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Abstract Poststroke characteristics vary significantly between patients and over
time, necessitating the introduction of individualized therapy. To provide the
appropriate therapy to a patient at the correct time, several theoretical consider-
ations must be taken into account—from a clear delineation of rehabilitation goals
to an understanding of how a certain therapy can influence the underlying neuro-
plasticity. With regard to the differences between upper and lower limb motor
recovery, both domains have experienced a change in perspective on rehabilitation.
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In gait training, assist-as-needed rehabilitation paradigms have become more per-
tinent, allowing each patient to find his/her individual walking rhythm and style
within healthy boundaries. With the introduction of robotics in upper limb training
(with or without virtual reality games that are attached), the amount of training and
feedback that is provided to a patient can be increased without a rise in cost. The
emerging consensus is to consider the various motor therapies and pharmacological
interventions as part of a single, large toolbox instead of separate entities, guiding
us toward a more patient-therapist-tailored approach, which is demonstrating tre-
mendous efficacy.

Keywords Motor recovery � Patient-centered � Stroke rehabilitation �Technology-
based interventions

1.1 Introduction

Stroke is not a uniform disease, affecting the motor, cognitive, sensorial, and
somatosensory systems. How and to what extent it interferes with these systems
depends on many characteristics, such as the nature (hemorrhagic vs. ischemic),
location, and size (dominant side, cortical vs. subcortical, cerebral lobe) of the
lesion; the condition of the patient before stroke onset; and the time poststroke.

Simply, poststroke characteristics vary between patients and over time. The
high variability within and between patients has necessitated individualized
rehabilitation. Regarding the current state of stroke rehabilitation, however, most
therapies might fail to consider this significant heterogeneity.

Although recovery after stroke is seldom, if ever, complete (Sharma and Cohen
2012), stroke rehabilitation focuses primarily on restoring the exact patterns of
movement that existed before the onset of stroke, paying little attention to com-
pensatory strategies. Complicating this matter, the interactions between specific
training and spontaneous recovery processes have not been examined extensively.
In most rehabilitation centers, a general recovery pattern is projected onto each
patient. Clinical studies then aim to evaluate the clinical and functional outcomes
of a given therapy.

Given the high variability of stroke patients, however, it was not surprising that
a recent large Cochrane review demonstrated that no rehabilitation therapy was
superior, with the exception of constraint-induced movement therapy (CI) for the
upper limbs (Boddice et al. 2010). Nevertheless, the highly specified inclusion and
exclusion criteria of CI distinguish it from other upper limb rehabilitation methods.
Thus, CI appears to have been adapted to a specific subgroup of stroke patients and
can not be applied to all patients under various circumstances. Unfortunately, this
therapy is seldom used in clinical settings, because the energy costs for the patient
and therapist might be exorbitant.
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Another important aspect that increases the variability between rehabilitation
approaches is the interaction between the patient and his/her therapist. An
empathic therapeutic relationship might support or interfere with the treatment, the
mental state of the patient during rehabilitation, one’s tendency to collaborate, and
the general psychological reaction to the stroke (Scott et al. 2012).

Various rehabilitation procedures with disparate underlying neurophysiological
assumptions are routinely applied in clinical settings, despite being based on little
or no evidence of efficacy (Belda-Lois et al. 2011). In the past decade, several
technology-based approaches to stroke rehabilitation have been proposed (Ifejika-
Jones and Barrett 2011), but evidence of their efficacy is scarce (Mehrholz et al.
2007; Morone et al. 2012). Nevertheless, the number of novel methods for stroke
rehabilitation continues to rise.

This ongoing development in poststroke rehabilitation increases stroke patients’
expectations of recovery but complicates the selection of the appropriate therapy for
therapists, due to a lack of treatment guidelines. Thus, a large toolbox must be
developed, from pharmacological interventions to technology-based regimens,
including guidelines and target specifications for each therapy. When evaluating new
methods, one should focus on patient-related disabilities and the expectations and
goals of the patient and his/her caregivers for rehabilitation (International Classifi-
cation of Functioning, Disability and health www.who.int/classifications/icf/en/).

1.2 Current Tendencies in Poststroke Rehabilitation

1.2.1 Theoretical Considerations

After a stroke, no two patients share the same needs, which will likely change
during recovery. To illustrate this concept, let us imagine two patients who are
undergoing upper and lower limb rehabilitation. One might prefer to focus on the
rehabilitation of walking, because the use of only the nonparetic upper limb is
sufficient for his/her lifestyle. In contrast, the recovery of hand function might be
more important for the other patient, if he is a potter, for example. The needs in
motor recovery thus depend highly on the individual’s life perspective and habits,
previous lifestyle (e.g., sportsman vs. housewife), and cognitive and mental state.

Many therapists focus primarily on the motor aspect of poststroke rehabilita-
tion, but the influence of cognition and mental state on the potential of motor
recovery can not be ignored. Motivation and attention are considered key elements
in the success of motor recovery (Cramer et al. 2011). A patient needs to under-
stand why a certain exercise is proposed—specific exercises need to make sense,
and goals must be clear to enhance motivation. If one lacks the capacity to
understand how an exercise is executed correctly, little effect can be expected.
Further, if one is depressed and unable to see the value in recovery of motor
function, focusing on such a goal might not be the most appropriate at that time.
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Considering the entire interaction of the motor recovery-cognition-mental state
system in a patient, it is often claimed that therapeutic interventions should be
functional. To ensure adherence and maximum effort by the patient toward
rehabilitation, therapeutic exercises should focus on walking or picking up a glass
instead of knee flexion and elbow extension. Consistent with this approach, the
Institute of Medicine (IOM) defines patient-centered care as ‘‘health care that
establishes a partnership among practitioners, patients, and their families (when
appropriate) to ensure that decisions respect patients’ wants, needs, and prefer-
ences and that patients have the education and support they need to make decisions
and participate in their own care’’ (Institute of Medicine (US) 2001).

An important element of this definition is the ‘establishment of a partnership’
between the patient and caregivers to meet the needs of the former. As discussed,
we would like to broaden this definition. This partnership comprises more than one
individual, and all participants’ needs should be met for it to be successful and for
optimal therapeutic profit to be gained.

We are faced with a necessity to develop and investigate treatment modalities
that are oriented toward the specific needs of the patient-caregiver system. All
developed exercises or technological interventions should be customizable and
adaptable. Further, they should be accepted by the entire system. The incorpora-
tion of user criteria requires a method that implements user preferences into design
specifications. User preferences, however, are related to various factors, from
technical acceptance to usability and emotions that a product elicits in a patient.
Thus, these complementary aspects require an integrated approach that takes them
into consideration. Moreover, in the development of treatment modalities, one
should reflect on the possible effect of the therapy and how the effect is established
on a neurological level.

There are two chief approaches to the development of therapies for poststroke
rehabilitation: BOTTOM-UP and TOP-DOWN. Whereas the former induces
changes at the neural level (up) by acting on the periphery of the body (bottom),
the latter focuses on neurological interventions that are based on the state of the
brain after stroke to alter peripheral behavioral outcomes (Belda-Lois et al. 2011).
Many exercise-based techniques are bottom-up approaches and constitute the
benchmark in poststroke rehabilitation, per Bobath (Bobath and Bobath 1957),
Brunnstrom (Stern et al. 1970), and Perfetti (Perfetti 2001).

However, a better understanding of the neurological physiopathology can
facilitate the introduction of neuroplasticity-modulating therapies, integrating
bottom-up and top-down approaches—such as pharmacological, biological, and
electrophysiological techniques [e.g., transcranial magnetic stimulation (TMS),
direct current stimulation (DCS), functional electric stimulation (FES), and com-
puter-brain interfaces (CBIs)] (Dimyan and Cohen 2010).

In gaining such an understanding with regard to cortical functioning, a challenge
lies in correlating brain activation patterns by electroencephalography (EEG),
muscle force, electromyography (EMG), and executed movements that are sensed
by motion capture (e.g., inertial measurement sensors). Further, new noninvasive
brain imaging techniques, such as functional near-infrared spectroscopy (fNIRS),
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can be used to complement and, in some cases, overcome the technical and practical
limitations of EEG as a brain-monitoring technique. Systems that are based on
noninvasive methods for brain/neuronal-computer interaction (BNCI) are becom-
ing more common in the development of robotics-based approaches to rehabilita-
tion of motor disabilities (e.g., tremor, stroke, traumatic brain injury, cerebral palsy,
multiple sclerosis, and spinal cord injuries) (Iosa et al. 2011; Pichiorri et al. 2012).

The only way to achieve this is by promoting a multidisciplinary approach,
whereby researchers, therapists, and patients are challenged to look outside beyond
themselves and use each other’s specific knowledge to customize the poststroke
rehabilitation toolbox.

Robotic-based systems are a good example of technological-based interven-
tions. They are used and tested widely, but there is no consensus on their func-
tional benefits, perhaps because many early-developed devices are considered
‘rigid’ systems that focus primarily on the strict restoration of healthy motor
control to prestroke levels.

For instance, the Lokomat� was designed to treat gait, based on undamaged
walking models. Stepping movements are controlled only in the sagittal plane,
allowing for limited joint involvement. Considering the specificity of stroke in
individuals, this general walking pattern might fail to improve walking capacity.
The former physiological pattern can not be restored, because a part of brain
function is lost. Instead, new connections should be established, allowing the
therapy to vary and adapt to patient-specific walking patterns. As a consequence,
several groups have developed walking devices that permit free exploration within
boundaries, following the principle of guidance when needed (Wirz et al. 2005).

The upcoming challenge for researchers and clinicians will be to implement one
optimal rehabilitation therapy to the right patient at the right time, because certain
stroke patients are better responders to a specific therapy than others, solutions
must be adapted to each patient. An interdisciplinary step-by-step approach begins
with increasing our understanding of physiopathological mechanisms after stroke
to favor training-induced plasticity by developing tools that promote functional
recovery. Despite the efforts that are being made to develop rehabilitation tech-
niques, there are no accurate guidelines or prescriptions to guide the optimal
solution for each patient. One emerging concept likely relies on incorporating
objective measurements into the clinical diagnosis before and during treatment to
mold the therapy to a patient’s individual needs (Backus et al. 2010).

1.2.2 Upper- Versus Lower Limb Motor Control

Although rehabilitation attempts to effect the maximal restoration of patient
function as a whole, a distinction is usually made between upper limb and lower
limb recovery. Thus, we will discuss the chief neurological processes that underlie
upper and lower limb motor control. Although both extremities are involved in
voluntary and automatic movements, the function of lower and upper limbs differs.
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The upper limb is primarily involved in conscious goal-directed tasks, whereas the
lower limb participates in semiautomatic functions, such as gait and postural
control. Understanding these differences can mitigate the respective therapeutic
challenges.

Movements in humans are controlled by cortical and spinal processes, the
functions of which vary by task. Cortical involvement is often linked to conscious
control and complex movements, whereas spinal control is generally considered
‘lower control’ for automatic processes and reflexes. For instance, spinal control
primarily mediates rhythmic tasks, such as locomotion of the lower limb (Grillner
and Rossignol 1978) and scratching for the upper limb (Berkowitz 2008). In
contrast, voluntary movements are controlled by cortical processes (Sartori et al.
2012; Carpaneto et al. 2012).

Yet, this apparent dichotomy has been proven to be incorrect, and spinal and
supraspinal mechanisms interact in both types of movement. Recent primate
research has demonstrated that spinal control is involved in grasping and reaching
(Alstermark and Isa 2012). Similarly, cortical processes regulate the monitoring of
locomotor patterns, contain important information on the central pattern genera-
tion functioning (Cheron et al. 2012), and maintain postural stability, as observed
in transcranial magnetic stimulation studies during walking (Rogers et al. 2011).

Taking into account the functional disparities above, it is not surprising that
upper- and lower-limb motor control mechanisms differ. Regarding the lower limb
and its primary function (gait), the reduced variability in motor pattern and the
highly influential theory of central pattern generators (Grillner et al. 2005) support
the proposal of locomotion-modeling algorithms (Umberger and Rubenson 2011).
This theoretical framework is the foundation of various robotic tools that have
been developed for the recovery of walking. Optimal trajectories have been cal-
culated, minimizing energetic costs of the closed chain between hip, knee, ankle,
and foot placement, and projected onto the system of the recovering patient.

The clinical picture of the upper limb and its main functions (reaching and
grasping) is less clear, because modeling these movements is more complex. There
are many effective ways and muscular activation patterns to execute a specific
reaching movement successfully, particularly due to the many degrees of freedom
in the upper limb. Nevertheless, various modeling approaches have been proposed
(Archambault et al. 2009; d’Avella et al. 2011; Sartori et al. 2012), although there
is little consensus on the matter. Further, existing models have been applied only
to robotic rehabilitation devices with a motor repertoire and limited degrees of
freedom (Schmidt et al. 2004).

The developing knowledge base of neurological mechanisms, plasticity, and
theoretical models influences our understanding and application of therapies for
each limb. Independent of the many therapeutic interventions that have been
proposed, both branches of rehabilitation have been affected by the necessary
change in perspective—individualizing therapy to the needs of the patient-care-
givers system, based on time and severity after stroke. Thus, in the following
sections, we will focus on the changing perspective from therapy-centered to
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client-caregiver system-centered approaches toward lower limb and upper limb
rehabilitation.

1.3 Emerging Perspectives in Lower Limb Rehabilitation

1.3.1 Body Weight-Supported (BWS) Gait Rehabilitation

As discussed, lower limb rehabilitation focuses primarily on the recovery of gait.
The introduction of electromechanical/robotic-assisted gait rehabilitation
techniques in recent years has represented one of the main novelties in stroke
rehabilitation. The two best-known robotic commercial devices that conduct
ambulation training in hemiparetic patients are the Gait Trainer (GT), which
controls endpoint trajectories (GT II, Rehastim, Berlin, Germany), and the
Lokomat�, which integrates a robotic exoskeleton and a treadmill (Hocoma
Medical Engineering Inc, Zurich, Switzerland) (Jezernik et al. 2003; Peurala et al.
2009). Both devices have been used for stroke and spinal cord injury rehabilitation.
Their high cost and uncertain efficacy and the skepticism of certain clinicians have
limited their use for inpatient care.

A recently updated Cochrane review (Mehrholz et al. 2007) concluded that
electromechanical-assisted gait training (Lokomat� or GT) with physiotherapy
raises the odds of recovery of independent walking, based on the functional
ambulation category (FAC), compared with conventional therapy without signif-
icantly increasing walking velocity or walking capacity. This report included
nonambulatory and ambulatory patients at various stages of stroke, from subacute
to chronic. A multicenter study by Hidler et al. on Lokomat� demonstrated that
conventional gait training interventions are more effective than robotic-assisted
gait training in facilitating the recovery of walking ability in subacute stroke
patients with moderate to severe gait impairments (Hidler et al. 2009).

The poor performance of robotic approaches might be attributed to the control
algorithms that are used. In particular, control systems that are more flexible or
adjustable to patients’ needs appear to provide better results (Ziegler et al. 2010).
This assist-as-needed (AAN) rehabilitation paradigm states that robotic interven-
tions must be tailored to the requirements of each subject and their use minimized
only to situations for which the subject truly requires them.

Regarding current assistance strategies for robotic systems, the AAN control
concept encourages the active motion of a patient, wherein the robotic device
intervenes only when the subject is unable to complete the movement on his/her
own. AAN has thus become the benchmark for controlling robotic assistance in
stroke rehabilitation. In summary, the first robotic systems used a direct approach,
applying a predefined fixed pattern, whereby a patient’s singularities were not
taken into account; conversely, novel approaches apply the AAN concept.
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AAN is assumed to stimulate activation of the efferent motor pathways and
afferent sensory pathways simultaneously during training. Current AAN strategies
face the significant challenge of providing an adequate definition of the desired
assistance to the user during the exercise. To this end, control algorithms that are
based on predetermined reference trajectories, mechanical impedance of a
patient’s effort, or various degrees of body weight support have been proposed
(Lunenburger et al. 2004; Hesse and Werner 2009; Gizzi et al. 2012).

Robotic exoskeletons measure the force interactions at several or all joints and
support the movement of the patient by reinforcing the ‘correct’ pattern and
impeding the ‘incorrect’ one (Banala et al. 2009). The crucial step, however, is to
define the ‘correct’ pattern—i.e., to define the trajectory that the robot generates
while assisting the patient during the exercise. It has been proposed to return to
predefined (recorded from healthy subjects) gait patterns and adapt to them, based
on the mechanical impedance that is measured by the robotic device (Abdullah
et al. 2007; Pei et al. 2011). An alternative method is to base on the zero-force
mode, whereby the device moves compliantly to the movement of the patient
(Belda-Lois et al. 2011).

Most popular available robotic devices are position-controlled or impedance-
controlled, exerting lower-limb control that varies between ‘‘robot-in-charge’’ and
‘‘patient-in-charge.’’ Examples of such approaches are the robot-driven gait
orthosis Lokomat� and the LOPES gait rehabilitation robot (Veneman et al. 2007).
Another gait trainer, the LokoHelp (Woodway, USA), has been developed to guide
the feet of the patient automatically, using harnesses for various applications
(Freivogel et al. 2008). The KineAssistTM was developed to increase the challenge
in maintaining balance during gait training (Patton et al. 2008). The outcome of
rehabilitation with these devices can be enhanced by increasing active participa-
tion of the patient in the therapy. Motivation strategies, such as biofeedback
measures and virtual reality (presented below), can also improve the outcomes of
these therapies.

In addition to control algorithms, other aspects should be considered in refining
robotic approaches to gait rehabilitation—the nature of the stroke (hemorrhagic or
ischemic), severity of symptoms, poststroke delay, frequency and duration of
training, and interactions with other therapies are important elements that should
be taken into account. Recent studies have highlighted the significance of this
multifactorial approach, demonstrating that only a subpopulation of stroke patients
might benefit from electromechanical gait training (Morone et al. 2011, 2012).
Moreover, future research should also include cost estimates of the therapy.
Dickstein (Dickstein 2008) noted that simple ‘‘low technology’’ and conventional
exercises are at least as effective as more complex strategies, such as treadmill-
and robotic-based interventions (Dickstein 2008).
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1.3.2 Ambulatory Exoskeleton for Gait Rehabilitation

BWS-based robotic systems must be permanently installed in a room and require a
treadmill. Overground gait differs substantially from treadmill gait. Further, BWS-
based systems do not allow balance training or training that is focused on single
joints.

To overcome these limitations, ambulatory exoskeletons are being developed.
The WalkTrainerTM is intended for a patient to relearn gait by combining a hybrid
orthosis with functional electrical stimulation (Stauffer et al. 2009). It also supports
a body weight support system. Alternatively, there is a large group of exoskeletons
that support indoor over ground and treadmill walking, such as the IHMC (Institute
for Human and Machine Cognition) Mobility Assist Exoskeleton (Kwa et al.
2009), the externally powered lower limb orthosis (Saito et al. 2005), and the
Lower Body Exoskeleton (Costa and Caldwell 2006).

Exoskeletons can also target single joints. Thus, instead of actuating the entire
lower limb, a single joint or a pair of joints, such as the knee-ankle joint with a
knee-ankle–foot orthosis (KAFO) or the ankle joint with an ankle foot orthosis
(AFO), is addressed. The powered KAFO is a unilateral KAFO that actuates joints
by measuring surface electromyography signals from the patient (Sawicki and
Ferris 2009). GAIT is a quasipassive KAFO that was developed as a low-power
device (Moreno et al. 2008). The variable impedance AFO (Blaya and Herr 2004),
an ambulatory version of AnkleBot (Krebs and Hogan 2006; Wheeler et al. 2004),
is an AFO that impedes foot drop.

The BETTER (BNCI-Driven Robotic Physical Therapies in Stroke Rehabili-
tation of Gait Disorders http://www.car.upm-csic.es/bioingenieria/better/index.htm)
project is attempting to develop an exoskeleton that supports entire lower limb
movement and single joint approaches. BETTER comprises full and partial
approaches in a single exoskeleton that is designed as a modular frame.

1.3.3 Virtual Reality and Games: A User-Centered Approach

Virtual reality is a relatively new approach in neurorehabilitation that can improve
scenarios for rehabilitation. It has been defined as the ‘‘use of interactive simu-
lations created with computer hardware and software to present users with
opportunities to engage in environments that appear and feel similar to real-world
objects and events’’ (Weiss et al. 2006).

Virtual reality might be advantageous, offering several features, such as goal-
oriented tasks and the possibility for repetition, that are important in neurological
rehabilitation (Dobkin 2004) and has the potential to provide an enriched envi-
ronment in which stroke patients benefit from specific problem solving and master
new skills. This approach has been used with a neurological rehabilitation bent to
improve upper (Henderson et al. 2007) and lower extremity function and gait
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(Deutsch et al. 2004), cognition, perception, and functional tasks for daily living
(Rose et al. 2005). Although it is uncommon as a rehabilitation method, virtual
reality is becoming more accessible and affordable (Burdea and Coiffet 2003).
Further, commercial video games are a low-cost alternative (Deutsch 2011; Rand
et al. 2008), and interactive video games that are geared specifically toward
rehabilitation of stroke patients are being developed (Lange et al. 2010) (for a
comprehensive description on virtual reality see also Chap. 13).

Recent studies indicate that robotic-assisted rehabilitation is improved by pro-
viding feedback to the patient about his/her performance during training. Virtual
reality might be a useful and entertaining means with which to do so and can
compensate for diminished proprioceptive capacity. To this end, new metrics that
are based on kinematic, kinetic, and physiological measures are being designed and
tested (Collantes et al. 2012a, b) that do not rely exclusively on the robot’s sensors
and can be combined with brain activity (EEG), muscular activity (EMG), and limb
motion (inertial measurement units), effecting a more accurate analysis and char-
acterization of the patient’s activity, because the biofeedback does not depend on a
single source of information. This feedback, based on biological signals, or bio-
feedback, monitors the patient’s degree of activity, involvement, and compliance
rendering it a valuable tool in assessing a rehabilitation therapy.

1.4 Emerging Perspectives in Upper Limb Rehabilitation

1.4.1 Examining Upper Limb Recovery

One-third to two-thirds of poststroke patients recover useful upper limb function.
Clinical predictors [age, gender, lesion location, stroke volume, time to reassess-
ment, initial Fugl-Meyer (FM) score] explain less than 50 % of the variance in
recovery at 3 months poststroke (Prabhakaran et al. 2008). The best predictor of
recovery over 6 months remains the initial severity of the impairment (Heller et al.
1987; Sunderland et al. 1989). Up to 86 % of the variance in impairment at
6 months (expressed as the FM) is attributed to the level of impairment at 1 month
poststroke, suggesting that subacute rehabilitation has little impact on the
impairment in the subsequent 5 months (Duncan et al. 1992).

Arm function at 6 months (expressed as the Barthel Index), however, is best
predicted by the functional improvements in the first several weeks poststroke.
Notably, only 56 % of variance is explained, which indicates that current reha-
bilitation strategies target the recovery of function than healing of the impairment.
These findings call into question the value of compensatory strategies (Huang and
Krakauer 2009) and the therapist in determining whether recovery of function or
the impairment should be prioritized.

Nevertheless, the wide variability and poor predictability of recovery over the
first 3 months underscore the necessity for developing individualized therapies.
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The course of recovery varies tremendously between patients and clinical mea-
surement tools (Kwakkel et al. 2006). Therapists have access to many clinical
evaluation scales and tests, ranging from measurements of impairment (Fugl-
Meyer, action research arm test, Jebsen-Taylor function test, box and block test, 9-
hole peg test) to those of functional performance in activities of daily living (ADL)
(functional independence measure, Barthel index). Due to this broad choice of
scales, selecting the appropriate therapy at the right time is difficult if the therapist
is unaware of the exact state of the deficit. Thus, defining the optimal rehabilitation
strategy for a patient within standard therapeutic settings appears to be an
impossible task.

The current challenge is to define the clinical predictors of recovery and
implement the appropriate rehabilitation strategy to the correct patient at the right
time. To do so, one needs to address many questions: What is the main goal of
rehabilitation? On what criterion of recovery should the therapist focus? Should
we focus on endpoint movements, as they are modeled, or are smooth muscle
synergies more important? Is it the time course of recovery that determines the
choice of therapy or the severity of the impairment? Since there are many ways to
execute the same reaching movement, how do we determine which approach is
correct, and what is the value of compensation?

Thus, although we lack well-established theories, a change in therapeutic
attitudes has already occurred. In the following section, we will discuss two
examples of shifting from the application of a fixed therapy toward a patient-
system-centered approach.

1.4.2 Nontechnology-Based Interventions to Restore
Interhemispheric Balance

Restoring interhemispheric balance after stroke has an important function in upper
limb rehabilitation. Generally, the undamaged hemisphere inhibits the damaged
counterpart, further exacerbating the functional limitations of the paretic upper
limb. There are several theories on how this negative influence can be overcome:
stimulating the damaged hemisphere, inhibiting the undamaged hemisphere, and
forcing the 2 hemispheres to interact through bilateral training.

In the early 1990s, Dr. Edward Taub developed the constraint-induced move-
ment therapy, a neurorehabilitation technique that improves use of the paretic
upper limb after stroke by inducing plasticity in the damaged hemisphere.
Essentially, the nonparetic limb is constrained, forcing the poststroke patient to use
his/her paretic limb. The underlying concept behind this technique is the ‘learned
nonuse’ theory: discouraged by the difficulties that are faced when using his/her
paretic limb, a patient learns to use the nonparetic limb.

Learned nonuse is a type of negative feedback, and CI seeks to reverse this
process (Taub and Morris 2001). Overcoming nonuse in the initial phase might be
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critical—Schweighofer et al. noted the existence of a threshold in recovery, pre-
dicting spontaneous use of the paretic upper limb (Schweighofer et al. 2009).
When this threshold is not reached during therapy, the function is lost, rendering
all therapeutic efforts vain.

In 2006, the first CI placebo-controlled trial demonstrated that after 2 weeks of
intensive, treatment spontaneous paretic arm use in a real-world environment
increased, as evidence by large effect sizes on the Motor Activity Log (MAL). This
change did not occur in the control group, which spent as many contact-hours with
the therapist but did not have their nonparetic limb constrained (Taub et al. 2006).
This result was later confirmed, singling CI as the only evidence-based therapeutic
intervention (Boddice et al. 2010).

The success of CI is often linked to its restrictive inclusion criteria, such as 20�
active wrist extension and 10� active extension of each finger that is involved in
paretic UL (Taub et al. 1998). These standards render the therapy accessible to a
small percentage of stroke patients. Thus, CI is a good example of a clearly
targeted therapy for a well-defined subpopulation.

Yet, the entire training program is highly intensive for the patient and therapist,
and it often fails to suit the needs of the patient and his/her caregivers, resulting in
limited use of CI in clinical practice. The need to overcome nonuse and increase
spontaneous use, however, remains for all patients. As CI has remained a prom-
ising intervention, adaptive versions of CI have been developed, constraining the
use of the less-affected limb only during specific tasks that were determined by the
patient and therapist to be ‘crucial’ to activity of daily life (ADL) function.

Another example of a therapy that restores interhemispheric balance is bilateral
arm training (BAT). BAT facilitates cortical neural plasticity by treating both arms
simultaneously or cooperatively. Bimanual movements activate the primary motor
corticospinal tract and are assumed to stimulate ipsilateral uncrossed fibers and
facilitate neural plasticity (Cauraugh et al. 2005; de NAP Shelton and Reding
2001). Whereas overcoming nonuse is important during the initial phase of
recovery (although the effects of CI have been shown primarily in chronic stroke
patients), bimanual therapy is more effective when the plateau phase of motor
recovery develops—i.e., when initial spontaneous recovery processes level off
(Metrot et al. 2013).

Notably, Stinear et al. suggested an advantage of BAT for patients with low
functional potential and poor recovery of upper limb function (Stinear et al. 2007),
who are already more likely to engage the contralesional hemisphere during
paretic upper limb use. By being forced to use both hands, patients might expe-
rience involvement of the contralesional hemisphere in controlling the nonparetic
limb simultaneously, facilitating recruitment of the damaged hemisphere.

Thus, CI and BAT restore hemispheric balance, albeit through disparate means
and on different time scales. Both therapies have similar benefits on movement
smoothness but differential effects on force and functional performance. BAT might
be preferred if improvement of force is the provisioned goal. Conversely, CI might
be more appropriate for enhancing functional ability and use of the affected arm in
daily life in stroke patients (Wu et al. 2011). The ultimate selection of optimal

14 G. Asín Prieto et al.



therapy for each patient, however, might depend on goals or preferences with
regard to unimanual or bimanual training and follow a logical sequence, wherein
various therapies stimulate the correct neuronal process at the right moment.

1.4.3 Technology-Based Interventions that Improve Existing
Therapies

Technological tools have been developed gradually to increase the number of
possible interventions at the various stages of poststroke. Many technological
fields have attempted to improve existing rehabilitation therapies, proposing
interventions that are based on robotics (Kwakkel et al. 2008), functional electrical
stimulation (Pomeroy et al. 2006), virtual reality (Henderson et al. 2007), and
brain-machine interfaces (Buch et al. 2008) and their various combinations (Daly
et al. 2009; Fluet et al. 2012; Meadmore et al. 2012).

However, technology experts often design technological interventions without
accounting for clinician experience or patient needs, which can unfortunately
result in the development of efficient technology that never enters daily practice,
because potential users do not understand or agree with its purpose.

One such example is the MIT-Manus robotic system, a robotic device that is
designed for upper limb rehabilitation that allows the execution of repetitive
movements on planar trajectories. To use this device, the patient sits at a table and
attaches his/her arm to the robotic arm. The therapist first guides the arm though a
given exercise that is stored by the robotic system so that it repeats the trajectory
autonomously during a training session in active (in which the participant moves
his/her arm but is corrected when the movement is wrong) or passive mode (the
participant’s arm is moved by the system) (Krebs et al. 1998).

Possibly due to the range of movements that are used and the low variability
and rigidity of the system, it increased spasticity in certain patients. Updated
versions of MIT-Manus allow for various modalities, offering assistance as nee-
ded, whereby the therapist is free to define the outer boundaries of a certain
trajectory at which the robot influences the natural movement of the hand (Lo et al.
2010). With these adaptations, similar improvements were achieved by patients
who used robotic rehabilitation as those who underwent intensive human-assisted
therapy (Lo et al. 2010)—the lack of intensive human guidance, however, led to
reduced therapeutic costs.

Another innovative tool that has improved therapies is the brain-computer
interface (BCI). Pichiorri and colleagues (Pichiorri et al. 2011a) used BCI to
improve motor imagery (MI) on the patient and therapeutic levels. MI has been
used for many years in stroke rehabilitation, enhancing the therapeutic effects of
physical therapy alone (Nilsen et al. 2010). However, the chief drawback of MI
interventions was that the therapist lacked an objective measurement of how well
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the patient was performing an imaginary task or whether the patient was trying to
perform it at all.

To overcome this omission, BCI was implemented to monitor the electroen-
cephalography (EEG) of a patient, providing the therapist with feedback of brain
activity during task performance (Pichiorri et al. 2011b). With this information, the
therapist can guide a patient during the MI exercise and encourage him/her when
brain activation drops below a threshold. Using this type of new technology allows
the therapist to become part of MI interventions, contributing to the application of
such interventions to a larger population of stroke patients and extending their use
to clinical environments (Mattia et al. 2012).

These two examples demonstrate how technology improves existing rehabili-
tation therapies, but technology developers must bear in mind clinicians’ attitudes
toward elaborate optimal interventions. A new patient-based paradigm must be
established, considering that technological tools do not always have to be centered
around the patient but the patient-therapist-doctor triad. Thus, a technological
intervention is successful if it effects better rehabilitative outcomes results or if
similar results are reached faster and more inexpensively, or if it eases the ther-
apist’s work in evaluating and selecting patients. Overall it must be possible to
tailor to patients characteristics, and within the selected group of patients it should
allow standardization

1.5 Conclusion

It is an exciting time for stroke rehabilitation. The longlasting gap between neu-
roscience data and clinical application is closing rapidly, and many concepts from
experimental evidence are guiding everyday activity in stroke rehabilitation cen-
ters. This new knowledge is also accelerating the development of new neurome-
chanical and robotic tools to support and improve the efficacy of rehabilitation.
Although the evidence that supports the efficacy of such approaches remains
scarce, the knowledge of the causal relationships between rehabilitation approa-
ches and cerebral plasticity with regard to functional outcome is directing us in
creating more specific apparatuses and more effective control systems.

The pioneering approaches in robotic rehabilitation, such as the Lokomat� and
MIT-Manus, are paradigmatic. After an initial wave of excitement, clinical studies
were somehow disappointing and forced to reconsider the mechanical structure
and control systems. Further, the possibility of operating in controlled environ-
ments and the scientific interest in determining the pathophysiology of poststroke
plasticity have effected a surge of data on the specificity of every method, pro-
pelling us toward a more patient-therapist-tailored approach that is demonstrating
tremendous efficacy. We have highlighted the critical points that are limiting the
full implementation of technology-based approaches in clinical neurorehabilita-
tion. Nevertheless, we conclude that such approaches are shaping the present,
rather than future, of stroke rehabilitation.
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