions at equal intervals centered on the
center of the base;

[0021] For the effect of the instantaneous abrupt disturbance torque in each specified direction, the
grip function test analysis device is smoothly raised to the specified height, and the set time is
maintained and then placed smoothly to the initial position. After the test, the three-dimensional
force of each finger is obtained. Real-time coordinate data signal of torque and pressure center
point;

Page 2 26.05.2023 02:17:16
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[0022]

[0023]

[0024]

[0025]

[0026]

[0027]

[0028]

[0029]

(0030]

[0031]

Page 3
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The dynamic coupling complexity between multi-channel signals is calculated by joint recursive
quantitative analysis, and the evaluation parameters of the full-hand grip function and the gripping
index between the fingers are obtained.

Compared with the prior art, the beneficial effects of the present disclosure are:

The present disclosure proposes a multi-finger grip function test and analysis device and method
based on multi-directional disturbance yaw moment sensing control. The device can provide eight
different directions of disturbance torque, and can accurately test and record the three-dimensional
force, three-dimensional moment and pressure center point time sequence of the fingertips under
the five-finger precision grip under the disturbance torque. At the same time, the device can
perform combined recursive quantitative analysis on real-time signals, and use the joint recursive
graph to abtain the correlation and complexity parameters of each finger dynamic system, so as to
obtain the dynamic index for evaluating the grip function. This instrument can perform functional
grip training and evaluation, and the accurate evaluation of the function of the opponent is of great
significance.

DRAWINGS

The accompanying drawings that form a part of this disclosure are used to provide a further
understanding of the disclosure, and the description of the present disclosure and the description
thereof are not intended to limit the disclosure.

1 is a schematic structural diagram of a gripping function test and analysis device based on multi-
directional disturbance torque sensing motion control according to an embodiment of the present

disclosure;

2 is a state diagram of a multi-finger precise grip function analysis device after the electromagnet is
powered off according to an embodiment of the present disclosure;

3 is a perspective view of a gripping function test and analysis device based on multi-directional
disturbance torque sensing motion control according to an embodiment of the present disclosure;

4(a) to 4(h) are schematic diagrams showing the base of the gripping function test and analysis
device when the different directions of the disturbance torque are generated in the embodiment of

the present disclosure;

5 is an experimental flow chart of an embodiment of the present disclosure;

26.05.2023 02:17:18
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[0032] Inthe figure, 1 is the top flat cover, 2 is the cylindrical cup wall inside the device, 4 is the thumb
side torque sensor, 5-8 is the four four-finger side torque sensor, and 3 is the connecting piece. 9
is a four-finger side curved contact piece, 10 is a thumb-side curved contact piece, 11 is a base, 13
is an elastic rope, 14 is a rated weight, and 14 is an electromagnet.

[0033] Detailed ways

[0034] It should be noted that the following detailed description is illustrative and is intended to provide
a further description of the disclosure. All technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this disclosure
belongs.

[0035] Itis to be noted that the terminology used herein is for the purpose of describing the particular
embodiments, As used herein, the singular" " """ " There are features, steps, operations, devices,
components, and/or combinations thereof.

[0036] Implementation example one

[0037] This embodiment discloses a multi-finger functional grip analysis device based on multi-directional
disturbance torque contirol, as shown in Figures 1-3, comprising: a hollow cylinder provided with
a top flat cover 1 on the thumb side The torque sensor 4 is placed in a relative position with the
four four-finger side torque sensors 5, 6, 7, 8 and is fixed to the cylindrical cup wall 2 inside the
device, and the sensor and the inner wall of the cup are connected by a connecting piece. The
outside of the sensor is closely connected to the thumb side curved contact piece 10 and the four
finger side curved contact piece 9, respectively. The inside of the tester is hollow in the shape
of a water cup and can hold fluid. The base 11 is preferably cylindrical, and of course may have
another shape, and the electromagnet 15 is connected downwardly from the center of the base.
Eight equally spaced mark positions centered on the center of the base (ie, starting from the front
side, counterclockwise rotating 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315" eight) Position to produce
eight specified directions of disturbance torque), the elastic rope 13 is connected, and the rated
weight 14 is connected to the end of the rope. The sudden drop of the rated weight is achieved by
the on/off of the electromagnet, thereby generating a disturbance torgue. The outer wall of the cup
is actually composed of five curved pieces that are not in contact with each other, and the contact
piece refers to the outermost wall.

[0038] In an embodiment, the base is internally provided with a partitioned storage box for securing a
rope that produces a directional disturbance torque. The storage box is used to place a weight (ie
weight) that produces a yaw moment. The device is cylindrical and the contact surface is curved.
The purpose is to enable the subject to simulate a columnar grip in daily life and to perform task-
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oriented Testing and training. The square device is a flat surface on both sides, simulating the
behavior of the snatching cup or book.

In an embodiment, the placement of the five side force and torque sensors on the bracket can be
adjusted according to actual needs.

In one embodiment, other types of sensors may be employed to obtain real-time air force and
torgque data from the grip tester, or to place the same pressure sensor in different locations on the
tester.

In an embodiment, the geometry of the tester equipment can be easily modified as needed, such
as being more elliptical.

In the embodiment of the present disclosure, the five-finger gripping device is used to detect and
record the force, torque, and pressure center point real-time signal data between the five fingers.
The instrument body is designed as a cylindrical water cup, which contains five six-dimensional
force/torque sensors, which are used to measure real-time signal data of one-hand and five-finger.
The sensor at the thumb is in a relative position with the other four fingers, and the distribution
position of each sensor conforms to the daily grasping behavior state of the human body.

Regarding the generation of multi-directional disturbance torgue. The present disclosure is
designed with a detachable base under the cup body of the multi-finger precision gripping device,
and an electromagnet is connected below the center position of the base to generate a magnetic
field. The weight is connected by an elastic rope to eight equally spaced mark positions centered
on the midpoint of the base, starting from the front side and counterclockwise rotating 0°, 45°,
90°, 135°, 1807, 225°, 270 At eight positions of ® and 315°, a magnetic field is generated when
the electromagnet is energized, and the weight is adsorbed and fixed to the side, and no force

is generated on the elastic rope. When the electromagnet is suddenly powered off, the weight is
only dropped downward by the influence of gravity, and the elastic rope is pulled to generate a
disturbance torque in a specified direction.

The method for generating multi-directional disturbance torque by the device is shown in FIG. The
rated weights are connected by elastic ropes, and are fixed in eight equally spaced positions at
the center of the base, thereby generating a disturbance torque in a specified direction. Figure

4 (a) - Figure 4 (h) corresponding to the center of the base as the center, from the front side of
the counterclockwise rotation 0 °, 45 °,90°, 135°, 180 °, 225 °, 270 °, 315 ° The eight positions
produce disturbing moments in eight different directions. A total of eight tests were performed to
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form eight sets of sequences, each set of three-dimensional forces, three-dimensional moments,
and pressure center point data for each finger.

Implementation example two

This embodiment discloses a multi-finger grip function test analysis method based on multi-
directional disturbance yaw moment sensing control, and the experimental flow is shown in FIG.
5. First collect the subject information and introduce the experimental process. Connect the rated
weight to the specified position by the elastic rope, and carry out the grip test of the disturbance
torque in a given direction, that is, use the right five fingers to smoothly lift the device, hold it to the
specified target height for 10s, and then place it on the table smoothly. initial position. After a test,
change the connection pasition of the rated weight to generate the disturbance torque in different
directions for the next test. Test a total of eight times, get eight sets of data, and test the force and
moment of each set of data and the original time change of the pressure center point. The signal
seguence is stored and analyzed. Get the data as follows:

{Fxk(t), Fyk(t), Fzk(t), Txk{t), Tyk(t), Tzk(t), Pxk(t), Pyk(t)} (1)

Among them, k=1, 2, 3, 4, 5, representing the thumb, index finger, middle finger, ring finger and
little finger five fingers. Fxk(t), Fyk(t), Fzk(t) are the three-dimensional force vector time series of a
certain finger, and Txk(t), Tyk(t), and Tzk(t) are the three-dimensional moment vector time series
sum of the finger. Pxk(t)=-Tyk(t)/Fzk(t) and Pyk(t)=-Txk(t)/Fzk(t) are the coordinates of the center
point of the pressure of the finger.

For each set of data five fingers of the time series group x (k), k=1, 2, ..., 5, find its joint recursive
matrix:

[image]

Where i, j=1,...,N,N are the time series length, ¢ k is a given threshold, indicating the two-point
neighbor relationship,

[image]

@ is the Herveyside function, and ||-|| is the phase The Euclidean function used in space. A point
with a value of 1 in the JRP chart is shown in black, and a value of 0 is white.

Recursive density-based measure: RR is the recursion rate, which is used to measure the density
of recursive points in the recursive graph, reflecting the recursive frequency of the phase points
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and the degree of convergence of the trajectories in the phase space, which can better distinguish
the generated synchronism.

[image]

Based on the recursive diagonal measure: DET, when the sequence correlation property is weak,
the random or chaotic characteristics will result in a very short diagonal or no diagonal, while the
recursive graph of the deterministic sequence will show a longer Diagonal and fewer isolated
recursive points. P(l) is a frequency distribution with a length | on the diagonal. This measure
describes the percentage of recursive points based on the 45° diagonal structure on the recursive
graph. The larger the value, the stronger the certainty, and the smaller the equivalent value, the
stronger the randomness.

[image]

The measure based on the recursive vertical line: P(y) represents the sum of the vertical lines
of length y on the recursive graph. The percentage of recursive points in the recursive graph
that constitute the vertical line structure in the whole graph is expressed as LAM, which reflects
the degree of system state change relatively to some extent, and also reflects the stability of the
system fram another angle.

[image]

[image]

Using the above parameters for analysis and processing, the RR, DET, and LAM parameters
reflect system correlation and complexity. Through the analysis of DET and LAM, the system
correlation and complexity are judged initially. Study the correlation of the dynamics system,
analyze the complexity of the system, and obtain dynamic indicators to evaluate the coordination
and gripping functions between the fingers. The level of RR values of healthy subjects was
counted, the mean and distribution range were calculated, and the mean RRH was obtained. The
grasp function index GlI,

[image]

was defined, where p is the standard deviation of the RR values of the healthy subjects. By
performing task-oriented functional grip training and function evaluation, the recovery of hand
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function can be better achieved. The device and method can be used for functional grip training
and evaluation, and the accurate evaluation of the opponent's function is of great significance.

[0060] The present disclosure processes the multi-channel timing signals collected by the device, extracts
the correlation and complexity of the effective parameter analysis dynamic system, and obtains
an index for evaluating the coordination between the fingers and the full-hand grasping function.
The device uses the joint recursive quantitative analysis method to analyze and process the
three-dimensional force, three-dimensional moment and pressure center point coordinate data
of each finger, and obtain the joint recursive graph and the characteristic parameters reflecting
the correlation and complexity of the system, and obtain the full-hand grip function. Evaluate the
parameters and the gripping index between each finger.

[0061] Itis used for the testing and evaluation of the full-handed precise grip function, and the diagnosis
of the degree of damage of the opponent's function and the recovery of the hand function have
important application value. The method uses multi-directional disturbance torque to sense
motion control as the basic testing mechanism. The joint recursive quantitative analysis is used to
calculate the dynamic coupling complexity between multi-channel signals, and the coordination of
the precise grip function of the opponent is tested and evaluated.

[0062] Itis to be understood that in the description of the specification, the descriptions of the terms
"one embodiment”, "another embodiment”, "other embodiment”, or "first embodiment to the
Nth embodiment" mean Specific features, structures, materials, or characteristics described in
connection with the embodiments or examples are included in at least one embodiment or example
of the invention. In the present specification, the schematic representation of the above terms
does not necessarily mean the same embodiment or example. Mareover, the particular features,
structures, and characteristics of the materials described may be combined in any suitable manner

in any one or more embodiments or examples.

[0063] The above description is only a preferred embodiment of the present disclosure, and is not
intended to limit the disclosure, and various changes and modifications may be made to the
present disclosure. Any modifications, equivalent substitutions, improvements, etc., made within
the spirit and scope of the present disclosure are intended to be included within the scope of the
present disclosure.

1.A multi-finger functional grip analysis device based on multi-directional disturbance torque control,
comprising:
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a cylindrical housing in which the fluid is contained:;

a torque sensor for detecting a thumb side force is disposed on an inner wall of the cylindrical casing,
and a torque sensor for detecting a four-finger side force is disposed on the opposite side of the inner
wall of the cylindrical casing;

The cylindrical housing is disposed on the base, and is connected to the electromagnet device at the
bottom of the base;

The electromagnet device is configured to generate a transient abrupt disturbance torque in a specified
direction acting on the bottom of the base;

The specified direction instantaneous abrupt disturbance torgue is a momentary abrupt disturbance
torque generated at a plurality of marked positions at equal intervals centered on the center of the base;

The torque sensor detects the data signal of the test subject under the action of the instantaneous
abrupt disturbance torque, and uses the data signal to process the whole hand grip function evaluation
parameter and the grip coupling index between the fingers.

2.The multi-finger-actuated grip analysis device based on multi-directional disturbance torque control
according to claim 1, wherein the torque sensor of the thumb side force and the torque sensor of the
four-finger side force respectively pass the corresponding connecting piece and the cylinder. The outer
side of the shaped housing is in fixed contact with the plane.

3.The multi-finger disturbance grip control multi-finger functional grip analysis device according to claim
1, wherein the electromagnet device comprises an electromagnet, a rated weight and an elastic rope,
and the base is connected downward from the center. The electromagnet connects the rated weights

from the elastic ropes to several marked positions at equal intervals in the center of the base.

4.The multi-finger disturbance torgue control multi-finger functional grip analysis apparatus according to
claim 1, wherein the base is cylindrical.

5.A multi-finger grip function test analysis method based on multi-directional disturbance yaw moment
sensing control, characterized in that it comprises:

The grip function test analysis device is grasped by the tester;
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The bottom of the base of the grip test device receives the instantaneous abrupt disturbance torque in a
specified direction;

The specified direction instantaneous abrupt disturbance torque is a momentary abrupt disturbance
torque generated at a plurality of marked positions at equal intervals centered on the center of the base;

For the effect of the instantaneous abrupt disturbance torque in each specified direction, the grip
function test analysis device is smoothly raised to the specified height, and the set time is maintained
and then placed smoothly to the initial position. After the test, the three-dimensional force of each finger
is obtained. Real-time coordinate data signal of torque and pressure center point;

The dynamic coupling complexity between multi-channel signals is calculated by joint recursive
quantitative analysis, and the evaluation parameters of the full-hand grip function and the gripping index
between the fingers are obtained.

6.The multi-finger grasping function test and analysis method based on multi-directional disturbance
yaw moment sensing control according to claim 5, wherein the tested force and torque and the original
time-varying signal sequence of the pressure center point are stored and analyzed. Get the data as
follows:

{Fxk(t), Fyk(t), Fzk(t), Txk(t), Tyk(t}, Tzk(t), Pxk(t), Pyk(t)}

Among them, k=1, 2, 3, 4, 5, representing the thumb, index finger, middle finger, ring finger and little
finger five fingers. Fxk(t), Fyk(t), Fzk(t) are the three-dimensional force vector time series of a finger,
Txk(t), Tyk({t), Tzk(t) are the three-dimensional moment vector time sequence of the finger, and Pxk
(D)=-Tyk{t)/Fzk(t) and Pyk(t)=-Txk(t}/Fzk(t) are the coordinates of the center point of the pressure of the
finger.

7.The multi-finger gripping function test and analysis method based on multi-directional disturbance
yaw moment sensing control according to claim 5, wherein the time series group x(k), k=1, 2, for each

group of data five fingers. ..,5, find its joint recursive matrix:

[image]
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Where i, j=1,...,N,N are time series lengths, ¢k is a given threshold, indicating the relationship between
points and points,

[image]

O is the Herveyside function, ||-|| It is the Euclidean function used in the phase space. The point with a
value of 1 in the JRP graph is shown as black, and the value at 0 is white.

8.The multi-finger grasping function test analysis method based on multi-directional disturbance yaw
moment sensing control according to claim 5, wherein the recursive density-based measure: RRx, y is
a recursion rate, and is used for measuring a recursive point in the recursive graph. The density reflects
the phase recursive frequency and the degree of convergence of the trajectory in the phase space,
which can better distinguish the generated synchronism;

[image]

9.The method for testing and analyzing multi-finger grip function based on multi-directional disturbance
yaw moment sensing control according to claim 5, characterized in that: based on the recursive
diagonal measure: DET, when the sequence correlation characteristic is weak, random or chaotic

The characteristics will result in very short diagonals or no diagonals, while the recursive graph of the
deterministic sequence will show longer diagonals and fewer isolated recursive points, P{l) on the
diagonal a frequency distribution of length [; this measure describes the percentage of recursive points
based on the 45° diagonal structure on the recursive graph. The larger the value, the stronger the
certainty, and the smaller the equivalent value, the stronger the randomness;

[image]

The measure based on the recursive vertical line: P (v ) represents the sum of the vertical lines of
length y on the recursive graph, and the percentage of the recursive points in the recursive graph that
constitute the vertical line structure in the whole figure is expressed as LAM, reflecting to some extent
The degree of relative change in system state also reflects the stability of the system from another

angle;

[image]

[image]
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Patent drawings

Figure 11.8: Drawings of the structural design of the device.

Figure 11.9: Drawing of the connections of the electronic components of the device.
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Appendix D: Approval of the Research Ethics Com-
mittee

4
"4 Hospital Universitario 1_.}—12
“"H 12 de Octubre Instituto de Investigacion

Hospital 12 de Dctubre

N9 CEIm: 22/495

DICTAMEN DEL COMITE DE ETICA DE LA INVESTIGACION

Dfia. DULCE MARIA UGALDE DIEZ, Secretaria del Comité de Etica de la Investigacion con medicamentos del
HOSPITAL UNIVERSITARIO 12 DE OCTUBRE.

CERTIFICA

Que este Comité en la reunidn celebrada el dia 20/12/2022 ha evaluado la propuesta del investigador para
que se realice el proyecto de investigacion, titulado: Disefio y validacion de un dispositivo para evaluacion
cognitiva y motora de miembro superior en pacientes con Daifio Cerebral: Dispositivo AMBER (portAble and
Modular device for comprehensive Brain Evaluation and Rehabilitation) / AMBER (Artefacto Modular
portdtil para la rehaBilitacion y Evaluacion integral ceRebral)

TIPO DOCUMENTO VERSION

Protocolo v.2 - 5 diciembre 2022
Hoja Informacién de Paciente - paciente v. 2 - 5 diciembre 2022
Hoja Informacién de Paciente - voluntarios sanos v. 2 - 5 diciembre 2022
cl v. 2 - 5 diciembre 2022

Entendiendo que dicho estudio se ajusta a las normas éticas esenciales y criterios deontologicos que rigen en
este Centro, cumpliendo los requisitos metodoldgicos necesarios y las normas de funcionamiento interno del
Comite. Se han ponderado los aspectos metodolégicos éticos y legales y se recogera la decision adoptada en
el acta correspondiente.

Este Comité INFORMA FAVORABLEMENTE a la realizacién de dicho proyecto.

El estudio sera realizado en el HOSPITAL BEATA MARIA ANA por JUAN PABLO ROMERO MURNOZ, ROBERTO
ALVAREZ FERNANDEZ y CARMEN SANCHEZ AVILA como Investigadores Principales.

Lo que firmo en Madrid, a 20 de diciembre de 2022

Fecha: 2022.12.20
15:38:36 +01'00"

Firmado.: Dra. DULCE MARIA UGALDE DIEZ
Secretaria del CElm Hospital Universitario 12 de Octubre

Comité de Etica de Investigacion, Hospital 12 de Octubre = Av. de Cordoba s/n 28041 Madrid
Centro Actividades Ambulatoria, Blogque D, Planta 62 « e-mail: ceic@hl2o.es
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‘;_n Hospital Universitario 1 +1 2
vl 2 de OCtUDre Instituto de Investigacion

Hospital 12 de Dctubre

ANEXO I: COMPOSICION DEL CEIm

N2 CElm: 22/495

Titule: Disefio y validacidn de un dispositivo para evaluacidn cognitiva y motora de miembro superior en pacientes con Dafio
Cerebral: Dispositivo AMBER (portAble and Modular device for comprehensive Brain Evaluation and Rehabilitation) / AMBER
(Artefacto Modular portatil para la rehaBilitacién y Evaluacion integral ceRebral)

Investigador Principal: JUAN PABLO ROMERC MURNDZ, ROBERTO ALVAREZ FERNANDEZ y CARMEN SANCHEZ AVILA

Dfia. MARIA UGALDE DIEZ, Secretaria del Comité de Etica de Investigacion con medicamentos del HOSPITAL UNIVERSITARIO 12 DE
OCTUBRE.

Hace constar que:

1. Enla reunion ordinaria celebrada el dia 20/12/2022, se decidio emitir el informe correspondiente al estudio de referencia.

2. Endicha reunidn se cumplieron los requisitos establecidos en la legislacion vigente Real Decreto 1090/2015 para que |a decisidn
del citado CElm sea valida

3. El CElm del Hospital Universitario 12 de Octubre, tanto en su composicidon como en sus PNTs, cumple con las normas de BPC
(CPMP/ICH/135,/95)

4.  Lacomposicidn del CEIm del Hospital Universitario 12 de Octubre en la citada fecha, era la siguiente:

Presidente:

- MARIA DEL PUY GOYACHE GORI - Farmacéutico Adjunto de Farmacia Hospitalaria

Vicepresidente:

= SARAHI ELIZABETH VALDEZ ACOSTA - Farmacologa Clinica

Secretario:

- DULCE MARIA UGALDE DIEZ - Dra. en Ciencias Bioldgicas

Vocales:
- ELEMA PUERTO GARCIA MARTIN - Médico Cardiclogia
- TYCHO STEPHAN BAUMANN - Médico Hemataologia
- LUIS MANUEL MANSO SANCHEZ - Médico Oncologia
- CRISTINA MARTIN-ARRISCADO ARROBA - Licenciada Estadistica
- MARIA LUISA ALBELDA DE LA HAZA - Licenciada Derecha
- CANDELAS LOPEZ LOPEZ - Diplomado Universitario en Enfermerfa
N GONZALO CARRENO GOMEZ-TARRAGONA - Médico Hemato logia
- JORGE ADEVA ALFONSO - Médico Oncologia
4 RAFAEL SAN JUAN GARRIDO - Médico Microbiologia
- ROBERTO RODRIGUEZ JIMENEZ - Médico Psiquiatria

< ANA ISABEL JIMENEZ UBIETO - Médico Hematologia

Comité de Etica de Investigacion, Hospital 12 de Octubre = Av. de Cérdoba s/n 28041 Madrid
Centro Actividades Ambulatoria, Blogue D, Planta 62 « e-mail: ceic@hl2o.es
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- GEMA RUIZ HURTADO - Comisién de Investigacidn

- MARIA DEL MAR ESPIND HERNANDEZ - Pediatra de Atencion Primaria

= M2 DEL CARMEN RIESCO MARTINEZ - Médico Oncologia

- MARIA DE LAS MERCEDES CATALAN GONZALEZ - Médico Intensivista

- RAQUEL SIGUIN GOMEZ - Farmacéutica Atencién Primaria

- LAURA LEMA ROSO - Médico Oncologia

- YOLANDA RODRIGUEZ GIL - Medico Anatomia Patologica

- FRANCISCO JAVIER MAZUECOS GOMEZ - Trabajador Social Ayuntamiento Madrid
- SAGRARIO ALEGRE ALONSO - Coordinadora AECC

- MARIA DEL PILAR HERNANDEZ SUAREZ - Diplomado Universitaric en Enfermerfa
- RAQUEL SOPERIA SUTIL - Médico Urologia

. DAVID SANCHEZ GUZMAN - Médico Atencidn Primaria

- MARIA MONTSERRAT PILAS PEREZ - Diplomado Universitario en Enfermeria

- ELENA GUTIERREZ 5CLIS - Medico Nefrologia

- MAGDALENA ABAD GRAN - Facultativo Especialista Ginecologia y Obstetricia

Comité de Etica de Investigacion, Hospital 12 de Octubre = Av. de Cordoba s/n 28041 Madrid
Centro Actividades Ambulatoria, Blogque D, Planta 62 « e-mail: ceic@hl2o.es
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ANEXO Ii: COMPROMISOS CONTRAIDOS POR EL INVESTIGADOR CON RESPECTO AL
COMITE DE ETICA DE LA INVESTIGACION

Se recuerda al investigador que la ejecucidon del estudio le supone los siguientes compromisos con el Comité:

* Ejecutar el estudio con arreglo a lo especificado en el protocolo, tanto en los aspectos cientificos como
en los aspectos éticos.

e Notificar al Comité todas las modificaciones o enmiendas en el estudio y solicitar una nueva
evaluacion de las relevantes.

* Enviar al Comité un informe final al término de la ejecucion del estudio. Este informe debera incluir
los siguientes apartados:
o Numero de registro del estudio en bases de datos plblicas de proyectos de investigacidn, si procede.
o Memoria final del estudio, la enviada a las agencias reguladoras
o Publicacidn/es cientifica/s generada/s por el estudio
o Informacion (tipo y modo) transmitida a los sujetos del estudio sobre los resultados de la
Investigacion y sobre los que afecten directamente a su salud (si procede}

Comité de Etica de Investigacion, Hospital 12 de Octubre = Av. de Cérdoba s/n 28041 Madrid
Centro Actividades Ambulatoria, Blogue D, Planta 62 « e-mail: ceic@hl2o.es
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Appendix E: Healthy volunteer affiliation form

ESTUDIO AMBER

FORMULARIO DE FILIACION DE VOLUNTARIOS SANOS (INFORMACION CONFIDENCIAL)

INVESTIZATOT! 1vvitiiteeeiei it e e b s e b s be e s s eaesa e b e et e s bes s s s enesa et s ben s s nnsaesna e ete
Fecha'de I 18 evaluation (TEST): vt edsons ot s s e avviiiss i
Fecha de la 22 evaluacion (RETEST): woueciccoueeceeiueieeeeee e eeeaaseeee s etaenebeaese e s bmese st s sessnsesenenas

N de‘anonimizacion asighado (COAIBO): cuuiciimmminnimsiis i ise i vissssassvasiba'ios sHias sss s asiion

Datos del voluntario:

Género:

Fecha de nacimiehto [Bdad)! ..cuamemsaisi i s st i s
Nivel educativo (basico/iIntermedio/sUPErior): i i sse e sne s se sn sr sns snssns srssassrsanees
Dominancia manual (diestro/ZUrdo): c.u i i sesssi e sessss e snssss v snssns ssssssnsssssnssns svssnssnss

Afecciones: [] Hipertensién

— Dislipemia

| Diabético

| Alteracidn de la coagulacion

| Cardiopatia isquémica
Fumador

| Bebedor
Otras drogas

Contacto:
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Appendix F: Informed consents for validation study

Titulo: Estudio Amber. Disefio y validacion de un dispositivo para
evaluacion cognitiva y motora de miembro superior en pacientes con
Daino Cerebral: Dispositivo AMBER (portAble and Modular device for
comprehensive Brain Evaluation and Rehabilitation) / AMBER (Artefacto
Modular portatil para la rehaBilitacion y Evaluacion integral ceRebral)

CONSENTIMIENTO INFORMADO PARA EL PROCEDIMIENTO DE EVALUACION MOTORA

Descripcion del estudio:

Las escalas de evaluacion del deterioro motor aportan informacion sobre el
estado/recuperacién de habilidades motoras con datos objetivos.

Procedimiento:
Consistird en la realizacion de 9 pruebas validadas en la valoracion del deterioro motor.
1. Uso de dinamometro para evaluar la fuerza de agarre.
Uso de pinch forcé para evaluar la fuerza de prensién de los dedos de la mano.
3. Groveed Peghoard, para evaluar la destreza manipulativa, coordinacion 6culo-

manual y otras funciones de la extremidad superior.

El investigador le explicard detenidamente en qué consiste cada prueba para que
pueda colaborar adecuadamente.

Molestias:

La evaluacion con estas pruebas puede suponer alguna molestia en términos de fatiga
leve o moderada

Beneficios:

Los beneficios que le brinda la participacion en este proyecto incluyen el hecho de tener
datos cuantitativos en cuanto a la funciébn motora de su miembro superior. Su
participacion en el proyecto posibilitard que el grupo de investigadores desarrolle
estrategias de rehabilitacion que reviertan en una mejor calidad de vida de los pacientes
con déficits motores en miembro superior.

Confidencialidad:

Todos los registros se mantendran de forma que su participacion en este proyecto sea
confidencial, de tal manera que, si los resultados del estudio se hacen publicos, su
nombre o datos confidenciales no apareceran en ningtin momento. Los datos abtenidos
en este estudio serdn usados exclusivamente para extraer conclusiones cientificas. Su
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identidad sdlo serd conocida por el responsable del proyecto en el centro y sus
colaboradores.

Discontinuacién del estudio:

Su participacion en este proyecto es totalmente voluntaria y usted puede abandonar el
mismo en el momento que lo desee y sin que ello repercuta en su asistencia sanitaria
futura.

DERECHOS DE LOS INVESTIGADORES DEL ESTUDIO

Los investigadores tienen el derecho de interrumpir su participacion en el estudio si
determinan que no es adecuado que continte en él, si pudiera ser peligroso para usted
continuar o si no sigue los procedimientos del estudio como le indican los
investigadores.

Autorizacion

Por este documento solicitamos su autorizacion para realizarle el procedimiento, asi
como a usar imagenes e informacion de su Historia Clinica con fines docentes o

cientificos. Su anonimato sera respetado.

Declaracién v firmas

Antes de firmar este documento, si desea mas informacién o tiene cualquier cuestién,
no dude en preguntarnos.

Informacion basica relativa a la proteccién de sus datos de caracter personal:

El responsable del tratamiento de sus datos es la Universidad Francisco de Vitoria
(UFV).

Conforme a lo dispuesto en la LOPD (Ley de Proteccion de Datos) Reglamento (UE)
2016/679 del Parlamento europeo y del Consejo de 27 de abril de 2016 de Proteccion
de Datos (RGPD). Se informa de que sus datos serdn tratados e incorporados al fichero
de la FUNDACION UNIVERSIDAD FRANCISCO DE VITORIA con fines de gestion,
investigacién cientifica y docencia. S6lo podrian ser cedidos a organismos autorizados.
Puede ejercitar sus derechos de acceso, rectificacion, supresion, oposicion, limitacion
del tratamiento y portabilidad mediante un escrito dirigido a la Secretaria General de la
Universidad Francisco de Vitoria, Ctra. M-515 Pozuelo-Majadahonda Km. 1,800; 28223,
Pozuelo de Alarcén (Madrid), o al correo electrénico dpd@ufv.es

Relativo al paciente

B D B s s s e OO DN s v s
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He sido suficientemente informado del procedimiento que se me va a realizar,
explicindoseme sus riesgos, complicaciones y alternativas, lo he comprendido y he
tenido el tiempo suficiente para valorar mi decision. Por tanto, estoy satisfecho con la
informacion recibida. Por ello, doy mi consentimiento para que se me realice dicho
procedimiento por el especialista responsable. Mi aceptacion es voluntaria y puedo
revocar este consentimiento cuando lo crea oportuno, sin que esta decision repercuta
en mis cuidados posteriores.

Sé que estoy siendo atendido en un Hospital
Universitario AUTORIZO  Si NO  para la utilizacion de imdgenes e informacion
de la Historia Clinica resultante del procedimiento con fines docentes o cientificos,
tratiandose de forma confidencial y anénima segun dispone la legislacion vigente.

Firma del paciente Eachal. ... e fecnencons
Relativo al especialista
El Fisioterapeuta, ha informado al paciente y/o tutor o familiar del objeto y naturaleza

del procedimiento que se le va a realizar, explicandole los riesgos, complicaciones y
alternativas posibles.

Firma del Fisioterapeuta Fecha .....fcoif e

Relativo a los familiares y tutores

El paciente D./D. 2.........ccooceiveeeveeier e sveesn .. N0 tiene capacidad para decidir en
este momento.

5 O Con DN y en calidad
i [T e .. he sido informado/a suficientemente del procedimiento que se le
vaa reallzar Por ello doy expresamente mi consentimiento. Mi aceptacién es voluntaria
y puedo retirar este consentimiento cuando lo crea oportuno.
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Titulo: Estudio Amber. Disefio y validacion de un dispositivo para
evaluacion cognitiva y motora de miembro superior en pacientes con
Dafno Cerebral: Dispositivo AMBER (portAble and Modular device for
comprehensive Brain Evaluation and Rehabilitation) / AMBER (Artefacto
Modular portatil para la rehaBilitacion y Evaluacion integral ceRebral)

CONSENTIMIENTO INFORMADO PARA EL PROCEDIMIENTO DE
EVALUACION COGNITIVA

Descripcion del estudio:

Las escalas de evaluacion de la funcién cognitiva aportan informacion sobre el
desempeiio de las distintas funciones de su cerebro.

Procedimiento:

Consistira en la realizacion de 5 pruebas validadas en la valoracion cognitiva.

1. Test de MoCA para evaluar las funciones ejecutivas, la capacidad visuoespacial,
la memoria, la atencién, la concentracién y la memoria de trabajo, el lenguaje y
Ia orientacion.

2. Test de Stroop, para medir el control atencional.

3. TMT (Test del trazo (Trail Making Test)) para evaluar la atencion, la flexibilidad
del pensamiento y la habilidad visuoespacial.

4. Simbol Digit Modality Test, para evaluar la velocidad de procesamiento y la
velocidad motora

5. Medicién de tiempos de reaccion a través de pruebas previamente validadas en
estudios de nuestro grupo.

El investigador le explicard detenidamente en qué consiste cada prueba para que
pueda colaborar adecuadamente.

Beneficios:

Los beneficios que le brinda |a participacion en este proyecto incluyen el hecho de tener
datos cuantitativos en cuanto a su estado cognitivo. Su participacion en el proyecto
posibilitara que el grupo de investigadores desarrolle estrategias de rehabilitacion que
reviertan en una mejor calidad de vida de los pacientes con déficits motores en miembro
superior.

Confidencialidad:

Todos los registros se mantendran de forma que su participacion en este proyecto sea
confidencial, de tal manera que, si los resultados del estudio se hacen publicos, su
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nombre o datos confidenciales no apareceran en ningiin momento. Los datos obtenidos
en este estudio seran usados exclusivamente para extraer conclusiones cientificas. Su
identidad solo serd conocida por el responsable del proyecto en el centro y sus
colaboradores.

Discontinuacion del estudio:

Su participacion en este proyecto es totalmente voluntaria y usted puede abandonar el
mismo en el momento que lo desee y sin que ello repercuta en su asistencia sanitaria
futura.

DERECHOS DE LOS INVESTIGADORES DEL ESTUDIO

Los investigadores tienen el derecho de interrumpir su participacion en el estudio si
determinan que no es adecuado que continte en él, si pudiera ser peligroso para usted
continuar o si no sigue los procedimientos del estudio como le indican los
investigadores.

Autorizacion

Por este documento solicitamos su autorizacion para realizarle el procedimiento, asi
como a usar imagenes e informacién de su Historia Clinica con fines docentes o

cientificos. Su anonimato sera respetado.

Declaracién y firmas

Antes de firmar este documento, si desea mas informacion o tiene cualquier cuestion,
no dude en preguntarnos.

Informacion basica relativa a la proteccién de sus datos de cardcter personal:

El responsable del tratamiento de sus datos es la Universidad Francisco de Vitoria
(UFV).

Conforme a lo dispuesto en la LOPD (Ley de Proteccion de Datos) Reglamento (UE)
2016/679 del Parlamento europeo y del Consejo de 27 de abril de 2016 de Proteccion
de Datos (RGPD). Se informa de que sus datos serdn tratados e incorporados al fichero
de la FUNDACION UNIVERSIDAD FRANCISCO DE VITORIA con fines de gestion,
investigacion cientifica y docencia. Solo podrian ser cedidos a organismos autorizados.
Puede ejercitar sus derechos de acceso, rectificacion, supresion, oposicion, limitaciéon
del tratamiento y portabilidad mediante un escrito dirigido a la Secretaria General de la
Universidad Francisco de Vitoria, Ctra. M-515 Pozuelo-Majadahonda Km. 1,800; 28223,
Pozuelo de Alarcon (Madrid), o al correo electrénico dpd @ ufv.es
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Relativo al paciente
0 CON DN e

He sido suficientemente informado del procedimiento que se me va a realizar,
explicandoseme sus riesgos, complicaciones y alternativas, lo he comprendido y he
tenido el tiempo suficiente para valorar mi decision. Por tanto, estoy satisfecho con la
informacion recibida. Por ello, doy mi consentimiento para que se me realice dicho
procedimiento por el especialista responsable. Mi aceptacion es voluntaria y puedo
revocar este consentimiento cuando lo crea oportuno, sin que esta decision repercuta
en mis cuidados posteriores.

se que estoy siendo atendido en un Hospital
Universitario AUTORIZO Si NO  para la utilizacion de imdgenes e informacién
de la Historia Clinica resultante del procedimiento con fines docentes o cientificos,
tratandose de forma confidencial y anonima segtin dispone la legislacion vigente.

Firma del paciente Fecha .../ veif e
Relativo al especialista
El Fisioterapeuta, ha informado al paciente y/o tutor o familiar del objeto y naturaleza

del procedimiento que se le va a realizar, explicindole los riesgos, complicaciones y
alternativas posibles.

Firma del Fisioterapeuta K1 ) (IR [N,

Relativo a los familiares y tutores

El paciente D./D. 2.........cceceevieiieveeieeee e DO tiene capacidad para decidir en
este momento.

B D s S o S U B R S con D.N.L. v Y €N calidad
L e .. he sido informado/a suflc:entemente del procedlmlento que se le
vaa reallzar Por eIIo doy expresamente mi consentimiento. Mi aceptacion es voluntaria
y puedo retirar este consentimiento cuando lo crea oportuno.
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Titulo: Estudio Amber. Diseno y validacion de un dispositivo para
evaluacion cognitiva y motora de miembro superior en pacientes con
Dano Cerebral: Dispositivo AMBER (portAble and Modular device for
comprehensive Brain Evaluation and Rehabilitation) / AMBER (Artefacto
Modular portatil para la rehaBilitacion y Evaluacion integral ceRebral)

CONSENTIMIENTO INFORMADO PARA LA EVALUACION CON EL DISPOSITIVO AMBER

Descripcion del estudio:

Las evaluacién cognitiva y motora a través de las tareas de AMBER requerird su
interaccion con el dispositivo siguiendo ordenes sencillas, de acuerdo a su desempefio
obtendremos una evaluacion objetiva de su capacidad motora y cognitiva.

Procedimiento:

Consistira en la realizacion de 3 pruebas con el dispositivo que consisten en presionar
los botones del dispositivo con diferentes dedos en respuesta a las luces que se vayan
encendiendo en el mismo.

El investigador le explicard detenidamente en qué consiste cada prueba para que
pueda colaborar adecuadamente.

Beneficios:

Los beneficios que le brinda la participacion en este proyecto incluyen el hecho de tener
datos cuantitativos en cuanto a su estado cognitivo. Su participacion en el proyecto
posibilitara que el grupo de investigadores desarrolle estrategias de rehabilitacion que
reviertan en una mejor calidad de vida de los pacientes con déficits motores en miembro
superior.

Confidencialidad:

Todos los registros se mantendran de forma que su participacion en este proyecto sea
confidencial, de tal manera que, si los resultados del estudio se hacen publicos, su
nombre o datos confidenciales no apareceran en ningiin momento. Los datos obtenidos
en este estudio seran usados exclusivamente para extraer conclusiones cientificas. Su
identidad solo sera conocida por el responsable del proyecto en el centro y sus
colaboradores.

Discontinuacion del estudio:
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Su participacion en este proyecto es totalmente voluntaria y usted puede abandonar el
mismo en el momento que lo desee y sin que ello repercuta en su asistencia sanitaria
futura.

DERECHOS DE LOS INVESTIGADORES DEL ESTUDIO

Los investigadores tienen el derecho de interrumpir su participacion en el estudio si
determinan que no es adecuado que contintie en él, si pudiera ser peligroso para usted
continuar o si no sigue los procedimientos del estudio como le indican los
investigadores.

Autorizacion

Por este documento solicitamos su autorizacion para realizarle el procedimiento, asi
como a usar imagenes e informacién de su Historia Clinica con fines docentes o

cientificos. Su anonimato sera respetado.

Declaracion y firmas

Antes de firmar este documento, si desea mas informacion o tiene cualquier cuestion,
no dude en preguntarnos.

Informacioén basica relativa a la proteccion de sus datos de caracter personal:

El responsable del tratamiento de sus datos es la Universidad Francisco de Vitoria
(UFV).

Conforme a lo dispuesto en la LOPD (Ley de Proteccion de Datos) Reglamento (UE)
2016/679 del Parlamento europeo y del Consejo de 27 de abril de 2016 de Proteccién
de Datos (RGPD). Se informa de que sus datos serdn tratados e incorporados al fichero
de la FUNDACION UNIVERSIDAD FRANCISCO DE VITORIA con fines de gestion,
investigacion cientifica y docencia. S6lo podrian ser cedidos a organismos autorizados.
Puede ejercitar sus derechos de acceso, rectificacion, supresion, oposicion, limitaciéon
del tratamiento y portabilidad mediante un escrito dirigido a la Secretaria General de la
Universidad Francisco de Vitoria, Ctra. M-515 Pozuelo-Majadahonda Km. 1,800; 28223,
Pozuelo de Alarcon (Madrid), o al correo electrénico dpd @ ufv.es

Relativo al paciente

B2 mmrmrnmnsrsmnsnarmaisinnnrsnneon BN sescnsanssess

He sido suficientemente informado del procedimiento que se me va a realizar,
explicandoseme sus riesgos, complicaciones y alternativas, lo he comprendido y he

tenido el tiempo suficiente para valorar mi decision. Por tanto, estoy satisfecho con la
informacién recibida. Por ello, doy mi consentimiento para que se me realice dicho
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procedimiento por el especialista responsable. Mi aceptacion es voluntaria y puedo
revocar este consentimiento cuando lo crea oportuno, sin que esta decision repercuta
en mis cuidados posteriores.

Se que estoy siendo atendido en un Hospital
Universitario AUTORIZO  Si NO  para la utilizacion de imdgenes e informacion
de la Historia Clinica resultante del procedimiento con fines docentes o cientificos,
tratandose de forma confidencial y anénima segun dispone la legislacion vigente.

Firma del paciente Eehia..ifene fovemencnns
Relativo al especialista
El Fisioterapeuta, ha informado al paciente y/o tutor o familiar del objeto y naturaleza

del procedimiento que se le va a realizar, explicindole los riesgos, complicaciones y
alternativas posibles.

Firma del Fisioterapeuta Fecha .....f e .

Relativo a los familiares y tutores

El paciente D./D. 2.........c.cccccecvveevieesiereereicsrcesriennne.. NO tiene capacidad para decidir en
este momento.

B D 2 S con DN, y en calidad
3 [ E .. he sido informado/a suficientemente del procedimiento que se le
vaa reallzar Por ello doy expresamente mi consentimiento. Mi aceptacion es voluntaria
y puedo retirar este consentimiento cuando lo crea oportuno.
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Appendix G: Paper Archives of Physical Medicine
and Rehabilitation Journal

ACRM Archives of Physical Medicine and Rehabilitation S
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‘ Archives of Plysiesl Madiene and R=habilitetton 2024105 17 30—83

REVIEW ARTICLE (META-ANALYSIS)

Effects of Hand Motor Interventions on Cognitive | cneckfor updstes
Outcomes Post-stroke: A Systematic Review and
Bayesian Network Meta-analysis

Laura Valenzuela-Lopez, MSc,™" Marcos Mareno-Verdd, PT, PhD,*"
Juan Nicolds Cuenca-Zaldivar, PT, PhD,““* Juan Pablo Romero, MD, PhD?

From the “Foculty of Experimenta! Sciences, Francisoo de Vitorie University, Parvels de Alaroan, Spaing *Brain Injury and Movement Disoelers
Keuromhabilitrtion Goup (GINDAT), Institute of Life Sdemes, Froncsoe de Vitons University, Pozvels de Aloroin, Spain; “Reseorch Gowp in
Physistherapy and Pain, Department of Mursing and Physiotheragy, Faculty of Mediane and Hedth Soences, Umiversity af Alcala, Akals de
Hengnes, Spain; 9 Ra s Growp i Mwsing ond Hewltf Orre, Puerfo de Hiemp Hedth Reseanch Institite - Segmda de Armma (TOIPHISA ),
Madrid, Spain; “Physical Theragy Unit. Primayy Health Care Genter “H Abajén”, Modrid, Spain; Interdiscipfinany Group on Musculpskeletal
hisorders, Rrculty af Spout Soences, Universidad Eurnpea de Modnd, Villmigase de Oddn, Spain; and *Broin Damage Unit, Beato Morta Ang
Hospitol, Modnid, Spaim.

Abstract

Objective: To synthetze the evidence on ghe effects of hand relabiliston (RHB) ineremiong m coprbon poest-2neke md oompre heir
efficscy.

DataSources: Pulibled, Embae, Coclrane, Somus, Web of Sdence, ad CINAHL were ssarched from mee piion 1o Move mber 2022

Oata Selection: Randomized contmlled 1nals conducted 1o adults with stroke where the eflects of hand molor imervenlions on any cogmilive
damnalng were mise sl

bata Extraction: Dats wene eximcted by 2 independent reviewers. A Bayetian Metwork Met-malysis (NMA) was applied Tor messanes with
envugh sudies and companaons. Riak of bis was aseted with e Cochrane Rk of Bias woal.

Data Synthesis: Fifeen smdies wene included 10 qualitative symtheas and 11 m MMA. Vinual realiny (VE) (0=7), obal-asssted (n=5), or hand-
grip strength (n=3) waining were the expenmental interventions and conventional RHBE (n=14) control iniervention, Twis separaie NMA wene per-
formed with MoC A {o=480 particijpans) and MMSE { =350 participanis) s onlome messunes. Bodh coincided thal the most prolable best
interventions were tobod-aidaed and strengdh training, scconting {0 SUCEA and rankogram, followed by comventional BHB and YR trining. Mo
agnificant differences between any of the restiments were found in e Mol A network, b in the MMSE, mobot-mstaisd and strenpth raming
were significantly hener than conventional RHE and VE. Mo @gnificant dif ference s between robot-assiged and sirength training werne fomd o
betwean conveniimal RHE and VR

Conclusions: Mowor ineryentions can improve MoCAMMSE sooned pod-siroke. Moa probable bed inlenentions wene robol-assdsied and
Arength raining. Limiled Heraime saesdng domsin-spedie cognidive effects was fmnd.

Archives of Pliysical Medicine and RehabdBistion 2009, 105 177 0—#3

8 A24 by doe American Congress of Rehabi fraton Medicine,

Stroke s aleading came of adul disability which cumently affects 12.2 million mew cases of aroke each year, most of which will
more than 143 million people worldwide.” There ane anound result in both motor and cognitive chronic impaiment ™

Maost sroke survivors experience some degree of opper limh

{UL) motor deficit in dwe scute phase, which will make them

o ok o it Ty Sy My, o e wad Ko gt i unable 1o p;cxform cemain activities of daily Dving ( ADLs) in the

I e £ Y T B 100 T A0 M ] Thin. oogesiticn: W ndl Ermbnd i long emn.” The most commaon UL motor sequelas of stroke are

sady ks calecim, smiyee al muepnen of deas. seony of be aprcordesam. o ab- muscle weakness and sensory aliemtions, which hinder nommnal

i e il i b £ 5 i ¥ : A E
o A mwvement kinematics, leading 1o residual functional impairment
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Appendix

Hand intervantions for post-stroke cognition

1

in T0% of cases. These alterations frequently affect hand function
by provoking hand shaping difficulties, modifying muscle tone or
impairing dexterous and fragmented ﬁngﬁ'm”‘

In addition 1o motor disability, eognitive function deteriortion
iz o highly prevalent consequence of sroke which will affect 4 in
10 survivors in the fist year of evolution.” Specifically, amund
B0% of patents with stroke have cognitive impaimpent in | or
maode cognitive domains, with attention, shon-erm memaory, and
executive function being among the moa froguently sffected cog-
nitive abilities. ™ These impaimments have o remarkahle negative
effect on health-relaed quality of life of stroke survivors, deeply
affecting their independence in ADLs.™ However, e Ewropean
Stroke Organization and the Ewropean Academy of Neurology, in
their 2021 guidelines, highlighted the litte atention paid o these
sympioms both in clinical pracice and rmc_axh" despite dheir
greal imponace in funciional performance. ™

Over 20% of stroke survivors exhibit concurment motor and
cognitive impaiment. ™ Tn fact, there is evidence of common path-
ophysiclgical and sruotural comelales of cognitive and motor
deficits among stroke survivors. For instance, there is work sug-
gesting that motor performance & associsted with global cogni-
tion, memaory, and executive function,' Shared underlying neural
patlways between motor and cognitive functions could explain
the concurment decline in cognition and motor perdormance after
stooke, 't These alterations can be causad directly by the stroke
lesion or by struciural and fonclional changes that appearat a cer-
tain diztance from the injury but affect connected areas {diaschi-
sisi amdler wide newral networks.”  Purthermore, ample
observational evidence sugpests #iat dere s a tight relation
between UL function and global cognitive level "7 and st cop-
nitive denmands influence hand mowr performance.” More pe-
clsely, cognitive fams might inflsence on motor variables such as
reaction time or comndination, which in consequence affect perfor-
mance of fine manual tasdes and has been used © detect cognitive
decline. ™ There are als studies showing fhat  cognitive
impairment can affect physical rchabilitation {‘EEI-IB:l"= and that
bath executive and attenton dysfunctions po-groke can affiect
the amount of improvement in hand motor function afier
training. ™

Traditionally, aroke recovery sralegies have been deliverad
separately by means of motor and cognitive RHB.™ Both
approaches have typically been applied @ different recovery
times, dosages, and by different newronehabilitation professionals,
withonut considenng th: comu.nm effects tey might have an
cach other's domains.™ There is notwithstanding, a body of
research sugeesting overlapping effects across these inerventions

List of abbreviations:
AUE-R  Addenbrooke’s Cognitive Asesment-Revied
ADLs activities of daily iving
1 credible interval
MDD mean dilference
MMEE Mini-Mental Stale Examination
MoCA  Maontreal Cognitive Assessment
NMA  network men.annlysis
RUT  ramdomised controlled trial
EHE rehabilitafon
RoB Rk of Bias
SUCRA  surfsce under the cummilative ranking corve
UL ugepeer limb
VR virtual reality

e are hives-pmr.org

Hand strength trmining has been shown to pesitively affect cogni-
tion in heakby adults™ and inmild cognitive impairment.™ Maore-
over, UL momr RHE can improve some specific cognitive
dimensions such a: exocutive functioning and attemtion in otwer
neurclogic disorders like Parkinson's disease. ™ However, cumuh-
tive evidence on e effects of hand motor inté rventions on cogni-
tive gatus in people with aroke i grikingly lacking.

Several systematic meviews have shown that different modali-
ties of peneral exercise training sch as strengdh, aerobic, or
ergomates waining have significant positive effects an cognition
post-sinoke, Ak although ll.hls. iz a line of research tha ﬂ:ma.uts
largely under- mu:wgawd and controvesy does exist.” “ Simi-
larly, UL motor RHE through task-specific and robot-assisted
training hus been sugresied to potentiaie the effects of newrmopsy-
chalogical R‘HB on common  pod-greke  deficits swch as
hemineglect,” 2 Bimctional reorganization of atentional net-
waorks through wse-dependent plasticity might explain these beme-
ficial owtcomes. ™

Diespite previous preclinical ™ and clinical” work suggests that
conapTent improvement in cognitive functon afer hand motor
RHB in people with stroke might exist, the evidence to date has
not been previously summarized, Therefore, the objective of this
systematic neview was 1o quantitatively synthetize the evidence
mgarding the effect of hand physical RHE on cogrition post-
stroke. We aimed 1o deermine the concomitant cognitive effect
af metor inerventions through compiling randomized controllad
triak (RCTs) that investgated improvements in hand function var-
iables through motor RHB, in which cognitive variables wene abko
amessed,

Methods
This sysematic review followed he PRISMA 2020 statement™
amd  was prespectively  registered i PROSFERD

(CRIM2022377865), The reporting of e Bayesian Network
Meta-Analyss !'N'M.l‘\] fallowed the PRISMA extension for this
type of audies’’ and the ISPOR- AMCP-NPC guidsines ™

Eligibility criteria

Sudies were eligible if 2 hand motor RHE intervention was wsed
ina BCT mrgeting any of the following for people: with he mipare-
sis post-stmoke: hand fumction, hand srength, Anger strength, hand
dexenty, and finger dexienity. Additionally, the studies had to
provide at least | owtcome mesure of a cognitive variable con-
comitant with hand motor vadables and mot to provide formal cog-
nitive interventions &5 pant of the experimental conditions, or
deliver interventions with cognitve-motor aspects swch as mental
representation techndgues {eg, motor imagery). We defined a for-
mal cogritive mnterventon as fuat delivered by a leensed newno-
paychologist. There were no nestACHOS o dwe ouloOme e asumes,
but we only considered the following eognitive assesaments for
inclision: cognitive fumetion brief evaluation through screening
tesis, attention, memory, execufive functioning, praxis, and per-
ception. We only selected articles written in English andfor Span-
ish. Publication dates were the eardiest available witin each
datybase .

We defined hand motor interventions as therapeutic appnoac e
aiming to produce an improvement of hand function through
movement andfor practice of functional tadks, witout training
cognilive aspects as a direct objective of the intervention, This
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included all physical therapy and oocupational therapy nterven-
tions. Non-invasive brain stimulation interventions were excluded
even if applisd only on brain motor areas as there & evidence of
concument cognitive improvements through these technigues.
Coniral group interventions included all types of aliemative reat-
ments, including conventional RHE {defined as “technigues thet
heave been widely establidved and practiced in the fields of physi-
cal therapy and occupational therapy, including exercises, activi-
ties, and interventions designed to improve hand function,
coordination, and dexterity, or UL motor function), usual cane,
placebo or no intervention, non-invasive brain stimulation, and
pharmacologic interventions

The population was defined as adults (=18 years) with hand
function deficits after a siroke. There wene o restrictions regard-
ing sroke type, lesion location, or evolution phase. Participants
with any other neurologic diseases wee excluded. People with
clinically defined dementia were also excluded.

Information sources and search strategy

Electronic seanches were conducted in 6 databases from inception
to November 2022: PubMed, Web of Science, Scopus, Cochrane
Library (CENTRAL), CINAHL, and Embase. The searches were
run between 1 and 30 Novembser 20022,

The seanch strategy was undenaken considering the combina-
tion of e following concepts: (1) stroke, {2) kand motor interven-
tions, {3) hand motor function variables, and cognitive domains
including {4) global cognition, (5) attention, (&) memaory, (T) exec-
utive functioning, (8) praxis, and (9) perception. The fira 3 con-
cepts wene always present in all elecironic searches and were
oombined with each cognitive domain separaie ]y to increase wnsi-
tivity. Search srings varied slightly depending on fe MeSH ems
within cach datmbase. The detailed search straiegy can be found in
supplemental table 51 {available online only at hitp/fwww.
archives- pnwrorg/).

Study selection process

Screening was based on e following hierarchy. For titles and
abatracts: (1) study design was not observational; (2) panticipants
were adults with stroke receiving hand motor inerventions; (3)
outoome measures of hand function variables were provided; (4)
at least | cognitive outcome measure was provided. For full texts:
{1) study design was RCT, {2) cognitive interventions were not
adminiserned as part of the experimental condition; (3) cognitive
outoomes were reported pre- and post-intervention; (4) the publi-
cation was peer-reviewed.

quphcsn were first emoved using the “deduplicator” online

The software ranked duplicaws as “extremely likely™,

“highly likely™, and “likely™ based on de amount of their shared
information. This process was manually checked by MMV, to
ensure the softwane did not remove any potential swdy. After
duplicate removal, 2 authors (LW L. and M.MV.) screened titles,
abstracts, and full texts independently. In case of disagreement,
oconsensus was reached by discussion and if this was not possible a
third inde pendent author decided.

Data collection and qualitative synthesis

A data extraction table was developed in Microsoft Excel to col-
lect infomation from the studies that met the inclusion criteria.
Data items included (1) the number and characteristics of the

panticipants, including age, sex, type of stroke {ischemic or hem-
artagic), lesion location (contical or subcortical and blood ves-
ae] affected where available), and time after stroke onset (in
weeks if possible), that defined the mecovery phase (acutes3
manths, subacute=3-6 months, dronic=6 months), global cogni-
tive function and global UL motor function, wene collected and
divided into the intervention and control group wherever possi-
ble; {2) the features of the interventions, including nature {con-
ventional RHE or other interventions) and dosage (minutes per
session, seasions per week, total number of sessions, and total
number of hours of therapy ) (3) the outcome measures for hand
motoer vanables and cognition (including global cognition, atben-
tion, memary, executive functioning, praxis, and perception sep-
arately whene available); (4) the main mesulis of the trial,
including pre-post within-group differences and betwoen-group
differences at post- intervention.

Quantitative synthesis: Bayesian Network Meta-
Analysis

Faor continwous ouicome measunes with enough number of com-
parisons, a Bayesian NMA was applied. The statistical analyses
wene performed in R (verzsion 4.13, B Core Team 2023) using the
“BUGSnet and “gemte™’ packages. Bayesian NMA can be
used to obtain a poserior probability distribution of all the relative
treatment effects, which allows to guantify the uncertainty of
parameier estimaes, and @ rank all the treatments in the
netw okt

The Bayesian MNMA was compuied using the Markoy Chain
Muonte Carlosimulation agorithm with Gibbe sampling. For each
outoonme measune, the mean difference (MD) was computed as
effect size. In the studies in which the resulis were reponed as
95% confidence intervals, data were transformed inio 8D using
appropriaie formulas.*

The effectivensss of the treatments was analyzed using the sur-
face under the cunmlative ranking curve (SUCRA) and inspecton
of the ankogram, where larger values reflect greater probalbility
of effectivensss for each inervention. Direct comparisons
betwoen treatments werne analyzed as MD with 5% credible inter-
vak (Cls) through a league table, and forest plots if statistically
significant differences were found.

In each NMA, ihe selection of a random or fixed effecis
mude] and presence of inconsistency wene assessed, by analyzing
the: leverage graph (defined as posterior mean nesidual deviance
of each study arm minus the deviance at the posterior mean of
the fitted values) va Bayesian residual deviance {w) defined as
each study am contribution to the posterior mean deviance of
the model Likewise, deviance was evalusted specifically with
the mean of the residual devianoe (Dres), effective number of
parameters of sum of kverages (pld), and Deviance Information
Criteria {DIC) defined as the sum of Dres and pD. In these satis-
tics, the lower the value, the better fit of the model ™ In the case
that a variable presented enough comparizons, the presence of
inconsistency was also evalusted using the node-split method,
which allows detecting the presence of significant differences
between direct and indirect comparnisons, In addition, if discrep-
ancies were detocted in the plot of posterior mean of consistency
vi inconsistency models, an additional meta regression maodel
was applied adding as covanahles age and baseline soones The
convergence of the posterior distributions of the parameters
through Markov Chain Monte Carlo sampling was evaluated
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with the trace plot of mean of each comparison over all the itera-
tinns, &2 well a5 with the density plot of the subseguent effect
Zize extimane.

Puhlication bias was sssessed with [ measure based on the
Fobua Bayesian Copas selection mode] defimed as negligible
{<0.25), 1rl'lxil:rat: {025-0.5), high (0.50.75), and very high
=075

Risk of bias and methodological quality
assessment

The Rizk of Bias 2 (RoB2.0) tool from the Codhrane Collabora-
tion was psed. ReB10 is structured into a fixed set of domains of
bias, focusing on trial design, conduct, and reporting. Each
assessmend focuses on a specific result from a RCT. Within each
domain, o series of questions aim Lo elicit information about fea-
twres of the trial thar are relevant to RoB. A judgment about the
RoB arising from each domain is proposed by an algorithm and
can be “Low™ or “High" or express “Some concems". The over-
all RoB result is the leas favorable assessment across the
domains of bias

The PEDro scale was used o assess the methodological
quality. PEDro is a 11-item scale where aspecis sich as pres-
ence of eligibility criteria, mndomization snd allscation con-
cealment, similarity between groups at baseline, blinding
{subjects, therapisis, and msessors), percentage of dropouts,
intention-to-treat analysis, between-group comparisons, and
provision of point measwres and measures of vaniahility are
considered from a RCT. Each item is scored & “yes™ or “no™ if
the study sufficiently describes the aspect of intenest. The fist
item does not count toward the total score, and therefore the
scale has a maximum scone of 10 points, where higher scoms
indicate better quality.

Both the RoB20 and PEDro scale were administered by 2
independent raters {L.V.L. and MMMV Concordance between
them was tested using the weighted kappa coefficient, interpreted
& no agreement, none to slight, fair, moderate, substantial, and
almost perfect agreement if kappa <0, 00102, 0.21-0.4, 0.41-
06, L6108, and DB1-1, respectively.™

Results

Selection process

The fiow of information is shown in fgue | From 4540 moconds
initially idendfied, 2269 were duplicaied and 2164 were excluded
ofier tide xreening. From e emaining 107 smdies, 57 were
excluded sfter absract screening. Fifty full wexs were sought for
memrieval and 39 wene assessed for eligibility, of which 15 were
finally included inqualimtive syntesiz™ " and |1 in guantitative
synthesiz via NMA 7

Study characteristics

All the incloded studies were RCTs with parallel design which
implementad hand motor interventions in people with groke and
collected at least | cognitive outcome measune [ne-poct inErven-
tion.

wrw  arc i ves-pmr.ong

Participant characteristics

A total of 714 panticipants (287 women, mean age=56235 years)
were included (tble [) The average age was 6160 years in the
experimentu] groups and 63.11 vears in the contml groups,
Regarding the stroke side, data from 349 of the 714 panicipants
werne reirieved. Among e rq:-nﬁ:d data 189 (54.15%) of the
strokes were on the left side, In the case of the type of aroke, not
all the data were reportad either. Data from 365 participants were
rtpuﬂcd amd 284 (TT.8%) of the stokes were fschemic and 81
wene hemomhagic. The postswoke time was hetemgeneous,
including patients in the acute, subacwte, and cwonic phase, with
the average time of dwe eponed daa of 23464 days, which come-
sponds 10 chronic groke, However, most partic ipants were in the
acute of subacute phase (446 of 648 panicipants from the data
mpmud].

Intervention characteristics

Seven sudiss combined conventional RHBE with virtual reality
(VR training. 5 studies with robot-assiseed training, and 3 soudies
with strength training s experimental interventions {table 2). Con-
ventional RHB alone was the main conmol intervention {13 snst-
ies), either combining oo pational therapy and physical therapy
of in fzolation. One fudy combined BHE with VR raining & the
coniral interve ntion.

The ammmt of therapy received was mached bobween experi-
mental and contral grougs. Intervention”s dosage ranged benween 30
and [20 minstesiiay, 1-5 sessiondweek, and 2-12 weeks. The ot
amoun of reatment received ranged between 450 and 2160 mimtes.

QOutcome measures

Five studies usad the Montneal Cognitive Assesament (MoCA) a5
ithe unique global cognitive measure, and 3 smdies utilized the
Mini-Mental State Examination {MMSE). Three studies pro-
vided data from both the MoCA and MMSE zimubanecusly.
Three studies utilized the Addenbrooke’s Cognitive Assessment-
Revized (ACE-R) a5 an overall score for global cognition, | of
which also ofilized the MoC A Two of the sudies wilizing the
ACE-FE overall scome also provided data acconding to its specific
cognitive domains {agention, memory, fuency, language, and
visuoapatial).

Six studies assessod different cognitive domains with specific
outopme measunes, inelhuding de Alben Testin=1], the Trai Mak-
ing Test {n=2), the Wisconsin Cand Sorting Test {n=1), a Reactian
Time paradigm {n=1}, visual and audicory Compuierized Perfor-
manee Tesk (n=1), and the Stoop Test (n=2). Therefore, auen-
tion, memory, and exeoutive functioning were the main cognitive
domains assessed.

Risk of bias and methodological quality
assessment

Reganding RoB, most of the included studies (n=10) weme caego-
rized as “some concerns™ in overall RoB and the remaining (n=5)
as “high” {fig 24). In Domain 1, 7 studies had low RoB and 8
sudies “some concerns™ (fig 2B In Domain 2, 10 sudies had
“apme conoerns” and 5 had high RoB. In Domain 3, all of the stud-
jes had low RoB. In Domain 4, only | study had *some concems™,
the remaining (n=14) kad low RoB. In Domain 3, 10 studies had
low RoB and 5 smdies “some concems”, Concondance between



Fig1  PRISMA 2020 flow diagram.

raiers wis moderate in overall biass (kappa=035, 953% Cl=0.14-
(186 supplemental fig S57; available online oaly at hipdivaw,
archives- pmr org/).

Reganding methododogical quality sccording PEDro (1able 3),
studies presented fair to good methodological quality frange: 4-7
points, mean=h, SD=1) Ttems 5, &, and 7 (blinding of subjects,
therapists, and assessors) and 9 {intention-to-tread) were the least
sufficiently addressed. Concondance between raiers was substan-
tial for the total score (kappa=072, 95% CEO46-098; supple-
mental fig 58 available online only at hitpddwwanchives-pmr
wrgf).

Effects of hand motor interventions on global
cognition: qualitative synthesis

Mot studics {n=8] found positive effects of conventional RHE on
global cognition, whereas 4 studies did not find significant within-
group differences between pre- and post-intervention, All studies
that examined the effects of VR training found positive effects on
global cognition. Three studies that examined the effects of robot-
msisted traiming found positive effects on global cognition,

whereas 2 did not. Finally, positive effects of strength training
interventions on global cognition were found in all e studies
which implemented this treatment (n=3).

Effects of hand motor interventions on specific
cognitive domains: qualitative synthesis

Ome study did not find statistically significant effects of either
robot-assizted training + conventional RHE or RHE alone on the
Alberi Test, withowt beiween-group differences. One siudy
obtained positive effects of strength training + conventional
RHE on the Trail Making Test-B {but not on Trail Making Test-
Ay and on the Stroo p Test, although the group receiving conven-
ticnal BHE alone only showed statistically significan effects on
the Swoop Test. No baween-group differences were found in
gither case. One stody found positive effeas of VR
training + conventional RHE on the Trail Making Test. One
study found positive effects of VR traini ng + conventional RHB
on the Wisoonsin Cand Sonting Test and Reaction Times, as well
oz conventions RHE alone.
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Fig 2 Kidk of bias of the included studies. (A) Risk of hias summary. Authors’ judgments broken down for each risk of bias criterion acros all

included studies, (B) Teffic light risk of bias plot. Authors” judgments broken down for each risk of s domain for every incloded study.

Table 3 Realts of the methodological quality assessment accornding to the PEDm scale

Study Item1 Item2 Item3 Hemd IemS5 Item & Item? Ilem8 [tem9 [tem1) Item1l Taotal
Lietal 2021°" Yes Y Ha Yes o o He Yes o Yeg Yeg 5
Ranzani et al 220" Yex ez Nao ek o No ez No ha Yei Yei 1
Adomaviciens et al, 20197 ez Yes Ha Yas Nz Na No Na o Yag Yas 4
Shang et al, b2 -3 Yes Yog Ho Yes Ho No No Yas Na Yas Vs 5
Taravat stal, 2021** Yes Yag Ha e Na Ho Mo Yax ho Ve Ve 5
Ohst al, 2009 Yes Yes Yes Yes No Ha o Yes Ha Yeu Yeu &
Kim & Yim, 2017*" Yes Yes Yes Y5 Mo Ho e Yes ha Yeg Yag &
Chai etal 2018 Yes  Yes  MNa Yes Mo No e Yes  ¥es  ¥es e 8
Ozen et al, 20217 Yes Yes Yes Yes No Na No Yes N Yes Yes &
Wikan et al, 2021™ Yo Yo Yes Yes Ho Ha No Yoz Ko Yasg Yas i
Mao et al, 2000™ Yas Ve Yes e No Ha No Yoz Ve Ve Yax 7
Les et al 2020 Yoz  Yes  Yes Yes Mo Na Ho Yes Ve Yes Yes 7
Clrstea, Prito, & Levin, 2008"° Yec Yt Yes Yo o Mo Ho Yoz Ha Yeq Y 6
Ersoy & yigun, 2020* RCES e Na e o Ha Ne ACH Vs Ve Yaz &
Daunsravickenastal 218" ¥es Yeg Ne Yes No No No s ha Ve Ve 5

NOTE. Ttem 11 does not count towsnd the tatal scom.

Effects of hand motor interventions on global
cognition: Bayesian NMA

Description of networks
Eleven studies were included in te Bayesian NMA with effecs of
4 possible interventions (supplemental fig S&; available online

anly at hitpdiwww archives-pmrog’) on global cognition through
MoC A anlior MMSE assesmed. Three smdies provided «ffacts on
both scales. Most studies used conventional RHE as she contmal
inmtervention {n=10). Thee sudies cnmp.ad'rd conventinmal RHE
with conventional RHE + swength raining, 4 studies with conven-
tional RHE + robot-assisted raining, and 4 studies with conven-
tional RHB + VR training. One gtudy compared 2 robot-assisted

waw. archives-pmr.org
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wraining with VB maining both inerventions coupled with conven-
tional RHB. Therefore, 4 imterventions were compared in the
MMA for the varahbles MoCA (n=f studies, total number of
patients in network=480) and MMSE (n=6 smdies, tom] number
of patients in petwork=350} conventional RHE, strength training,
robot-assisted maining, and YR taining {supple menal wahle 543
availahle online only at hitpdfwww archives-pmromg/). The aver-
age oulonme 2t post- iMervention was 23.94 points for MoCA and
2543 for MMSE. The number of direct companisons was largest
fior the MMSE.

Selection of the final model and model assessment

The mndom-effects model betier fitted for MoC A and the fived-
effects for MMSE, both without leverage outliers (supplemental
fig 51; availshle online only at hivp:/fwwow anchives-pmeorg).
The oonsisency model had a better fit than the inconsistency
misidel for both the MoCA and the MMSE {supplemental fic 52
available online only st hiipfwwwarchives-pororgd). When
posterion mean deviance of congizency vs inconsigency maodels
were plotied, it showed some discrepancies in the MMSE {supple-
mental fig 53; available online only at hitp:/dswwanclives-pmr
org'l. However, nodesplic dwwed o significam differences
{P= 05) hetwoen the diredt and indirect comparisons, which nein-
forced the consislency between stndies {applementsl fig S4-A;
available online only &t bop:/www. archives-prororg/)=), Both
the trace plot and the density plot indicated #hat the number of iter-
ations was sufficient for an adequae convergence of the models
{supplememntal fig S4-B: svailable online only & hopswew.
archives-pororg). Meta regression was appliad for the MMSE
bt did not change the degree of discrepancies beow een the consis-
tency vs inconsistency models and therefore the simpler madel
without covarishles was chosen (supplemental fig 55; available
online only af bitp: /A ww.archives-por o).

Ran king of interventions

The interventions with the greaest effect on the MoCA (fig 34)
were stength maining { SUCRA=T0 42) followed by robot-assisted
training (SUCRA=G0L08), VR training { SUCRA=5348), and con-
ventiona RHB (SUCRA=I6.02)1 In the MMSE, robotassisted
training (SUCRA=R441) was followed by strength training
(SUCRA=81.86), conventional RHE (SUCRA=2% 56), and VR
training (SUCRA=4.1T). Acconding to the rankegram {fig 3B, sup-
pleniental table 57: available online only at http/www anchives-
pororg), te mosi probable best intervention for MoCA was
atrength training (41.689%), followed by robot-assited training
{35.5%), VR training (22.33%), and conventional RHE (0, 49%).
For MMBSE, the mod probable best ireamment was robot assisted
training (33.61% ) followed by strength raining (46.39%), conven-
tional RHB (%), and VR training (0%,

No significant differences were found between any treatment
companzons for MoCA as shown in the league table {fig 4A) For
MMSE, there were significant differences between robot-assisted
training and conventional RHE [MD=-1.497 (- 2604, 0.3%6 95%
CI] a5 well as batween robot-assisied training and VR taining
MO=-216 3064, -1.153 95% CN)), both in favor of robot-
maizted imterventions (fg 4B). The same was found between
strength training and conventional RHB [MD=-1.412 (-2.477,
4383 95% (T)] and VR training [MD=-2082 {-3.606, -0.537
95% CT). Mo significant differences were found between mbot-
assisted and strength raining MD=-0.07 {-1.6, 1.4395% CT)).

wrw arc hives-pimr. org

Publication bias

Publication bizs was considerad negligible {D<025) assuming
different between-study distributions for both the MoCA and
MMSE mets-analyses {mupplomental table 58 available online
anly ai hitp:fwwwanchives-porong.

Discussion

The present systematic review synthetzed the available evidence
on the efects of hand motor inervenions on cognitive ECOINES
in individuals with stroke. Fifieen suidies were included in the
qualitative synthesis and 11 gudies inthe Bayesian NMA

Bayesian NMA ame becoming increasingly wiilized in sooke
RHB, for UL motor function and pain,™ lower limb motor func-
tion,™ dysphagia™ or aphasia™ The present Bayesian NMA
exanined he effects of 4 possible physical inerventions on glohal
copnition through MoCA andfor MMSE asessments The resals
showed that combining strength training or robot-assisted training
with conventional RHE had the highest probability of being the
mast effective intervention fir improving global cognition in indi-
viduals with stoke, followed by conventional RHB alone or is
combinatien with VR wmining. However, conroversial resuls
waere found depending on the outcome measure wtilized, as the dif-
ferences botween the inerventions were not statistically signifi-
cant for the MoCA in any of the indirect comparizons, alhough
atatistically significant for the MMSE. This may be explained by
the fact thet although both ez have shown screening validity for
post-stroke cognitive impairment, > they meess global cognition
in non-identical ways®™” MoCA was developad a5 a brief 100l to
screen subjects who present with cognitive complainis and usually
have normal MMSE zoores, distributing cases across 8 breoader
soore range with less ceiling effect and preater ensitivity ="
This may have affected on the statistical analysis, as de MoCA
network had greaier inter-study varability with respect o cognd-
tive status at post-interventon than dee MMSE, thus reducing the
probability of siatistically zignificant differences to be found. This
may explain wiy the NMA did not yield significant diffenences
betwoen interventions for the MoCA as it did for the MMSE.
Overall, e Bayesian NMA was performed with a quite limited
number of direct and indires comparisons available (R studies in
MoCA and 6 studies in MMSE, 4 different interventions cach).
This is at the houndary for applying this type of siatistical analysis,
even though the statstical models applied fitied reasonably well
with the data and model asseszment did not show relevant incon-
sisiencies. However, desplie statistical modeling had masonably
well fit, heteropeneily acros audies was found reganding panici-
pant or intervention chammceristics {eg, evolufion phase or dos-
age), which may have affecied the resulis.

Aside from the dhove inconsstencies, arength and nobsod-
amisted types of training seemed to be dwe most ¢ fective interven-
tiond to enhamce global cognition post-stroke. Positive effecs of
sength raining are consisiemt with a large body of sesearch
showing that kandgrip training and grip grength ame tightly nelated
tev glohal cognition in bealthy old adult=™ Maushle biological
mediators of these effects have been studied, for instance, grip
fosrer partems and grip foree contml may be a direct resuli of cog-
nitive adaptations during txk leaming and reflect sensory-motor
nenwark changes,” Incontrast, he relation between mobot-asisted
iraining and cognition i less well understond. It may be hypothe -
wized that robot-assisted training s a more comprehensive inter-
vention which combines training of several motor domains,



Appendix

171

1780

L Valenzuela-Lopez et al

=

Pty ol ranking o beler (1
Probanaty o rark g o bty

5

A = g
Lo P

11kt

P Tramtrerd
mmmmnniwmm

El

Pesbalaly ol g (%1

H

L TR

Flaring ot Trvwimard
HgNET TATENGE RERCCUTED WD W08 A100T v BhER |

MSISE

29

-—h-mmm AR = Trwmg e 5

mm—mmwm_m

. L LT L RS ) T

rasire
WA T ELA PN MARNT RN WT, AT RIS LAPL

Fig 3  Hesults of network meta-analysts. (A) Score of each trestment according to the surface under the cumulative ranking curve {SUCRA) for
Maontreal Cognitive Amessment (MolA) and Mini-Mental State Examination [MMSE). (B) Ramkogram of intewentiens for MolA and MMSE. EHE,

conventional rehabilitation; VR, virtuzsl reality.

including strength, motor control and synergies, and cross-maodal
sensory processing thanks o muliimodal feedback, a5 well as indi-
tect traindng of cognitive domains thanks 1o he practice of maone
complex tasks,” This would reguire greater cognitive demands
which are trained parallelly with motor components, resulting ina
mubimaodal istegration and coordination between sensory-maotor
and fronto-parietal networks ™ Conversely, conventional RHE or
VR proiocols may have lacked twese features in the includad stud-
ies, what may explain why they ranked lower in the NMA ™
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Fig &4 Direct compadsen of interventions in network meta-analysis

The qualitative synthesis revealed dar most sudies found spe-
cific cognitive effects of hand motor interventions aside from
global cognition, although less sudies have boen conduced and
larger heemgeneity of oulcome messures was found. Conven-
tional hand RHB by itsef had positive effects on attenton, execu-
tive control, and information speed processing, what is consistent
with a growing body of evidence showing cognitive effect of
other RHB schemes such as gait trining,” redstance training, ™
or general exercise protocok on these domains.” Maoreover,
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{A) League table of interventions for Montreal Cognitive Assessment

(Mol A) and Mini-Mental State Examination (MMSE). (B) Forest plats for MMSE, O], credible intervals; RHE, conventional mhabilitation; VR, virtual

reality.
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althongh e combination of conventional RHE with srength
training improved different stention components significantly
more than RHE alone,” his was anly investigated in 1 study.
Regarding the use of robotassizied training, | study did not find
wdditional effects on attention measunes, whensas another did find
sanically significant effects on visuosparial abilities, fuency,
and memory donains bt not on langesge or atiention snd orients-
on (all messured by the ACE-R). On summary, the cognitive out-
comes seemed to be focused on the central excomive network,
although a lack of formal comprehensive cognitive evaluation did
not allow to conclude if tere ae elevant effects outside of dis
network. Finally, e combination of conventional RHBE with VR
training improved attention and executive control, bt these
effects were not sperior © conventional RHB alone.™ Collec-
tively, these findings minforce the idea yielded by the NMA on
the lack of additional effeck of VR paradigms 1o enhance cogni-
tion after stroke, which contrasts with evidence from studies in
poople with trumatic brain injury.”® Punther research is needed to
elucidate the controversial results published so far on the effects
of VR training on post-stroke cognition.

Aliogether, the resulis of this sysematie review lighlight the
imporance of considering e clinical effects an hand modor inter-
ventions may have beyond puncly physical aspecis. This is in acoor-
dance with complementary work demonsiraiing positive effecis of
cognitive RHE on motor domains. in peope with stroke,™ bt ako
in ather newrslogic coditons ™ Therefore, e underlying idea of &
cognifive-moior  inerdependency  becomes panicularly  relevant
From a clinical perspective, mur results are congruent with obaena-
tional suedics showing that cognitive and motor domains interrelate
in people with gmle ' Based on the preen systematic review, it i
crucial fior fumme research audying the effecs of mowr inerenioms
post-groke o consider incheding at lead | global cognitive measure
in addition to motor catcomes, 0 advance our mdestnding of the
inter-relations between motor and cognitive moovery,

Limitations

Some limitations should be noted. First, language biases may have
been present, because only sudies published in English and Span-
ishwere considerad. The diversty of evaluation took prevented 4
quantitative synthesis of domain-specific cognitive effects. A lim-
iied sample size of comparisons in the NMA impeded performing
further analyses using dosage or participant characteristics
covariates. In addition, the NMA might have also been influenced
by the limited sample sizes of the sudies (8 studies widy n<50 par-
ticipants and 3 smdies with n=50- 100 pamicipants) and dee fact
theat tve study of Li et al, 2020 had a total sample of 200 partiei-
panis. Given fiis snudy was included in both the MoCA and
MMSE merworks, it is likely 1o kave had a significant effect on the
results. Reganding paticipant  charactenstics, heemeeneous
MoCA and MMSE scores af haseline were found across suidies,
with-at least some subgroups of individeals with streke presenting
mild cognitive impaiment according to normative cutoffs of these
tests, which may impede direct translation of the realts into clini-
cal practice. Regarding intervention characteristics, mene wia
high beierogensity in melation to the content and dosage of some
of the interventions, especially for the group analyzed
“eonventional RHE™, Although all the studies mer the criteria to
consider they delivercd conventional RHB, there was large van-
ability in their protocols, which is a significant limimtion and
restricts the validity of the NMA findings. Therefore, the findings
should be interprated cautiously. Additionally, lack of reporting of

www_arc hives-pmr.ong

intervention characteristics in some studies funther prevented us
from perfomiing mets-regression based on crucial facors auch a
total dosage or session count Finally, the small number of studies
makes it possible thet publication hisses cannod be completely
muled out, even hough owr Robust Bayesian Copas measure indi-
cated they were negligible for both neiworks.,

Conclusions

Owerall, the present study provides evidence that hand motor inter-
ventions can improve global cognltion in individuals with sroke
amd posgbly focused on fromo-executive functions. Additionally,
the mesulis mggest that the combination of stength taining or
roboi-sssiged training and conventional BRHE may be the most
effective imervention for improving cognitive functioning aceond-
ing w MMSE. However, due 1o the limied number of studies
included in this metzanalysis and the heerogeneity across the
studies, caution should be taken when imerpreting thess findings.
Funher research is needad 1o confimm these findings scross differ-
ent global cogniton owoome measures (inchiding the MMSE,
MoCA or ACE-R)yand invedigate the effects of hand motor inter-
ventions onspecific cognitive domains,
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Abstraci—Stroke survivors usually exhibit concurrent
motor and cognitive impairment. Historically, rehabilita-
tion strategies post-stroke occur separately in terms of
maotor and cognitive functions. However, recent studies
show that hand motor interventions can have a positive
impact on cognitive recovery. In this work, we introduce
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AMBER (portAble and Modular device for comprehensive
Brain Evaluation and Rehabilitation), 3 new device devek
oped for the evaluation and mhabilitation of both hand
motor function and cognition simultaneously. AMBER is
a simple, portable, ergonomic and cheap device based
on Force Sensitive Resistors, in which every finger inter
action is recorded to provide information about finger
strength, processing speed, and memory status. This pa
presents the requirements of the device and the gn
of the system. In addition, a pilot study was conducted
with 36 healthy individuals using the evaluation module of
the device to assess its psychometric properties, as tost-
retest reliability and measurement error. lts validity was
also evaluated comparing its measurements with three
different gold standards for strength, processing speed
and memory. The device showed good wst-retest reliabil
ity for strength (ICC = 0.741-0.852), reaction time (ICC =
0.715 — 0.900) and memory (ICC = 0.556-0.885). These
measures were correlated with their cormesponding gold
standards (r = 0.780-800). AMEER shows great powential to
impact hand rehabilitation, offering therapists a valid, el
able and versatile tool to comprehensively assess patients.
With ongoing advancements and refinements, it has the
opportunity to significantly impact rehabilitation practices
and improve patient outcomas.

Index Terms—Hand, upper limb, cognitive status,

rehabilitation, robotics, stroke, cognitive evaluation, hand
evaluation.

l. INTRODUGTION

TROKE is one of the leading causes of disability in

adults, occaming in aroand 12.2 million new cases each
year [1]. Approximaely 80% of stroke survivors suffer from
some level of motor impaiment in their upper limbs (UL)
121, [3]. hindering their ability to perform various activities
of daily living (ADLs) over the long term. These alterations
frequently affect hand function by provoking hand shaping
difficulties. modifying muoscle tone or impairing dexierous
amd fragmented finger movement [4], [5]. Besides motor dis-
ahility. copnitive impairment is highly prevalent after stroke,
with 80% of stroke survivors experiencing deficits in one or
mom cognitive domans. Attention, shon-tem memory. and
executive function are among the most frequently affected

2 2024 The Authors. This work is licensed under a Creative Commeans Attribution 4.0 Licensa.
Far more information, sse hitps2fcreatvecommons.onplicensesfy 4 0/
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cognitive abilities [6]. [7]. [E]. Funhermore, over 208: of
survivors exhibit concument motor and cognilive impairment
in the long term [9]. These two pathological conditions could
be comelated, as there are shared underlying neural pathways
between motor and cognitive functions. and several studies
show an associalion hetween motor performance and global
cognition, memory and execulive function [10], [11], [12],
[13], [14]

Several studies have demonstrated a distinct comelation
between handgrip strength and a hastened deterioration in
overall cognitive performance [15], [16]. Additionally, posl-
stroke impairments in executive and atention functions have
heen found to impact the extent of improvement in hand motor
function follewing training [17].

Historically, post-stroke mehabilitation strategies have typi-
cally focused separately on motor and cognitive functions [18].
These approaches, often delivered in varying intensities by
different professionals. have not fully considered their poten-
tial interdependencies [19]. However, them is a growing body
of research indicating overlapping effects between them. For
instance, hand strength training has been found 1o have positive
affects on cognition in healthy adults [20] and individuals with
mild cognitive impairment [21]. Therefore, a comprehensive
post-stroke rehabilitation program that incorporates both motor
and cognilive aspects is crucial for achieving optimal recovery
and the highest possible quality of life [22]. This is specially
important during the fist 3 months, & it i5 considered a
vatluable opponunity window where the own plasticity boosts
the recovery of is repeated of strength and motor control after
stroke [23]. [24].

The paper is structured as follows: Section 11 prowides an
explanation of the mviewed lilerature. Section Il outlines
the product requirements. Section IV covers various aspacts
of product development. Section V outlines the evaluation
procedure for the proof of concept, while Section V1 presents
the results of the evaluation. Finally, Saction V11 dalves into
the discussion, and Section VI offers the conclusions.

Il. Ex1sTING UPPER LIME BEHABILITATION DEVICES

Currently, several devices are used in clinical practice fo
aid UL motor mehabilitation [25]. [26] Specifically, hand
rehabilitation devices are designed to rehabilitate any motor
aspect of the hand and to be used in any phase of rehabilitation
therapy [26]. Hand rehabilitation devices can be classified
into three different categories: onhoses. exoskeletons, or end-
effector devices.

Onthoses typically support the hand. protecting it from pos-
tures and movements that could cause structural damage. Thay
primarily provide support and alignment for rehabilitation and
are commeniy fow cost, light and easy to use, so the patient
can use them from home. However, most of them do not have
any actuators or sensors 1o perform therapy and to be shle to
track performance data Examples of hand orthoses used for
hand rehabilitation am: Sasbo Stretch [27], Saebo Flex [28]
and Seript Orthasis [29].

Exoskeltons, motorized devices designed to enhance phys-
ical performance, act on individual finger joints and can be
adjusted to fit diffzrent hand sizes. They usually have differen

sensors wo provide a safe and controlled rehabilitation, and a
variety of exercises to be used in different phases of rehabil-
itation. They are also portable, so the patient can use them
from home. However, their adjustment and adaptation to each
hand require lime, the control algorithms ae complex, and
their costs are uswally much higher than orthoszs. Exoskeletons
can also incorporale gamified environments. Examples of hand
exosketetons am: X-glove [30], HandMate [31], ReHand [32].

End-effector devices end to be stationary devices with
several sensors 1o provide a high level of control and feed-
back during motor rehabilitation. They can incorporate higher
sensing capahilities and games 1o engage the patients. How-
ever, they are osually complex and expensive, and cannod
be portable, so their nse is limited to a particular location.
Examples of end-effector devices used for hand rehabilitation
are: Tyromotion Amadeo [33], HandCare [34], RehaDigit [35].

Crucially, while existing devices enhance motor reha-
bilitation, the majority are not specifically engineered to
simuttaneously address cognitive rehabilitation, despite the
evidence of indirect benefits to cognitive function [36]. Among
the few devices that do explicitly target both domains are
HandyKnob and HandyBot, which combine neurocognitive
therapy with training and evaluation of motor and sznsory
functions [37] However, their use is limited due to their
non-portability and the nesd for specializzd supervision
In contrast, AMBER stands ouwt for its poruhility and esse
of use, allowing both the evaluation and rehabilitation of
motor and cognitive functions withou! constant sopervision.
This feature makes AMBER particularly advantageons for
integration into diverse therapeutic environments and could
be especially beneficial for home rehabilitation programs,
expanding access 1o comprehensive therapy for patients with
mohility restrictions or limied access to specialized centers.

Our goal was to creake a small. dorable. Hghtweight. and
portable device capable of facilitating the assessment and
training of both hand motor function (and individual fingers)
and cognition. In this paper, we present the development and
initial validation of such a device. Through a proof of concept,
we aim o show the sysiem’s potential usability, feasibility,
and ils ability 1o evaluate a range of motor and cognitive
functions. The study involved testing saveral healthy subjects
to assess their hand motor function and peneral cognilive
ahilities. The paper offers a comprehensive description of the
device’s development process and presents the results of the
pilol evaluation

[Il. Device REQUIREMENTS AND Use Cases

The primary goal of the device is to facilitate the evalua-
tion and training of both hand motor function and cognitive
abilities. To achieve this, the device should possess several
key features and capabilities. Firstly, it should be adaptable
and ergonomic, capable of adjusting to both right and 2R
hands, adapt to different hand sizes, and allow free movement
of each of the fingers separaely. Secondly. it should be
small, robust. fightweight, and portable. allowing for easy
use in various seftings. including patients’ homes, withoot
the need for additional hardware. Additionally, the device
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should festure a user-friendly interface that suppons inde-

nt operation without the need for continuous clinician
oversight. Affordability is also crucial, ensuring the device is
cost-¢ffective to manufacture and thus accessible to a wide
range of users. In terms of evaluation, the device should incor-
porale preprogrammed tasks that enable accurate and e lable
assassment of hand motor function and cognitive performance,
while avoiding physical or mental fatigue that could affect
test results. Clinicians should have access Lo assessment data
to track the individual patient progress. By meating these
requirements, the device could effectively serve as a versatile
tool for evaluating and rehabilitating hand motor function and
cognilive abilities in various clinical settings.

V. PropucT DEVELOPMENT
A. Hardware

The system architecture proposed in this paper comprises a
sensory cylinder and a website designed to function both as
a device controller and as 4 platform for clinicians 10 access
and review evalnation resulis.

The sensory cylinder. designed for use with either the right
or keft hand, consists of four individual modules as depicted
in Figum 1. Each finger, excluding the thamb, has a dedicated
module that can be rotated and adjusted to accommodate
different hand sizes and finger lengths. The cylinders are
engineered with stops inside, allowing for limited rotation
to achieve an adjustable position without causing damage o
the inner components of the devics, With a height of 24mm,
the ovlinders provide ample space for finger placement. while
their outer dizmeter of 63mm ensures compatibility with large
hands and long fingers withow overfapping the thumb when
gripped. Moreover, the cylinders are easily graspable by small
hands. The structure. designed with a 3D modeling software.
is print=d using PET (Polyethylene temephthalale) filament,
a lightweight, durable, and flexible material, so the structure
of the modukes is highly resistant to various siresses. Each
module faatures twoo holes: one small for a colorful light
emitier and another larger for a force sensor positioned al
the fingerprint ara The inner diameter of the cylinders is
designed (0 accommodate all other electronics and wiring
effectively.

The devica’s electronic system, powered by batteries,
includes multipke components for data processing and control.
A Raspberry Pi microprocessor serves as the core of the
system, along with an analog-to-digital comvener (ADC) called
ADS1113. Four Force Sensitive Resistor sensors (FSRs) ane
incorporated 1o caplure data. while four RGE LEDs ae
included for visual feedback A power supply ensures the
device’s operational fanctionality.

The ADS1115 ADC s responsible for processing the
data acquired from the four FSRs, transmitting it to the
Raspberry Pi. The Raspberry Pi is equipped with an integrated
Wi-Fi module, ensbling a connection hetwean the device and
a website. This sensory cylinder will receive control signals
from the website and transmil the data collected from the
sensors back o the websie. The utilization of RGB LEDs
allows for dynamic color changes, serving different purposes
during different operating modes. Furthermore, the device

Fig. 1. The AMBER device. On the left side of the image, the skeich
aof the layout of the sensory cylinder modules of the davice ssen from
various angles and the 30 iayout. On the right side, the device profoty pe
made upwih four modules, each with one RGE LED and one FSH.

incorporates a USB-C pont input, allowing to be connected
to an extemnal power soorce for charging while in use.

The prowitype of the system is liphtweight, weighing
252 grams, ensuring ils practicality and ease of use.

8 Cperation Modes

Bazed on the identified mquimments and use cases, the
subject’s interaction with the device involves engaging with
the sensors embeddad in each cylinder. The subject will be
prompied to press a specific sensor in mesponse to one of
the two pre-programmed modes: Evaluation Mode (EM) and
Training Mode (TM). Each mode has 3 different exercises.
Table 1 shows the explanation of the performace of each
exercise, which differ on the feadback (which will be only
shown in the EM) and the recorded data (which will be only
in the T}

In the evaluation mode (EM), the device assesses three
different aspects: 1) hand and finger strength through grasping
repetitions. 2} alention. reaction time, and coordination by
having individuals press specific fingers when the correspond-
ing LEI} lights up. 3) memory evaluation by repeating a
previously presented LEDs sequence. The patient’s interaction
with the device is recorded. and the data is stored and
transmitied to a dedicated website.

In the training mode (TMR the tasks are the same three
used in the EM baut, unlike the EM, the device provides visual
feedback to the user in real-lime whik performing exercises.
Different colors indicate the intensity of strength, repetition
SITOTs iN seguences, of response time to stimuli. Fach exercise
within the T™ offers thres difficulty levels.

These exercises were developed using the Python pro-
gramming language (main packages Adafruit_ADS! x 15 and
neopingl) and integrated into @ HTML website with PHP
programming langeages and MySOL server for a databass,
allowing for control and exercise selection for each user
through the web-hased platform.

The performance of the 3 different exercises is explained in
Table L where the column “feedback”™ refers to the exercises
on the TM and the column “Tecorded data™ to the EM.

C. User Interface

The development of the device includes a webhsite that
serves as both a controller for the device and an evaluation
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TABLE I
EXERCISES AND THEIR EXPLAMATION
Recardsd
Fxercize Performance Feadhack dala

Taak | The wser pmest press the 2 finger Dependmg on the ameount of force, the comesponding  The device will recond the force exemed
FSRs individaally of simalmaneonsly  LEI? emita a eoloved light, distinguishing 3 grip force  svery 300 millissconds mand the mnximum
Al Eny i ranges: small force: red light; high force: green Hpght:  force seldeved by each finger in each

end indermedsaie force: yellow light, indernchomn,

Task 2 The device will cmit o sequence of  When the user presses the butten, the comespending The  device mecords the bme  (m
lighis while the user musl press the  light chanpes s color depending on the reaction  milliseconds) between each fight tums on
bution coresposding 1o each gt spesd: the LED wall form green i the uger presses the  and the cormesponding button g pressed.
om as quickly &1 possibls tuettan gaickly in Joss tham 1 seeand), red i the tme

15 Jeng (moeee thon 2 seconds), and yellow i the bioe
i= an intermediale valie hetween the previous
ssmablished ranges.
Twak 3 The device will emit a sequence of  If the buison preased ia comect, it8 comegponding LED  The device recorde amd check if the buitons

hights while the user must memonse
it &nid repeat it once it has fiished
playing

will emit green light, if ol is wrang, the LED will emit
7ed Light.

pressed ave comrect, counting the errocs, ad
1he Force applied in zach of them

platform to access the recorded assessment data The websile.

dasigred in HTML, serves as a controller for the mode of o
operation and exercises selection and allows each patient to g
have a private wser profile where all their evalualion informa- g .
tion (from the EM) is stored. T
When logged in, the website first acis as a mmote control, s
enabling users to choose exercises and adjust difficulty levels =y
as desimd. Upon twming on the device and login, users - =
{whether clinicians or patients) access the device’s websile lo ™ o
select the working mode: training or evaluation. In TM, users g
choose the exercise and desired difficulty level to be exacuied s
on the device. Subseguently, the exercise is initiated. In the P o o PERY
EM, throughout the exercise. the device records and stores all it - i
interactions with the sznsors, saving the data in CSV format !
on the websile at the end of each exercise, and displaying them St
on the web platform. This data can be accessed by clinicians =
through the web, which provides a simple interface to monitor = T
exercise performance and EM results, and which is accessible - s sy
rmokely. Access to this information is limited o physicians it m—
with their own private administrative accounts, The workfow et ey

diagram in shown in Figure 2.
Fip. 2 Workflow diagram of the use of the device and its website.

V. EvaLuaTion PROCEDURE

First of afl, the device was subjected to different stress
conditions, proving (o be structurally resistant and robost
Before testing the device functioning. we performed a focus
sroup with 8 specialists in stroke, each with expertise in dif-
ferent areas (1 neurologist, 2 physiotherapists, 2 cccupational
therapists. and 1 neuropsychologist). Usability, erponomy and
nser reguirements were discussed to pather their insights and
creale (he best evaluation pretocol for testing the device's

ormance.

As @ first validation of the device, the main purpos: was
1o evaluate the device’s reliability as a tool for assessing
finger and hand strength and cognitive performance using its
EM. Additionally, a comelation batwesn the evaluation results
and standardized cognitive and stength assessments was
planmied.

A. Study Design

To assass the davice™s EM, a fest-retest rhiability and valid-
ity study was condocted. The study followed the Guidelines for
Reporting Reliability and Agreement Studies (GRRAS) [38].
All procedures were in accordance with the 1964 Dectaration
of Helsinki and ethical approval was obtained by an indepen-
dent institutional review board (N® 22/495). All participanis
gave written informed consent befor enrolment

B Participanis

Participants werne recruited among persoanel of the hospi-
tal. healthy companions of patients and university students.
They were incloded il they were adults (=18 vears) and
had neither of the following exclusion criteria: 1) presence
of copnilive impairment (Montreal Cognitive Assessment
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Fip. 2. Picture of avoluntesr grasping and using AMBER davice.

(MoCA}Y = 26 pointsh. 2) known neurological diseases. motor
or sensory disturbances that affect hand strength, 3) visual
disturbances that prevent visualizing colors such as daltonism
or blindness.

Thirty-six healthy individoals participated (19 males), with
an average ape of 4327 L 1852 years, 31 of them
right-handed (assessed through the Edinburgh Handedness
Inventory ), and with an average MoCA scom of 2842 + L66.

€. Assessments

1) Device Evaluation Mode: The EM of the device was
administered twice Lo all participants, with al keast 3 days apar
hatwaan sessions (0 assess tesl-miest reliability. In each ses-
sion, the 3 different preprogrammed evaluation tasks described
above were administered. As i is intentionally a very simple-
lo-use device, a relevant learming factor is not expectad in any
of the tasks.

Tazk 1 (strength) evaluated finger strength with digits 2,3, 4,
and 5 {which comesponds to the index. middle. ring. and littke
fingers). The subject was instructed to exert as much foroe as
possible with each finger separately. As in traditional strength
assessments, they were verbally encouraged by the examiner
not to press any of the other sensors with their mmaining
fingers to ensure isolaled measarements. The average of three
attempts per finger (in kilograms) was the putcome measurz,

Task 2 (tapping speed) is designed to assess atfention and
maction lime, and it offers three lavels of difficulty: easy.
medium. and hard. The user performed each level only once.
For this task. the subject was presented with a visual slimulus,
where one of the four LEDs comesponding to the four finger
sensors would tum on. The subject was then instrucked o
respond as quick as possible by pressing the sensor come-
sponding to the illuminaed LED uwsing the comesponding
finger. The easiest level comsists of a sequence involving
consecutive fingers. The difficelty increases in the medium
and hard kevels by introducing more challenging pattems with
the omission and repetition of cerizin fingers. The outcome
measure for this task was the average maction time of the
fingars of sach hand, and it was recorded in milliseconds.

Task 3 (memony} was designed to evaluate shori-term mem-
ory al three difficulty levels easy. medium, and hard The
user performed each level only once with each hand. In this
1ask, the subject was presented with a sequence of LED lights
turning on sequentially. The seguence could be of 3, 3, and
7 elements for easy, medium, and hard kevels. respectively.

TABLE N
MEASUREMENTS OF THE FiRST DAy OF EVALUATIONS

Variahle Measuremeptsday. |
Mean S0

Finch Force — Device (kg

Dommmant sidie
Dhigit 2 4.76 1§z
THgit 3 313 L19
Thigit 4 .29 1,08
Trigit § 1.57 0, Ta

Mep-dominan side
Dhlggit 2 358 1.25
Mg 3 2.99 105
gt & 182 058
Digit 5 1.E8 L.1l6

Pinch Force— Pinch gauge (kg

Densnans side
Drigit 2 471 122
Digit 3 410 1.2
Digit 4 an 115
Drigit 5 1,54 052

Meemdomanant side
Dvigit 2 432 1,29
Drigit 3 4.0 122
Irgit & 2.82 L7
Thigit 5 1.97 0.%1

T8 — Dhevies {msec)

Dipminant side = averall 9542 12186
Drigeit 2 G 14 11103
Dvigit 3 T183 151,00
Dt 4 THIE (LRiTH
Digit 5 GETRE 17232

Nopmdommimant side = overall ERE03 18055
Tigit 2 62797 14518
gt % i 4 [EER1H
Trigit 4 &95.75 RIFR Il
I¥igit 5 ThALTL 171.40

TE— puterized (muec)

Tapping speed
Thominant side 164 85 2a.11
Mon-duminant side PR32 1128
Mean, sices 173495 26,540

Simple résction Hme pa 348

Memory = Device

Scare 385 1.34

Memiry — Digiteafd WATS=lY

Seore 254 LIl

Memory — CBT

Seone 447 1.16

50, standard deviabion; &g, kilograms: T3, Tappng Speed; maec,
millisaconds; Digits=0 WAIS=IY, Direct version of the Digit Test from
Wachsler Adult Intelligence Scale=lV; BT, Corsi Block=Tapping Test

Once the sequence was completed. the sobject was asked
1o recall the sequence pressing the sensors comesponding Lo
each finger in the correct order Participants were explicitly
indicated that thers were no time constraints to espond to
this task. and they had to prioritize accuracy over spead. The
outcome measure for this task was the number of completely
comect sequences recalled by the subject

All tasks weme performed first with the dominant hand and
then with the non-dominant hand.

2) Comparisan With Comventional Finger Finch Force
Evaluation: The pinch force assessment was administered
once o all participants, the same day as the first evaluation
with the device. All participants wem instructad to sit on a
chair approximaiely 60 cm ahead of the computer monitor.
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According to the guidelines from the American Society of
Hand Therapists, the participants were supposed to have a
vertical positiondng of the upper arm, 4 90° -flex of the elbow,
and neutral positions of the wrist and forearm [39]. The pinch
force was placed over the device in a position that allowed
the “pinch force sensor” to interact with the examined finger
against the device during the full hand grip. Subjects were
asked to produce as much force as possible with each finger
using thumb pad to the evaluated finger pad pinch during
3 seconds separately with an analog baseline hydrautic pinch
cange (MVS in motion, Belgium) [40]. in an analogous way
as it was done with the device's sensors. The average of
the kilograms of force of thme atempis per finger was the
outcome measare. This was performed first with each finger
of the dominant hand. and then with the fingers of the non-
dominant hand.

3) Comparisan With Standardzed Evaluation of Cognifve
Varabies: Processing speed and lapping speed evaluation
was camied out through differenl computerized tasks con-
trolled by Presentation® software (http:/fwww.neurobs.com)
as described elsewhere [41]. The first task was the Finger
Tapping (FT), used as a measure of motor speed, providing
quantitative information on slowing down of responses [42]
[431, [44]. In this task. foilewing the Strauss application
norms [44], the panicipants wem instructed to press the
spacebar on the keyboard as fast as possible and repeatedly
with the index finger (digit 2). Five 10-s attempts with each
hand weme performed. The average of msponse times (in
milliseconds) recorded between 2 conseculive taps was the
outcome measure of this first task. The second task, simple
reaction Hme, is inspired by the SRT task of the Computerized
Information Processing Testing batlery [43] This task was
used as a measure of information processing spead [46]. It is
the time elapsed bepween the presentation of a stimulus and
the execulion of a motor response [47]. Participanls were
instructed to press the lefl mouse button as fast as possible
when the “+" stimulus appeared in the cenier of the screen
al varying inter-slimulus times. Only the dominant hand was
used for this task The average time between the appearance of
the stimulus and the motor response was the oufcome measure
in this task.

Immediate and working memory. as well as phonological
leaming, were assessed using the direct version of the digit test
of the Wechsler Adult Ineflipence Scake-1V (WAIS-TV) [4581
[49], where the subject. after hearing a sequence of numbers
from the examiner, had to memorize and immedialely repeal
the sequence oul lowd trying to avoid errors. The number
of completely correct sequences was the oulcome measure.
Spatial and visual memory was lested through the Forward
version of the Corsi Block-Tapping Test (CBT) [30], where
the subject had to memorize and tap a sequence of blocks
displayed on a table in the same order that the examiner had
previously taped on a subset of nine blocks. The number of
completzly comect sequences was the outcome meastre.

D Usabifity Study
After both evaluations, a usability study was also carried
out, asking all volunteers to answer a questionnaire where

different questions were asked about the comfort and ease of
use of the device. The questions were as follows: How easy
{(comfortable) was il for you to hold the device with vour dom-
inant hand? How easy (comfortable) was it to hold the device
with your non-dominant hand? How complex was it for you to
understand how the exercises work? Did the sensors on each
finger seem to sensitively mfect the force you exened (task 1)7
How difficult were the tapping speed exercises (task 2} for
you? How difficult were the memory exercises (task 3) for
you? All questions werz scored from 0 o 10, with O being
the lowest score and 10 being the highest score. Finally, the
volunteers were asked if they would recommend the use of
this devica 1o a family member with brain damage.

E. Statistical Analysiz

Statistical anatyses were performed using SPSS v 25.0 sofl-
ware (IBM Corp. Armond, NY). Specifically. the test-retest
reliability of the device was analyzed (o assess the stability of
the measumements over time. This analysis was camied out
through the Intraclass Comelation Coefficient (10C) with a
two-factor mixed mode] of average measures and consistency
agreement. 93% confidence intervals of the 1CC were obtained
for measures of Tasks 1-3. 1CCs wem inierpreied as <0.3,
0.5-075, 0-75-09 and =09 for poor, moderate. good.
excellent reliability, respectively [51]. Additionally. limits of
agmement were obtained by means of Bland-Altman plots,
computing the difference between lest and retesl against
the mean of the two measurements |52] Standard Error of
Measurement (SEM) was also obtained following the formula
SEM = 8D & /1-1CC [53]. Test-relest reliability analysis was
performed after removing outlier observations in which, for the
same vpe of measurement of a specific subject, the fest and
mlast values differed by mome than 1005,

Construct validity was analyzed to assess the accuracy with
which the device measures each construct in Tasks 1-3 against
the standardized assessments used as gold standards. This was
done through the Pearson correlation coefficient. Pearson’s 1
was interpreted as showing negligible. weak, moderate, strong
or very strong comelation for valves 0.00-0009, 0.10-0.39,
0.40-0.69. 070-0.89, 0.90-1.00, mspectively [54]. For this
amalysis, alpha = 0,05 was set for statistical significance.

VI. EvaLusTioN RESULTS
Thirty-six participants initially enrolled in the study between
February and May 2023 and completed both assessment
sessions, with a mean interval of & + 1.80 davs hemwean
test and retest. Missing data for at least one task and sassion
ware present in 4 panticipants. The main results are shown in
Table ML

A. Test-Retest Refiabify

Reliability and SEM results for each Task and finger,
are shown in Table L In Task 1 (strength), 1CC = 0.741-
0.832 showed moderale to good tesl-miest reliability. The
device was slightly more reliable with the non-dominant than
the dominant hand (ICC = 0.784-0.832 vs 1CC = 0O741-
0801, respectively). Accordingly. SEM was higher for the
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TELE N
RELWEILITY RESULTS OF VARABLES MEASURED BY THE DEVICE

Device Ter (day 1)

Drewvice Botest (day I}

Wariable ICC (%5% CI 1M
Mcan sn Mean S0
Task | —Sirengih kgl
Dhainiissat dids
DHgs T{N=31) 1.7 1.12 i 152 741 (1 470-0.874) 0570
Digzt 3 [(M=36) 113 119 113 125 0.EGT (0.611<0.598) 0.531
Diigit d {N=34) 175 1.0K 07 1.0 0786 {0.57 10 B23) 0500
Dhgi 5 (N=33) 13T 0.76 124 047 0T84 (05630893} 0.353
am=darminent side
[igit 2 [(N=35) 15K 128 115 143 DRS040 525 483
[Digit 3 (N=351 T 1.06 imn 1.3R 0784 [0 5720891 1493
Dipi 4 [N=35) [ 98 [.B% 123 GRS (0. TO7-0.925) 03"
Dhpit § {M=337 [.EE 1.16 I.53 1.0 U814 (1G] Sl 51} LRI
Task 12— T8 imsecl, N=15
Average of levels
Dominant side {averall) A8 43 153586 H15.08 12354 0TRE (0 S8 B90) 6l.57
Mon-daminat side | ovesail) HES0F 14055 657,00 156 1% U.E33 {1).665-0 510} 5744
Fasy Level
Dominast side (overall) 679.39 §T0.43 62776 12854 L 7UT (04200852} 92253
Monmdansinant ghdo (ovesail) 669,59 17755 630.50 | ferd | DSR4 (0.377<0. 540} 90508
Medinm Level
Domanant side {overatl) a61.17 10099 623,10 12713 DB (0.6 Dwd 507) 44 506
Monmdominant side [ovemall) HES T 161 4% 639,59 15784 7 1E () 44220, 5858) B3.757
Hard Level
Dlominant side {averall) 756,54 1A000 64732 126,53 11806 (1 30320 544 ) TLETT
Monmdominant side {ovemall) 725.50 17538 fd6.55 15078 0554 (0. 107-0.777) 117.124
Task 3 — Mamory {number of right snswers), N=38
Scom iKi 134 453 125 0,774 {1.456-0,885) 0,637

Mate: Diffarant sample sices cormspand lo thea acluel rmember of padicipants anafyvzad afer removing sbaarvatans hal were slabslioad sullises
{le If tha test and ratest values dfisred by mars than 100%, being conaldersd execuation of measurement arors). Abbreviabians: 5D, standard

doviation; kg, kikegrams; TS, Tapping Spesd; méoc, milseconds; 1CG,

arror of maasuramant.

dominant hand compared to the non-dominant side (SEM =
01353-0.570 kg vs SEM = 0.377-0.500 kg, mspectively).

In Task 2 {tapping speed), ICC = 0715 — 0.90 showed
mioderate to sood test-retest reliability. In this case. the device
was dlso slightly more reliable with the non-dominant than
the dominant hand (ICC = 0.74-0.90 vs ICC = 0.715-0.863,
respectively). Accordingly, SEM was higher for the dominant
hand compared fo the non-dominamt side (SEM = (0L039-
0.000 sec vs SEM = 0.037-00094 kg, respectively). It is also
important to highlight the significant difference hetween levels.
Specifically. this difference takes place betwesn the medinm
and difficult levels on the dominant side: Mean Difference —
—03 96 milliseconds 95% C1 [—146.40, —41.32], 134) =
—3.63, p = 0.00L

In Task 3 (memory), ICC = 0,774 showed good test-retest
reliability.

B. Construct Vialidity

Comelation analysis hetween each Task and conventional
evaluation of finger pinch force and copnitive variables are
shown in Tabke IV and Tabiz V.

In Task 1 (strength). the device showed moderate to
strong cormelations with its pinch force counterpans (o =
0.563-0.781, all p < 0.001). Comparable comelalions betwezn
the device and pinch force were found geross fingers in éach
hand, and in finger pairs (Le.. index-index) across hands.

In Task 2 (taping speed), comelations with computerized
finger tapping were higher as the difficulty of the exercise

Intraclass Carralalion Ceafficient: G, confidanca miprval; SEM, standard

TRELE IV
CORRELATION RESULTS OF THE FORCE MEASURED
BY THE DEVICE AMD THE PINCH GALUGE

Devioe Pinch paupe
Pearzon's ¢ Pvalize

Diominans wide

Dhigit 2 0,766 <= {0,001

Trigit % 0.597 < .60

Dvigit 2 563 LELHE )

Digil 5 0.671 < L.00L
Mopedominant side

Thigsit 2 0,781 = 0.001

Trigit 3 0,648 = {0,001

Drigit 4 6,724 < {601

THgin 5 0,756 <= {001

increasad (p = 0.383-070Z, all p = Q05). Comparable cor-
relations were found between the device and simple reaction
time task. Mgher comelations ware seen comparing the hardest
lewz] of the device and also comparing the average value of
all the 3 difficulty levels for both hands with the computerized
task.

In Task 3 (memory), the device showed moderale comela-
tions with the direct version of the Digit test from WAIS-TV
(p = 0637, p = Q.001% To calculate this cormelation, since
the memory exercise of the device has 3 levels of difficuity
with memorization of sequences of 3, 5 and 7 digits, we used
a subscore of the Digits test, comprising only the sequences
of 3.5 and 7 digits among all those in the test. On the other
hand, the Task 3 of the device showed a weak comelation with
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TRBLEY
COARELATION RESULTS OF THE REACTION TIME MEASURED BY THE
DEVICE AND COMPUTEREED TAPPING SPEED AND DEVICE TASKS

Varishie Tapping Simple reaction time
Pearson'sr Pevaiue  Pearson’st  Pevalus
Average af levely
Doemenant side® 0592 < 0.00] LEFES (025
Nosrdominant gide® 0645 = 0,001 - -
“Easy levl
Dinenimant side® 0383 021 0138 (2
Moerdomiast side* 424 AL - -
Medinm level
Dinminang gide® Q447 006 IREE) [ 45
Mogmihniied side® A4de AL = =
Hard level
Dominand side® 0593 = 0.0 0422 = 0,00 ]

Mos-dominat side® 4,702 = 1,0 = =

" Cvarall value calculated as the mean af the valees of all lingers of
each gida.

the forward version of the CBT, which was not statistically
significant (p = 0.236, p = .16},

C. Usability Test With Healthy Subjects

A usability test was camisd out through a questionnaire
on the healthy volunteers who participated in the validation
study, with the aim of knowing how complex the use of the
device had beaen for them and whether they found it msponsive
lo its inleraction. Through different questions, we saw thal
00.9% of the volunteers found the device easy or very aasy
to grab while using it with their dominant hand While with
the non-dominant hand the percentage decreased to 54.5%,
with 4.5% of them finding it difficult to grasp. Regarding
understanding the functioning of the device, 954% found
il easy or very easy to understand how the device and its
exercises work. Abowl the difficulty on the performance of
the exercises. 31.8% of the wsers did not find the reaction
speed exercises {lask 2) difficult at all, while the remaining
68.2% found them easy, With respect (o the memory eter-
cisas (task 3b, 9.1% found them quite difficult, 72.75 found
them somewhal difficult, and the emaining 9.1% found them
easy. Furthermome, all participants thought that the device
was reasonably accurate with respect to the force they were
doing. Finally, 81.8% stated with certainty thal they would
recommend the use of this device to a family member with
stroke, and no volunieer rajacted it

VII. Discussion

An exiensive review of the lilerature on current technobog-
ical devices for diagnosing and treating hand and cognitive
functions reveals that almost none of them ae designed to
simultansously train both skills. This Anding underscores the
importance of developing and utilizing a device that integrates
both dimensions [26], [31]. [33]. [34]. [37]. Momreover, the
majority of existing devices lack the capability for continu-
oos data mcording and storage, crucial for moniloring user
progmss and status. Often, these devices are ofien larpe, heavy,
expensive, and difficult to use, wstricting their accessibility to
many patients. This issue is particularly relevant among stroke
patients, who fequently cannot resume daily activities and

become meliant on camgivers. Funhermore, in rurai areas or
during difficull health situations, such as the recent Covid-19
pandzmic. accessing 4 hospital for rehabilitation sessions can
be & significant challenge

Among the few devices that do explicitly target both
domains ae HandyKnob and Handy Bot. which combine nen-
mocognitive therapy with training and evaluation of motor and
sansory functions [24], [37]. However, their use is limited due
to their non-portability and the need for specialized supervi-
sion. In contrast, AMBER stands out for its portability and
ease of use. allowing both the evaluation and rhabilitation of
motor and cognitive functions with the ose of pre-programmed
tasks, This feature makes AMBER particularly advantageous
for integration into diverse therapeutic environments and could
be especially beneficial for home rehabifitation programs,
expanding access lo comprehensive therapy for patients with
mohility restrictions or limied access to specialized centers.

Themfor, this paper aims to infroduce the development
of a novel device designed for assessing and Iraining fingers
motor funclions and cognitive festures in a portable, easy
and gamifying procedure, and validating the precision and
reliability of the evaluation mode of such a device.

Targeted &l individuals with newrological impairments,
particularly stroke, the device underwent a comprehensive
evaluation process in line with the specified requirements, tak-
ing into consideration its intended application, human factors
as handedness, and potential future clinical use.

The device demonstrates lechnical capabilities that allow
the desired assessments (o be performed with minimal mea-
surement emmor Furthermore, the precision of its EM was
thoroughly assessed. It can messure the precise force per-
formed with each finger and is able 1o provide an assessment
of several cognitive functions that could be used to evaluate
processing speed. attention and memory. Test-relest riabil-
ity for the three measurements (strength, reaction time and
memory) shows moderate o pood results The msults of
this preliminary study conducted with hemlthy sobjects ar
presented and discussed in the following subsections.

A. Strength

Stength measures show moderate 1o good relighility, com-
parable to the available gold standard (ie. pinch force) [55].
In oor study, the digit 2 (index) of the dominanl hand was
the finger with lower meliability valves. The reason behind
this lower reliability is likelv attributed to the notably higher
stength values recorded for the dominant hand’s digit 2 on
the first day compared to the sscond day. This discrepancy
is possibly due to the t2sting protocol, where all evaluations
began with the digil 2 first, followed sequentially by the other
fingers, without providing the option of a first famliarization
frial. The subjects, when confronted with this new device,
might have fzit uncomfortabke during their initial grip of the
device with their digit 2. This discomfort may have been the
reason they did not exert force in the same way on both days.
However, as they progmssed to the second day, familiarity
with the grip of the device and the specific way they neaded
to press each finger may have led to more consistent strength
measurements for the digit 2.



Appendix

183

2862 |IEEE THANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, WOL. 32, 2024

Regarding the comelation betwesn fingers siength measom d
by the device and its “pold standard”, the pinch gauge. there
is 2 moderate 10 good cormelation.

B. Processing Speed (Tapping Speed)

In terms of the meliability of maction times, there is a
moderale to good comelation between the est and regest
results. To calculate this comelation, the raction times of each
finger at each difficulty level were averaged

Reaction time is a measore of how quickly the brain
processes information and responds to it It includes the time
it takes to derect a stimulus and the time it takes o produce
a motor msponse, In between, them ae complex cognitive
processes that happen in a graded manner.

The simpiest task is the fnger tapping task, whem no
cognitive processing is involved. This task allows us to directly
evaluate motor skills, the rmhlability on the execution of this
task rules out the influence of mOtor components in cognitive
processing. The second task of our device, although it is the
simpler reaction time. is 8 more complex task. participants
nead (o detect a stimulus and rspond Lo it while sensory and
muotor components interact. Additionally, the response is done
with just one finger while inhibiting the wst thus nol only
attention but also inhibitory control is expected (o be involved.

For the analysis of the msults of the asessment with the
device, the fingzr that exzcuted the resporss is not differen-
tiated. This is becanse the different motor control capabilities
of each finger cannot be controlled, as they largely depend on
individual differences between participants,

Ameng the three levels of difficulty, the medivm level
demonstrates the highest reliability (10C = 0.805 with the
dominant hand and ICC = 0.718 with the non-dominant hand).
While one might assume that the reliability would decrease as
the lavel of difficully increases, in Lhis case, the easies| level
actually exhibits lewer mliability than the medium level. This
could be attributed to the fact thal subjects didn’t undergo any
training trial, and the easy level helps them understand the
axercise dynamics bester.

Regarding the hardest kvel, the lower reliability could be
duz to a greater increase in difficulty than intended, keading
subjects o face a more challenging task compared o the
transition from the first level to the second Furthermose,
at all difficulty levels, 2 decrease in reaction time is obsepved
during the mtest compared to the initial test This suggests
that subjects become more familiar with the exercises during
the first assessment.

Regarding the comelation with the computerized evaluation
of reaction times. it s worth specifying the two raction time
constructs used: Tapping. which is a simple motor task with
no cognitive processing involved, and simple reaction time,
a more complex cognitive task involving sensory and motor
elemenis. It was only evaluated the simple reaction time con-
struct using the dominant hand, as assessing the non-dominant
hand could introduce unexpected motor variables doe 1w the
ease of using the computer mouse.

Overall, a significant positive comelations between the
device's measurements and both 1apping and simple reaction

times is observed. On the dominant side, the device's mea-
surements show a moderalely sirong comelation with tapping
(Pearson's 1 range: (.383 to 0.592) and a relatively weaker
correlation with simple reaction time (Pearson’s r range:
0.138 to 0.422). These correlations are statistically significant
for all difficulty levels,

On the non-dominant side, it is also observed significant
positive comelations betwesn the device’s measurements and
tapping (Pearson’s rrange: 0.426 1o 0.702)

Regarding the different levels of difficulty, the comelations
remain consistent with the overall trend. At the easy level,
the device’s measurements exhibit a moderate comelation with
tapping on both dominant and non-dominant sides. However,
for the simple raction time task. the correlations are weaker
and non-significant, which supggests that the device's measum-
menis might be more reflective of simple motor tasks rather
than cognitive tasks involving perception al this level

Moving to the medium level, the comelations between
the device's measurements and lapping are moderale and
stalistically significant on both dominant and non-dominant
sides. The same occurs for the simple maction time lask
The stength of the comelations inemases compared to the
easy level. indicating that the device's measurements captured
variations in both simple motor tasks and simple reaction time
tasks mom effectively at this kevel.

At the hard level. the comelations between the device's mea-
surements and tapping on both sides are sirong and statistically
significant. The comelation with the simple reaction time task
are also better than at the moderate lavel.

In summary, the resulis suggest that our device's capability
o measure reaction limes is positively corelated with both
tapping (simple motor task} and simple reaction lime (more
complex cognitive task) across different difficulty levels. The
device appears to be more sensitive to simple motor tasks
reaction time overall and shows stronger comelations com-
pared 1o tasks requiring cognitive involvement as perception,
especially at easier kevels. These findings may refiect that the
response (o easiest levels is done in a&n aufomatic manmer,
similarly Lo the tapping paradiem in computerized evaluation,
as the cadence of appedarance of the stmulus is constant,
50 the activation of complex cognitive processes is not needed.
The poorer correlation might be justified by the fact that the
stimulus prseneation in the computerized simple reaction task
is variable, whereas in owr device, it is done at a regular
frequency, just varying the location of the stimuli.

C. Memory

Finally, evaluating memory exercise shows good reliability
and demonstrates a strong positive comelation when compared
to conventional evaluations as a subscom of the direct version
of the Digit sl from WAIS-IV, despite the suditive kaming
paradigm used in that test. Our device ulilizes different stim-
ulus focations that nead to be memorized, leading us to also
employ the forward version of the Corsi Block-Tapping Test
(CBT) for comparison. However, the comelation with CBT was
not statistically significant (p = 0236, p = 0.116). This lack of
significance may be attributed to the fact thal fingers are ofien
associated with nomerical symbols, and their memorization
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might be following the phonologic kaming pathway, similar
to the digits t2st, rather than the CBT [36].

D Limitations and Future Development

During the evaluations, several limitalions of the device
were identified. First the device's operation has a drawback
in terms of batlery capacity. The limited battery charge may
restrict ilts extensive use. often necessilating conneclion to a
power source for profonged usage. This could be addressed by
incorporating higher capacity batteries to enhance its usabil-
ity. Another limitation is the absence of a specific sensor
for the thumb (digit 1. Since many duily activities heavily
rely on the use of this finger, its exclusion may limil the
device’s full pokendial in interactions with users. Moreover.
the fact that the patient must hold the device could be a
challenge, particularly for those with impairments or limited
ahduction capabilities. Survey feedback from healthy subjects
highlights this issue; specifically, 46% of participants reported
difficulties in gripping and using the device effectively with
their non-dominant hand, which they described as their less
skilled hand. This may be becanse of the high demand for
motor and cognitive control required o operate the cylinder
with a fliexed wrist to see the LED indicators. To addmess
this, the design of a wrist strap or a table suppen will be
considered, allowing the device to be used while supported.
Future changes in light positions. so they can be ssen without
fexing the wrist, may alse help mduce the difficulty. However,
it should always be moted thal this device is inlended a5 a
compementary tool to ather technigues and devices, and may
not be appropriate for all users. Reganding the tasks, Task
2 has a potential for improvement making it mor close o
compulerized finger tapping test by incorporating a simple
modor task, such as mpeatedly pressing one sensor as fast
as possible. Additionally, introducing more variability in the
sequences of the LED signals during the evaluation of reaction
times may enable a more complex assessment and yield a
stronger cormelatdon with computerized tasks. Task 3 could
be enhancad by including more saquence levels to make it
mome similar to the Direct Digits task Even the possibility of
programming an inverse sequence, after the inverse digits tast
in WAIS-TV evaluation could facilitale a more comprehensive
evaluation of memory function. Regarding the assessment pro-
cedure, the tack of a counterbatanced order for the first finger
1o be tested is a limitation, as 2 random assignment to finger
order would have been desirable. Finally. a calibration of the
tasks according to each subject’s abilities would be very useful
o be used more easily and widely by different profiles of
patients.

Addmssing these limitations would lead to an improved
and more versalile device, broadening its potential appli-
cations and increasing its overall wtility in vanious clinical
and research settings. Since this anicle and study is 2 proof
of concept and validation with healthy subjects, subsequent
studies such as a clinical trial to st the effectiveness of
the TM. in stroke populations. are needed in the future.
This will serve to validale its wsefulness as a therapeulic
ool

Viil. ConcLusion

The unigueness of this device liss in its ergonomic design,
adaptability, robustness, and reliability as a comprehensive
tool for measuring force, memory, attention and coordination.
AMBER holds great promise as a valuable tool for therapists,
enabling them to conduct reliable evaluations and polentially
address motor and cognitive variables in patients using a sin-
gle, portable_ and cost-effective device. 1t has the potential to
offer fiexible programming and establish stronger comelations
with mom complex cognitive eviluations. In comparison o
other hand rehabilitation devices, AMBER goes beyond them
by incorporating cognitive rehabilitation tasks, a feature absent
in existing devicas,
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