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GENERAL INTRODUCTION

General Introduction

General Introduction
Stroke consequences
A cerebrovascular accident, or stroke, is a major cause of mortality or permanent
disability. The annual incidence rate of stroke in the Netherlands is approximately
250 per 100,000.1 The rate in the US is comparable with a yearly incidence of
approximately 260 stroke patients per 100,000 inhabitants.2 The percentage of
people suffering a stroke increases strongly with age.2
Stroke can be defined as a neurological deficit due to damage to the blood
supply of the brain, either ischemic (i.e., obstruction of a blood vessel; occurring in
approximately 85%) or hemorrhagic (i.e., rupture of a blood vessel; occurring in
approximately 15%).2 A stroke causes a destruction of brain tissue in areas that
are subjected to blood deprivation. This can result in a variety of sensory, motor,
cognitive and psychological symptoms, such as sensory loss, hemispatial neglect,
aphasia, muscle weakness, spasticity, limited movement coordination, attention
and memory deficits, depression and behavioral changes.3 Concerning the motor
domain, a stroke leads to damage of nerve pathways between the brain and the
spinal cord and to reduced integration of sensory and motor information during
motor planning in the brain. Such impaired conduction of nerve signals from motor
areas of the cortex to the spinal cord limits selective activation of muscle tissue.
With respect to the upper extremity, impaired arm and hand function may cause
serious limitations in activities of daily living for the majority of stroke patients.
Directly after stroke, upper extremity weakness is the most common impairment,
occurring in 77% of patients with a first-ever stroke.4 Longitudinal follow-up
studies revealed that 60% of stroke patients regain very little dexterity after 6
months.5
After stroke, spontaneous neurological recovery of motor function occurs, but the
extent varies largely between persons. Regaining functional use of the affected
arm is typically limited to a group of stroke survivors that experiences some
recovery of function of the lower extremity at 1 week after stroke and/or of the
arm after 4 weeks post-stroke.5 From a clinical perspective, spontaneous recovery
has been described to follow a relatively stereotypical sequence, which can take
several weeks up to several months and can halt at any stage.6,7 After an initial
stage of paresis, muscle tone increases and reflexes become hyperactive. Next,
some voluntary movement returns, but this is restricted to rather stereotypical
patterns of movement. Subsequently, more selective voluntary movement

11

Chapter 1

becomes possible and a normalization of muscle tone is observed. Finally,
completely voluntary movements return, without any restriction to stereotypical
movement patterns.6 Such stereotypical movement patterns can be observed as
involuntary coupling of movements over multiple joints, generally involving two
types: a flexion synergy and an extension synergy.7 For the upper extremity, the
flexion synergy pattern consists of shoulder abduction, shoulder external rotation,
elbow flexion and forearm supination, while the extension synergy pattern
comprises shoulder adduction, shoulder internal rotation, elbow extension and
forearm pronation. In general, the flexion synergy develops prior to the extension
synergy in the arm, and recovery mostly progresses from proximal to distal,
although exceptions may be observed.6
This process of spontaneous neurological recovery can involve several short-term
and long-term physiological mechanisms in the brain. One of the mechanisms
underlying neurological recovery after stroke is enhancement of active brain tissue
surrounding the actual damaged area. Shortly after the stroke, edema in the tissue
surrounding the infarct is reduced (both intracellular and extracellular), the
ischemic penumbra is resolved (i.e., reperfusion of the blood deprived brain area)
and diaschisis (i.e., malfunction of remote brain areas due to lack of neural input)
is diminished, so that related brain areas can regain their neural
communication.3,8,9
A longer-term mechanism involved in neurological recovery is neural plasticity,
meaning that brain activity and cortical representations of motor actions change
during recovery.3,8,9 This cortical reorganization can occur in areas adjacent to and
remote from the infarcted area. Processes involved in cortical reorganization can
include activation of previously inactive neurons (i.e., unmasking of latent
synapses), facilitation of alternative networks, and collateral sprouting (i.e., growth
of new axons).3,9 These processes allow for the development of new paths for
neural communication, to circumvent those that were damaged by the stroke.8

Stroke rehabilitation
One of the aims of stroke rehabilitation is to stimulate restoration of arm function.
More than half a century ago, rehabilitation of upper extremity dysfunction after
stroke was regarded as an orthopedic problem, managed by bracing, surgery and
muscle re-education (i.e., training of individual muscles).10 However, this approach
had limited effectiveness in treating abnormal movement patterns.11
Gradually, attention shifted towards neurofacilitation techniques.10,11
Neurofacilitation techniques involve the notion that abnormal patterns are
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unwanted and need to be suppressed or controlled and that normal movement can
be facilitated by sensory input.12 An example is the Bobath approach, whose basic
principles are used in conventional rehabilitation by a large part of the physical
therapists in the Netherlands.13 However, it has been recognized that such
treatment approaches may not be optimal to stimulate restoration of arm
function.14 Research revealed no difference in efficacy between various
neurofacilitation techniques or between those methods and more conventional
approaches teaching re-education or compensational strategies.12,15-17
Focus shifted once again, towards an approach based on the system’s theory, in
which integration of multiple components is thought to result in organized, normal
movement.10,11 In rehabilitation, this translates to goal-directed exercises, where
multi-joint movements come together in one meaningful activity resembling
activities of daily living, instead of non-representative single-joint movements.
Nowadays, stroke rehabilitation generally includes aspects of different approaches,
ranging from muscle re-education to neurofacilitation techniques and repetitive
task practice.12 None of these approaches have shown to be superior to another in
the treatment of motor dysfunction of the upper extremity in patients suffering
from stroke.18 Therefore, emphasis has been placed more and more on evidencebased physical therapy during the last decades, leading to increasing research into
the effectiveness of therapeutic interventions.
Currently, several effective physical therapeutic interventions for treatment of the
arm after stroke have been identified,16-18 and accumulated into recommendations
for (Dutch) stroke rehabilitation.13 For the upper extremity, constrained-induced
movement therapy, consisting of forced-use of the affected arm and hand in
combination with extensive functional training, is one of the approaches that has
shown positive effects on arm and hand function in mildly affected stroke
patients.10,19 Neuromuscular electrical stimulation of the wrist and finger extensors
may also induce improvements in arm and hand function.20,21 However, these
beneficial changes are limited to stroke patients having at least some wrist and
finger extension ability.
Besides this research into effectiveness of interventions, more and more studies
investigated underlying mechanisms of motor recovery. Principles of motor
relearning and processes of cortical reorganization have provided a
neurophysiological basis for key aspects that have the potential for stimulation of
restoration of arm function after stroke.9,22 These key aspects, which should be
applied in exercise therapy for optimal results, include active initiation and
execution of movements, high training intensity and application of functional
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exercises.
Concerning active initiation and execution of movements, brain studies have
shown that cortical activity is larger during active execution of movements than
during passive motion, predominantly in secondary motor area’s and basal
ganglia.23 Also, motor cortex excitability is higher after active movement training,
accompanied by increased agonist activity and decreased antagonist activity, in
contrast to passive movement training.24 Exercise therapy focusing on active
initiation and execution of movements is associated with improved arm function.2527
With respect to training intensity, repetition of movements has shown to
strengthen the representation of the trained movements in the brain.28 Training
with a higher frequency or longer duration stimulates functional recovery of the
arm.16,17,29-31 In regard to functional exercises, several studies have shown that
functional training, focusing on activities of daily life that are relevant to the
patient (i.e., task-specificity), results in a normalization of brain activity.22,32 Such
normalization of brain activity is related to improvements in motor control and
functional abilities.33 Therefore, task-specificity also is an important feature of
exercise therapy to stimulate motor recovery after stroke.28

Rehabilitation robotics
Technological innovations provide an opportunity to design interventions that take
many key aspects for stimulation of motor relearning into account. A promising
application is the use of rehabilitation robotics to complement conventional
therapy. Robotic devices have the possibility to guide movements in a very
accurate and reproducible way during specific parts of a movement and through
specific types of guidance, which is hard to accomplish by manual interaction
between therapist and patient. The use of rehabilitation robotics is not only
applicable to patients with fairly good residual arm function, but is also suitable for
more severely affected patients.34 In addition to these advantages concerning
treatment, the use of robotic devices offers the possibility to quantify each
patient’s specific impairments and his/her progress during treatment. This can be
done by using sensitive and objective measures of movement performance, such
as speed and smoothness of the movement and exerted forces in desired or
undesired directions.35
Robotic devices can be programmed to apply forces in a smart way to guide a
person’s movement. This makes it possible to stimulate or facilitate desired
movements that a stroke patient may not be able to make on his/her own. These
forces can be applied to the hand of the person (i.e., end-effector, see figure 1.1),
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or to each joint axis separately via a frame attached to the arm (i.e., exoskeleton,
see figure 1.2). Robotic devices can manipulate movements of a person in several
ways.36 In passive mode, the robotic device imposes movements by moving the
arm of the patient in a pre-planned trajectory, while the patient remains relaxed.
In active-assisted mode, the robotic device provides assistance during active
movements of the patient, when the patient is not able to complete the
movement. In active-resisted mode, the robotic device delivers resistance against
movements actively executed by the patient.
Several robotic devices have been developed and evaluated specifically for
application in stroke rehabilitation since the 1990’s. The MIT-Manus (figure 1.3),
developed by the Massachusetts Institute of Technology was the first device to be
evaluated extensively in clinical trials, to examine whether robot-aided therapy was
an acceptable way of exercise therapy for stroke patients and if it could improve
arm function of stroke patients.37 These studies were paralleled by clinical studies
applying other robotic devices, such as the MIME (mirror-image motion enabler;
figure 1.4),38 the ArmGuide (figure 1.5),39 and the Bi-Manu-Track (figure 1.6).40
These devices incorporate most of the above-mentioned operational modes. The
MIME can additionally apply a bi-manual mode, in which movement of the lessaffected arm serves as a template for passive movement of the affected arm.

Gravity compensation
Most robotic devices incorporate another type of assistance in their design besides
passive, active-assisted and active-resisted operational modes: arm support, or
gravity compensation.41 The majority of devices are designed in such a way that
the weight of the arm is counterbalanced, either passively by the mechanical
construction or actively by applying compensating robotic forces. This basic feature

Figure 1.1 End-effector design for robot

Figure 1.2 Exoskeleton design for robot
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is commonly not regarded as a separate operational mode of the device, and is
therefore not controlled as a part of the exercise protocol. However, research has
indicated that the sole application of arm support may influence control of arm
movements. After stroke, an especially strong coupling was found between
shoulder abduction and elbow flexion.42,43 By supporting the arm, the amount of
shoulder abduction torques that a stroke patient has to generate to execute a
movement (e.g., lifting the arm during reach) is reduced, which leads to a
diminished strength of simultaneous, involuntary elbow flexion.44-47 As is suggested
for the gravity compensation feature of robotic devices, each of the other
operational modes (or therapy modalities) possibly influences motor control of arm
movements in its own way. In order to identify the most optimal set of therapy
modalities that should be incorporated in rehabilitation robotics, information about
the influence of each separate modality on restoration of arm function is
important.
Different mechanisms of recovery can be involved in achieving the ultimate goal
of stroke rehabilitation, either conventional or robot-aided, which is functional
independence of the stroke patient. Improvements in functional use of the arm in
daily life can, on the one hand, be accomplished via restoration of degraded neural
function, by stimulating cortical reorganization processes via the key aspects of
active, intensive and functional training (i.e., restitution of function).8 On the other
hand, behavioral adaptations and compensatory strategies can be used to
circumvent lost motor function (i.e., substitution of function).8 For example, if a
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stroke patient wants to regain his ability to reach for a cup on the table, he can try
to increase his ability to extend the elbow, or he can learn to bend his trunk
forward instead of extending his arm.46
Many approaches intervene at the motor control level, which may change muscle
activation. By investigating changes in muscle activation due to application of
robotic devices, the merits of different approaches may be discerned. Information
about the neuromuscular basis of changes in motor control due to application of
robotic devices can also aid in understanding which mechanisms of recovery are
targeted by the application of rehabilitation robotics. This knowledge can then be
used to identify effective applications of robotic devices in stroke rehabilitation and
how to take advantage of the merits of rehabilitation robotics, in order to design
the content and timing of rehabilitation as to achieve optimal results.8

Thesis outline
The main objective of the research reported in this PhD thesis is to obtain a better
understanding of the impact of different therapy modalities of rehabilitation
robotics on neuromuscular control of arm movements of stroke patients. Gravity
compensation can be considered one of the basic therapy modalities incorporated
in a robotic device, and since this has not been applied or controlled as a separate
modality, this was chosen as the initial focus within this PhD research.
In chapter 2, a systematic review is described that evaluates the effect of
existing clinical studies into robot-aided rehabilitation and tries to identify therapy
modalities that have the potential to enhance restoration of arm function after
stroke. The findings indicate that the application of rehabilitation robotics can
improve motor control of arm movements. However, the individual contribution of
each operational mode could not be discerned, highlighting the need for research
into the influence of separate therapy modalities on arm movements.
The way gravity compensation influences motor control of functional arm
movements is largely unknown, even in healthy persons. In chapter 3, a reference
frame for the neuromuscular basis of the influence of gravity compensation on
functional arm movements is provided by examining this influence in healthy
elderly. To apply gravity compensation, a device is designed within the scope of
this research project: Freebal (figure 1.7).49
In chapter 4, the influence of the application of gravity compensation on the
ability of stroke patients to control functional arm movements and its
neuromuscular basis are examined. Again, the Freebal device is used to provide
gravity compensation.
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The experiments in chapters 3 and 4 give rise to a more fundamental question
about the neuromuscular basis of the influence of gravity compensation,
specifically concerning the role of abnormal synergies during functional arm
movements. In chapter 5, the influence of abnormal coupling on motor control
after stroke is investigated with a specific focus on functional arm movements. To
this end, abnormal synergies are provoked by providing specific resistance during
functional movements by means of another device that was designed within this
research project: Dampace (figure 1.8).50
Combining the findings from the cross-sectional studies, it is suggested that
gravity compensation has the potential to improve functional arm movements. To
investigate if the instantaneous influence of gravity compensation translates to
improved unsupported arm movements after a longer-term application and to
examine the underlying mechanisms, chapter 6 describes a longitudinal study
implementing gravity compensation as intervention during training of functional
arm movements.
In the concluding chapter 7, the implications of the research reported in this PhD
thesis are discussed in the context of current and promising new physical therapy
interventions, and by highlighting future possibilities and technological innovations
that may stimulate stroke rehabilitation even more.

Figure 1.7 Freebal
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Chapter 2

Abstract
A limited number of clinical studies have examined the effect of post-stroke rehabilitation
with robotic devices on hemiparetic arm function. We systematically reviewed the literature
to assess the effect of robot-aided therapy on stroke patients’ upper-limb motor control and
functional abilities. Eight clinical trials were identified and reviewed. For four of these
studies, we also pooled short-term mean changes in Fugl-Meyer scores before and after
robot-aided therapy. We found that robot-aided therapy of the proximal upper limb
improves short- and long-term motor control of the paretic shoulder and elbow in sub-acute
and chronic patients; however, we found no consistent influence on functional abilities. In
addition, robot-aided therapy appears to improve motor control more than conventional
therapy.
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Systematic review of robot-aided therapy for the hemiparetic arm

Introduction
A cerebrovascular accident (CVA), or stroke, is a sudden ischemic or hemorrhagic
disturbance in the blood supply to brain tissue that results in partial loss of brain
function. The incidence of stroke in the Netherlands is 162 per 100,000 people,
which means approximately 25,000 new patients each year.1 In the United States,
approximately 500,000 people (171 per 100,000) experience a stroke each year.2
This high stroke incidence, in combination with an aging population, which implies
future increases in incidence, greatly strains national healthcare services and
related costs.
A stroke causes partial destruction of cortical tissue and results in disturbed
generation and integration of neural commands. The interrupted generation and
integration of neural commands from the sensorimotor areas of the cortex results
in a reduced or even absent ability to selectively activate muscle tissue, which
affects motor task performance. A consequence of disturbed neural command
generation in the sensorimotor cortex is impaired arm and hand motor function.3
Optimal restoration of arm and hand motor function is essential for stroke patients
to independently perform activities of daily living (ADL).
High-intensity and task-specific upper-limb treatment consisting of active, highly
repetitive movements is one of the most effective approaches to arm and hand
function restoration.4-6 Unfortunately, standard multidisciplinary stroke
rehabilitation is labor-intensive and requires one-to-one manual interactions with
therapists. Treatment protocols entail daily therapy for several weeks, which
makes the provision of highly intensive treatment for all patients difficult.7 In
addition, the evaluation of patients’ performance and progress is usually subjective
because few adequate objective measures are available.7,8
Given these problems in stroke rehabilitation, researchers saw an opportunity to
create new, technological solutions. The use of robotic devices in rehabilitation can
provide high-intensity, repetitive, task-specific, and interactive treatment of the
impaired upper limb and an objective, reliable means of monitoring patient
progress. With robotic devices, patients may achieve increased gains from
rehabilitation treatment.
Many research groups have developed robotic devices for upper-limb
rehabilitation, for example, Massachusetts Institute of Technology (MIT)-Manus,9
Assisted Rehabilitation and Measurement (ARM) Guide,10 Mirror Image Motion
Enabler (MIME),11 Bi-Manu-Track,12 GENTLE/S,13 Neurorehabilitation Robot
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(NeReBot),14 REHAROB,15 Arm Coordination Training 3-D (ACT3D),16 and ARMin.17
The training these devices provide is based on exercise therapy modalities that the
literature and/or clinical practice indicate may help restore upper-limb motor
control and function. One such modality is passive movement, in which the robotic
device moves the patient’s arm (possible in all robotic devices). Another modality is
active movement that is either partially assisted by the robotic device, in the case
of some voluntary but inadequate function (possible with all robotic devices), or
resisted by the robotic device, in the case of voluntary and selective function (only
evaluated in MIT-Manus, Bi-Manu-Track, MIME).9,11,12 A further modality is
bimanual exercise, in which active movement of the unaffected arm is mirrored by
simultaneous passive movement of the affected arm by the robotic device (only
possible in Bi-Manu-Track and MIME).11,12 In most robotic systems, more than one
modality is incorporated into a single robotic device. Most robotic devices were
designed for training the proximal upper limb (shoulder and elbow) of the
hemiparetic arm by enabling movement in multiple directions.9-11,13,14,16,18,19 The BiManu-Track focuses on the distal upper limb (forearm and wrist),12 as does a
recent extension of the MIT-Manus robotic device for training of wrist
movements.20 New robotic devices and evolutions of existing devices are
continuously being designed (e.g., Furusho et al.21 and Colombo et al.22) and
include several systems for training hand movements (e.g., the force feedback
glove of Merians et al.23 and the devices of Kline et al.24 and Mulas et al.25).
The design and development of robotic devices have been reported extensively,
but only a few clinical studies, which varied in design and methods, have examined
the effect of robotic devices on stroke rehabilitation in a clinical setting.
Insight into the use of robot-aided therapy can be obtained through systematic
analysis of the literature. Our main objective in performing this systematic analysis
was to investigate the effect of robot-aided therapy on the upper-limb motor
control and functional abilities of stroke patients.
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Methods
Literature search
We conducted a systematic search of articles from 1975 to August 2005 in the
PubMed, Cochrane Controlled Trials (Rehabilitation and Related Therapies), Center
for International Rehabilitation Research Information and Exchange (CIRRIE,
http://cirrie.buffalo.edu), and National Rehabilitation Information Center for
Independence REHABDATA (http://www.naric.com) databases. CIRRIE includes
research from all areas of rehabilitation conducted outside the United States from
1990 to 2005. We consulted REHABDATA for rehabilitation research conducted
within the United States.
We used the following key words in these searches: arm, arms, cerebrovascular
accident, CVA, hemiplegia, hemipleg*, hemiparesis, hemipare*, robotics, robot*,
stroke, upper extremities, upper extremity, upper limb, and upper limbs. The
search strategy that we used for PubMed is presented in Appendix 2.1 This
strategy was adjusted to suit the other databases. In addition to searching the
databases, we checked the references of relevant publications and scanned the
proceedings of the 2005 Institute of Electrical and Electronics Engineers 9th
International Conference on Rehabilitation Robotics (Chicago, Illinois) for the most
up-to-date developments in rehabilitation robotics.

Study selection
Two reviewers independently selected and summarized studies and scored their
methodological quality. The reviewers met regularly to discuss their findings and
decisions. In the case of disagreement, a third reviewer was consulted.
To be selected for review, a study had to: (1) be a clinical trial (i.e., compare
pre- and post-treatment performance) or controlled trial (i.e., clinical trial with a
control group, either randomized or not); (2) Involve stroke patients; (3) concern
movement therapy with a robotic device; (4) focus on upper-limb motor control
(and possibly functional abilities); (5) use relevant motor control and functional
ability outcome measures; (6) be a full-length publication in a peer-reviewed
journal. Studies on the application of robotic devices for purposes other than
therapeutic treatment (e.g., studies on ADL support aids) were excluded. To
enable the most complete view of the current literature, we did not limit the search
by patient subgroups (i.e., acute, sub-acute, or chronic) or by language.
In this review, we use “motor control” to indicate aspects of impairments in body
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functions and upper-limb structures (e.g., decreased strength) and “functional
abilities” to indicate limitations in activities (e.g., inability to reach an object).

Methodological quality judgment
We selected studies with a variety of designs rather than only randomized
controlled trials (RCTs), although RCTs provide the most reliable data on
intervention effectiveness. We decided this because this research area is relatively
young and only a few clinical studies on upper-limb robot-aided therapy after
stroke have been published. The standard items for scoring the methodological
quality of RCTs are not suitable for other study designs. Therefore, to evaluate the
methodological quality of the selected studies, we applied Kottink et al.’s26 adapted
list of methodological items based on the Maastricht-Amsterdam criteria for RCTs.27
This list contains 16 items on patient selection, intervention, outcome
measurement, and statistics, each of which was scored as positive (yes), negative
(no), or unclear (don’t know). Each positive score received 1 point and each
negative or unclear score received 0 points, with the exception of the study design
item, which varied from 1 point for uncontrolled studies to 3 points for RCTs (RCT
designs are less sensitive to bias). Thus, the maximum methodological quality
score was 19.

Data extraction
We analyzed the contents of the selected studies using a structured diagram. By
filling in this diagram, we were able to scan the general contents of the studies for:
(1) descriptive features of the subjects; (2) intervention(s) implemented in the
study; (3) outcome measures for evaluation of the effects on both motor control
and functional abilities; (4) conclusions based on the results. The extracted
conclusions were considered positive if the change between pre- and posttreatment measurements or the difference between robot-trained and control
groups was significantly different (α<0.05) as calculated by a statistical test
appropriate to the research question and the data characteristics.

Data analysis
In addition to the qualitative interpretation of studies, we performed a quantitative
analysis for more objective insight into the effect of robot-aided therapy on motor
control recovery. The primary outcome measure for quantification of motor
recovery was the upper-limb portion of the Fugl-Meyer (FM) assessment. Using a
data-pooling model appropriate to the characteristics and data of the selected
28
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studies, we pooled short-term changes in FM score before and immediately after
robot-aided therapy into a mean difference across studies and calculated the 95
percent confidence interval (CI) of this pooled FM difference.
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Results
Study selection
From the systematic literature search, we identified 17 clinical trials. Of these, 11
were clinical studies from the group that implemented the MIT-Manus beginning in
1997. These publications included several consecutive clinical trials and summaries
of those clinical trials and often used the same subjects.9,28-33 Of these 11 studies,
only the most representative summary of the clinical trials was included in our
analysis32 along with four separate articles that were clearly dissimilar in research
question or experimental setup from the studies in the summary.34-37 Three studies
that used the MIME also met the selection criteria. The second and third MIME
studies38,39 used the same subjects as the first MIME study,11 so we excluded the
first study. Although the second and third studies used the same subjects, we
included both because they focused on two separate aspects of robot-aided
therapy (biomechanics38 and muscle activation patterns39).
All selected studies concentrated on the restoration of proximal upper-limb
function by training of the shoulder and elbow, except for two studies that tested a
robotic device (Bi-Manu-Track) for training of the forearm and wrist.12,40 Since
distal upper-limb training is a different application than proximal upper-limb
training, synthesis of the research would have been problematic. Therefore, these
two Bi-Manu-Track studies were excluded. This reduced the number of selected
studies to the eight studies summarized in table 2.1a and 2.1b.10,32,34-39
During data extraction, the two raters disagreed on 6 of the 80 general content
items (8%). These disagreements were resolved through discussion and the third
reviewer was not consulted.

Methodological quality judgment
Two of the selected studies were experimental trials with pre- and post-treatment
measurements of both an experimental and control group,32,38 of which one was an
RCT.38 The remaining six studies had a pre- and post-treatment measurement
design for robot-aided therapy without a control group.10,34-37,39
The wide range of study designs included in our review was reflected in the
methodological quality scores that ranged from 810 to 1636,38 out of a possible 19
points. The two raters disagreed on 7 of the 128 methodological quality items
(5%). Again, these disagreements were resolved through discussion and the third
reviewer was not consulted.
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Table 2.1a Study characteristics and results
Author (year)

Krebs 200032

Ferraro 200334

Fasoli 200435

Stein 200436

Robotics

MIT-Manus; passive, activeassisted + -resisted movement

MIT-Manus; passive, activeassisted + -resisted movement

InMotion2 (previous MIT-Manus);
active-assisted + -resisted

InMotion2 (previous MIT-Manus);
active-assisted OR -resisted

Patients

E: n=40
C: n=36

E: n=30

E: n=42

E: n=46†

Diagnosis

E: sub-acute stroke
C: sub-acute stroke

E: chronic stroke

E: chronic stroke

E: chronic stroke

Age
(mean ±SD)

E: 61.1 ±4.4 yr*
C: 65.9 ±5.7 yr*

E: 64.8 ±2.3 yr

E: 57.4 ±13.9 yr

E: 57.6 ±13.6 yr

Time post-stroke
(mean ±SD)

E: 2.2 ±0.3 wk*
C: 2.6 ±0.7 wk*

E: 1299 ±147 d (≈ 43 mo)

E: 28.7 ±12.4 mo

E: 26.1 ±12.4 mo

Intervention

E: conventional therapy + robot
training; 4-5 h/wk for 6 wk
C: conventional therapy +
exposure to robot; 1h/wk for 6 wk

E: robot training; 3 h/wk for 6 wk

E: robot training; 3h/wk for 6 wk

E: robot training; 3h/wk for 6 wk
(divided in two groups; receiving
either assisted or resisted robot
training)

Follow-up

3 yr (n=6)

3 mo

4 mo (n=40)

―

Outcome

motor control

funct. ability

motor control

funct. ability

motor control

funct. ability

motor control

FIM

FM
MSS (s/e)
MSS (w/h)
MP
AS
pain

funct. ability

FM
MSS (s/e)
MSS (w/h)
MP
kinematics
(indiv.data)

FM
MSS(s/e)
MSS(w/h)
MP
AS

FM
MSS (s/e)
MSS (w/h)
MP
AS
MVC

Conclusions

Robot training improved all
parameters. Improvement was
larger for MSS(s/e) and MP
compared to control group.
Long term sustenance only for
MSS(s/e).

Robot training improved FM and
MP (also sustained at follow-up).
Improvements favored moderate
stroke pt. Improvement in FIM
found for moderate severity stroke
group only.

Robot training improved FM, MSS
(s/e) and MP, also maintained on
follow-up. Also reduction in
shoulder pain both short and long
term.
Effects were training specific!

After robot training FM, MSS (s/e)
and MVC improved significantly.
NB: No significant difference
between assisted and resisted
robot training!

Meth. quality

12

14

15

16

Table 2.1b continued
Author (year)

Krebs 200437

Lum 200238

Lum 200439

Reinkensmeyer 200010

Robotics

MIT-Manus; passive, activeassisted + -resisted movement

MIME; passive, active-assisted +
active-resisted movement

MIME; passive, active-assisted +
resisted movement

ARM Guide; passive + activeassisted movement

Patients

E: n=9

E: n=13
C: n=14

E: n=13

E: n=3

Diagnosis

E: chronic stroke

E: chronic stroke
C: chronic stroke

E: chronic stroke

E: chronic stroke

Age (year)
(mean ±SD)

E: 62.0 ±4.3 yr

E: 63.2 ±3.6 yr
C: 65.9 ±2.4 yr

E: 63.2 ±12.8yr

E: 41 ±9.6 yr

Time post-stroke
(mean ±SD)

E: 50.0 ±8.9 mo

E: 30.2 ±6.2 mo
C: 28.8 ±6.3 mo

E: 30.2 ±22.2 mo

E: 4.3 ±1.7 yr

Intervention

E: robot training in horizontal plane;
3 h/wk for 6 wk
+ in robot training in vertical plane;
3h/wk for 6 wk

E: robot training; 3h/wk for 8 wk
C: conventional therapy (NDT);
3 h/wk for 8 wk + non-contact
exposure to robot

E: robot training; 3 h/wk for 8 wk

E: robot training; 3 h/wk for 8 wk
(n=2) or 4 wk (n=1)

Follow-up

―

6 mo

Outcome

motor control

funct. ability

—

—

motor control

funct. ability

motor control

funct. ability

motor control

FM
MSS (s/e)
MP
AS

FM
MVC
kinematics

BI
FIM

EMG
strength
active ROM
kinematics

active ROM
tone
kinetics +
kinematics

funct. ability

Conclusions

Reduction in impairment after robot
training in vertical plane was not
significant for shoulder/elbow parts
of FM, MSS, MP and AS, but
comparable to improvement during
planar robot training. No
information about wrist/hand.

Robot group improved in all motor
control measures (short- and longterm), but only long-term for both
functional abilities measures.
Robot group improved more than
control in motor control (only shortterm) and in functional abilities
(only long-term) in all parameters.

Significant improvement after robot
training in kinematics and EMG
(predominantly for reach at
shoulder level and not at elbow
height).

Robot training improved AROM,
peak movement speed and tone;
results of incoordination and free
reaching inconsistent.

Meth. quality

11

16

10

8

Abbreviations: FM = Fugl-Meyer assessment; MSS = Motor Status Scale; MP = Motor Power scale; AS =
modified Ashworth Scale; ROM = range of motion; MVC = maximal voluntary contraction; FIM =
Functional Independence Measure; BI = Barthel Index; * Data from two separate but related studies
since this information was not in current article; we averaged mean and pooled variance over all
participants; †18 subjects had very severe impairments and could not participate in randomization; thus
n=28 subjects were randomized across groups and analyzed
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Patients
The size of the experimental groups ranged from 310 to 4235 (total n=178) and the
sizes of the two control groups were 1438 and 3632 (total n=50). Except for the
studies with 310 and 937 patients in the experimental group, all other studies
involved at least 13 patients. Krebs et al.’s summary of multiple trials involved
patients with sub-acute stroke (defined as 2 to 4 weeks post-stroke, n=40 in the
experimental groups and n=36 in the control groups).32 The remaining seven
studies involved chronic stroke patients (defined as >6 months post-stroke, n=138
in the experimental groups and n=14 in the control groups).10,34-39

Intervention
Three different robotic devices were used for intervention across the eight studies:
the MIT-Manus system was used in five studies,32,34-37 the MIME in two studies,38,39
and the ARM Guide in one study.10 Technical details of these systems can be found
elsewhere.10,11,32 All eight studies included short-term pre- and post-treatment
measurements, but only four studies included long-term assessments (varying
from 3 mo to 3 yr post-treatment) of the influence of robot-aided therapy.32,34,35,38
The intervention in each study was robot-aided therapy. The training sessions
were similar in seven studies and consisted of repetitive, goal-directed forwardreaching movements (i.e., the upper limb had to be stretched forward to reach the
goal and the movement was not necessarily confined to two dimensions). The
movements were actively performed by the subject (possibly partially assisted by
the robotic device).10,32,34-36,38,39 One exception was the pilot evaluation of training
of vertical (upward) movements that were assisted by MIT-Manus.37 In Krebs et
al.’s summary study,32 robot-aided therapy supplemented the conventional
rehabilitation program. The other studies only used robot-aided therapy.
Participants in control groups received conventional therapy with additional
noncontact or nonoperational exposure to the robot (i.e., the robot was turned
off). The nature of the conventional therapy was not stated explicitly in those
studies.32,38

Outcome measures
A total of 12 separate outcome measures were used across all studies: 10 motor
control measures and 2 functional ability measures. Each study measured at least
four different outcomes. All eight studies assessed motor control and six used the
upper-limb portion of the FM.32,34-38 Only two studies measured functional abilities;
both used the Functional Independence Measure (FIM).34,38
32
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Content of studies
Seven studies reported short-term improvements in motor control as a result of
forward-directed robot-aided therapy (table 1). The one study that investigated
vertical movements did not report a significant improvement in motor control,
although the trend was positive.37 All four studies that assessed the long-term
effects of robot-aided therapy on motor control reported significant
improvements.32,34,35,38 Of the two studies that measured functional abilities, one
found significant short-term improvements after robot-aided therapy34 and the
other reported long-term progress.38
The two studies that compared data from a robot-trained group with a control
group reported significant differences in predominantly short-term measures of
motor control.32,38 These differences favored robot-aided therapy. No such trend
was reported for functional abilities.
All studies reported that the effects of robot-aided therapy were training-specific:
improvements occurred only in the trained shoulder and elbow, and no increase in
motor control or functional abilities occurred in the wrist or hand. None of the
studies reported adverse effects of robot-aided therapy.

Data analysis
Five of the eight studies measured pre- and post-treatment upper-limb FM scores
after forward-directed robot-aided therapy. Of these five studies, one studied subacute32 and four studied chronic34-36,38 stroke patients. We performed a quantitative
meta-analysis of the four studies that involved chronic stroke patients.34-36,38 Data
presentation was insufficient in two of these studies34,38 because the standard
deviation (SD) of the change in FM scores was missing; this left two studies (n= 70
in total in the experimental groups) for estimation of a pooled mean difference in
FM scores before and after robot-aided therapy.35,36 A standard chi-square test for
heterogeneity41 showed non-significant systematic variation between these two
studies (χ2=0.683, p=0.43); therefore, we used the fixed-effect model to estimate
the pooled mean difference in FM scores.42
Change in FM score (i.e., difference between average pre- and post-treatment
scores, including SD) and corresponding 95 percent CI for each study are
presented in table 2.2 and displayed graphically in figure 2.1. A summary of the
results of the two studies with sufficient data showed that robot-aided therapy
positively influenced FM scores: the pooled average FM score increased 3.7 points
(95%-CI=2.8–4.7). This indicates a statistically significant 6% increase in motor
control after robot-aided therapy (p<0.05). The methodological quality scores of all
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studies are also included in table 2.2 and figure 2.1. Methodological quality and
reported changes in FM scores did not appear to be related.
To include estimated results of the two studies with missing SD, we performed a
sensitivity analysis.43 We calculated the adjusted pooled mean difference and the
corresponding 95 percent CI for several possible SD values (ranging from 1 to 10
for both incomplete studies). This analysis showed that the adjusted pooled mean
difference could vary from 4.0 to 4.7 points and the corresponding 95 percent CI
from 3.2 to 6.2 points. Thus, the influence of robot-aided therapy is still positive
when these two studies are incorporated. Results of the meta-analysis of the four
studies support findings the of qualitative analysis of the eight selected studies.
Table 2.2 Change in Fugl-Meyer scores after robot-aided therapy in chronic patients
Study

Methodological
quality

N

Change in FM score
(mean ± SD)

95%-CI

Ferraro 2003*,34
Fasoli 200435
Stein 2004†,36
Lum 2002*,38

14
15
16
16

28
42
28
13

6.1
3.4
4.2
4.7

2.2 to 4.6
2.6 to 5.8
-

70

3.7 ±0.5

Pooled average§

(no SD)
±4.0
±4.2
(no SD)

2.8 to 4.7

Abbreviations: N = number of subjects; FM = Fugl-Meyer assessment; SD = standard deviation; CI =
confidence interval
* cumulative mean changes of shoulder/elbow and wrist/hand components of FM assessment; no SD
due to presentation of before and after treatment scores, so difference in SD’s could not be calculated
†
data pooling of 4 groups with two separate robot training regimens (mean: average of 4 groups;
standard deviation: based on pooled estimation of variance of 4 groups)
‡
data derived from graphical display of results
§
pooled average difference in FM and total number of subjects based on two studies with sufficient
data (i.e. including SD of change in FM score)
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Ferraro 2003 (14)
Fasoli 2004 (15)
Stein 2004 (16)
Lum 2002 (16)
-----------pooled mean
difference (n=2)
0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

Difference in FM scores (points)

Figure 2.1 Change in Fugl-Meyer scores after robot-aided therapy in chronic patients
Notes: Mean differences pre- and post-treatment (middle symbol on line), with corresponding 95%-CI
(outer symbols on line), are displayed for each individual study. The methodological quality score of
each study is included between brackets. Pooled mean difference in Fugl-Meyer score (middle symbol
on bold line) is presented with the corresponding pooled 95%-CI (outer symbols on bold line), based on
the two studies with sufficient data.
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Discussion
In this systematic review, we qualitatively analyzed eight studies to assess the
effect of robot-aided therapy on improvement of upper-limb motor control and
functional abilities in stroke patients. The results of the analysis show that forwarddirected robot-aided therapy improves several motor-control aspects (e.g., muscle
activation patterns, selectivity, and speed of movement) and has long-term effects
of several months to several years, as measured at follow-up. The additional
quantitative data analysis of short-term changes in upper-limb FM scores
supported the positive influence of robot-aided therapy on motor recovery in
chronic stroke patients (the pooled mean FM scores after robot-aided therapy
increased by 6%). Reinkensmeyer et al. presented comparable findings in a
narrative overview of published research,44 including some earlier MIT-Manus
studies. In contrast, the Krebs et al. study that assessed vertical-movement
training showed no significant change in motor control, although the results
showed a distinct positive trend.37 No consistent influence of robot-aided therapy
on improvement of functional abilities could be detected from the qualitative
analysis. This inconclusive finding is consistent with the minimal effect of
interventions such as Bobath, neurodevelopmental therapy, proprioceptive
neuromuscular facilitation, and Brunnstrom on ADL performance after stroke
rehabilitation.45
In studies with a robot-trained group and a control group, robot-aided therapy
caused more short-term reduction in motor impairments, such as muscle activation
patterns and selectivity and speed of movement, than conventional rehabilitation
techniques. For functional abilities, no difference was found between the robottrained and control groups. Only one study examined long-term effects so no firm
conclusion can be drawn.
Research in this field is relatively young and few large RCTs have been
conducted. Therefore, the factors that might affect the outcome of robot-aided
therapy and bias current research findings are still unclear.
An obvious factor affecting the conclusions is that we included studies with both
sub-acute and chronic stroke patients. No apparent difference in the positive
influence of robot-aided therapy was found between these patient groups when we
looked at all outcome measures qualitatively, but the number of included studies
(one sub-acute, seven chronic) is too small for us to draw firm conclusions.
Nevertheless, this information indicates that both sub-acute and chronic stroke
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patients can improve upper-limb function after robot-aided therapy. Although this
result seems to contradict the traditional assumption that most recovery occurs
within the first 3 to 6 months after stroke with no further improvements later
on,46,47 it is consistent with several more recent publications that claim that chronic
patients (i.e., more than 6 months post-stroke) can improve upper-limb
function.1,48,49 The pooled mean increase in chronic stroke patients’ FM scores after
robot-aided therapy support the results of these recent studies.
A second potential bias is the difference in treatment intensity between
experimental and control groups. In Krebs et al.’s summary study,32 the robottrained group received more hours of therapy (robot-aided therapy plus
conventional therapy) than the control group (conventional therapy alone). This
difference may have overestimated the effect of robot-aided therapy, since higher
intensity therapy has been reported to lead to better results than lower intensity
therapy.6,50,51 Nonetheless, the potential motor-control benefit of robot-aided
therapy over conventional therapy is supported by the positive findings of the
other controlled trial, in which the robot-trained and control groups received equal
treatment intensity.38
A third possible bias is the use of the upper-limb portion of FM for quantitative
analysis. Although the influence of robot-aided therapy was training-specific in all
eight studies (i.e., only detectable in shoulder and elbow), only the score of the
upper-limb portion of the FM was reported; therefore, this measure (which
included assessment of wrist and hand recovery) was used for pooling data.
Calculation of total scores for assessment of training-specific improvements in
motor control might have underestimated the influence of robot-aided therapy on
clinical outcome. This may explain, in part, why the 6 percent increase in the
upper-limb FM score after robot-aided therapy was statistically significant but not
clinically relevant (≥10% increase in FM score)52. Thus, robot-aided therapy may
be even more beneficial for reduction of motor impairments than postulated by our
results.
Despite these potential limitations, our results justify more in-depth study of the
positive effects of robot-aided therapy and the factors that influence these effects.
One interesting aspect concerns the different response to robot-aided therapy by
different patient groups. Ferraro et al. distinguished between moderately and
severely affected stroke patients (based on Canadian Neurological Scale and
National Institutes of Health Stroke Scale stroke-severity estimates) and reported
that moderately affected patients were more responsive to robot-aided therapy
than severely affected patients.34 This finding is consistent with other authors’
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findings that high initial motor function likely promotes positive strokerehabilitation outcome in general.1,46,47,53 Another study in our review reported
similar results: the patients with the highest initial motor function increased more
on motor-control measures after robot-aided therapy than the patients with the
lowest initial motor function.36 Accordingly, inclusion of subgroup analyses based
on stroke severity in future studies would more extensively assess motor-outcome
differences after robot-aided therapy and expand our knowledge of the patient
groups that benefit most from robot-aided therapy.
A second interesting aspect of our review concerns training specificity. In the
studies we analyzed, only the shoulder and elbow were trained and only motor
control of the shoulder and elbow improved. However, proper wrist and hand use
is particularly relevant for functional use of the hemiparetic arm. The focus on the
shoulder and elbow in these studies may partially explain the lack of functional
ability improvement after robot-aided therapy. So, future attention on the wrist
and hand may maximize the gains from robot-aided therapy. Research groups
have recognized the importance of studying the wrist and hand and are extending
their robot devices with distal trainers.54 One group developed a separate robot
device for distal upper-limb training and performed two clinical studies with
encouraging results on enhanced recovery of pronation-supination and wrist
flexion-extension with the Bi-Manu-Track device.12,40
A third interesting but unclear aspect is the role of individual treatment
modalities in robot-aided therapy. Most trials implemented three different
modalities in one robotic treatment protocol: passive, active-assisted, and activeresisted movements. However, these modalities were generally not tested
separately; only the overall effect of robot-aided therapy was evaluated. One
treatment modality may be much more effective than another. Only Fasoli et al.33
and Stein et al.36 tried to specify the separate contributions of treatment
modalities. Fasoli et al.’s results suggest that robot-aided therapy that incorporates
active-resisted movements is more beneficial than active-assisted therapy for
upper-limb recovery because a carryover effect on motor control in the untrained
wrist and hand was found only after active-resisted therapy with the trained
proximal arm.33 However, in a replication study by the same research group, a
larger sample of participants revealed no differences in motor recovery between
active-assisted and active-resisted therapy, possibly because of differences in
analytic methods.36 The Fasoli et al. study included patients who did not have
sufficient initial function to participate in the active-resisted training group and
were “allocated” to the robot-assisted group instead,33 which was not the case in
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Stein et al.36 Consequently, results from the active-resisted training group were
overestimated. These findings show that certain types of robot-aided therapy may
be less appropriate for certain patient groups. However, the contribution of
individual training modalities to restoration of upper-limb function remains
ambiguous.
Other treatment modalities may be relevant and suitable for incorporation into
robot-aided therapy but have not yet been extensively explored. One possible
modality is compensation of gravity for the upper limb. Most robotic devices
provide some arm support, a feature that Sanchez et al. outlined.55 However, Beer
et al. specifically researched the potential of compensation of gravity on the upper
limb.56-59 In previous research, they found that several muscle activation patterns
are coupled in abnormal synergies during active torque generation in the
hemiparetic upper limb (e.g., shoulder abduction by stroke patients impaired their
ability to extend the elbow).60 In subsequent research, they demonstrated that
stroke patients’ motor performance improved instantaneously without the influence
of gravity on the upper limb because of a diminished need for active shoulder
abduction and consequently increased ability to extend the elbow in static
conditions.56,57 Recent preliminary results suggest that the same mechanisms apply
to dynamic conditions.58,59 These findings indicate that compensation of gravity
may stimulate improved motor performance of the upper limb. However, in a trial
of single-case series, a group that received training with sling suspension of the
upper limb (to support the arm against gravity) showed no improvement with
respect to baseline.13 Compensation of gravity, while fairly unexplored, may further
stimulate upper-limb recovery in stroke patients. More research on this topic may
give insight into which mechanisms are influenced by gravity compensation and
may identify potential applications.
In addition to robot-aided therapy, other treatment types may effectively
stimulate recovery after stroke. For example, preliminary results of Kahn et al.’s
pilot study suggested that a group that received robot-assisted reach training
(target is always reached) and a group that attempted to reach independently (no
obligation to reach the target) had similar improvements in motor control.61 Other
approaches to stroke rehabilitation that have shown promising results include
functional electrical stimulation,62 pharmacology,63 and several exercise therapy
approaches,50 including repetitive exercise;61 constraint induced therapy,64
including a recently developed automated application;65,66 and sensorimotor
training.5 However, overall comparisons of the effectiveness of several treatments
are not abundant, and the available overviews are not conclusive as to the best
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approach for assisting recovery after stroke.4,67,68 Future research should shed
more light on the effectiveness of these interventions compared with or even in
combination with one another.

Conclusions
This systematic review indicates that robot-aided therapy of the proximal upper
limb can improve short- and long-term motor control of the paretic shoulder and
elbow. This conclusion is supported by a quantitative analysis of short-term pooled
FM data in chronic stroke patients and indicates that increased motor recovery of
chronic patients is possible after robot-aided therapy. However, no consistent
effect on the improvement in functional abilities has been reported. Restoration of
motor control appears greater after robot-aided therapy than conventional therapy.
We could not establish which aspects of robot-aided therapy (e.g., increased
intensity of movements, most effective training modalities) were most responsible
for the beneficial influence on recovery.
The clinical relevance of our findings is that robot-aided therapy is a promising
new approach to rehabilitation of upper-limb motor control after stroke. For both
sub-acute and chronic stroke patients, robot-aided therapy can improve motor
control of the hemiparetic upper limb, perhaps even more than conventional
therapy.
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Appendix 2.1
•
1.
2.
3.
4.
5.
6.
7.
8.

Search strategy for PubMed*

Disorder
cerebrovascular accident (M)
CVA
stroke
hemiplegia (M)
hemipleg*
hemiparesis (M)
hemipare*
#1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7

Intervention
9. robotics (M)
10. robot*
11. #9 OR #10

•

•
12.
13.
14.
15.
16.
17.
18.

Body segment
upper extremity (M)
upper extremities
upper limb
upper limbs
arm
arms
#12 OR #13 OR #14 OR #15 OR #16 OR #17

• Combination robotics & cerebrovascular accident
19. #11 AND #8
• Combination robotics & upper extremity
20. #11 AND #18
limited to publication type: clinical trial
*This strategy provided the basis for adjustment to other databases
M indicates Mesh subject heading
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Abstract
Introduction – Arm support like gravity compensation may improve arm movements
during stroke rehabilitation. It is unknown how gravity compensation affects muscle
activation patterns during reach and retrieval movements. Since muscle activity during reach
is represented by a component varying with movement velocity and a component
supposedly counteracting gravity, we hypothesized that gravity compensation decreases the
amplitude of muscle activity, but does not affect the pattern. To examine this, we compared
muscle activity during well defined movements with and without gravity compensation in
healthy elderly.
Methods – Ten subjects performed reach and retrieval movements with and without
gravity compensation. Muscle activity of biceps, triceps, anterior, middle and posterior parts
of deltoid and upper trapezius was compared between the two conditions.
Results – The level of muscle activity was lower with gravity compensation in all muscles,
reaching significance in biceps, anterior deltoid and trapezius (p=0.026). The muscle
activation pattern did not differ between movements with and without gravity compensation
(p=0.662).
Discussion – Gravity compensation only influenced the level of muscle activity but not the
muscle activation pattern in terms of timing. Future studies should examine if the influence
of gravity compensation is comparable for stroke patients. This may stimulate early and
intensive training during rehabilitation.
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Introduction
A stroke can result in disturbed sensory and motor functions of contra-lateral body
parts (i.e., hemiparesis), along with communicative and cognitive disorders. With
respect to the upper extremity, impaired arm and hand function causes limitations
in activities of daily living for the majority of stroke patients; only 5–20% of the
patients experience full recovery, measured at 6 months post-stroke.1 Recovery of
arm function after stroke can be stimulated by an intensive program of exercise
therapy (i.e., frequent and/or extended sessions) that involves active movement of
the affected arm.2-4
In clinical practice, active arm movements are frequently facilitated by
supporting the weight of the arm, for example by suspending the arm from a
frame overhead. Recently, technological innovations such as robotic devices are
also applied to stimulate recovery of arm function after stroke.5 These devices
often include arm support, to compensate for the effect of gravity on the arm.6
Research on arm support for stroke patients, using a frictionless air slide above a
table, showed an increase in maximal voluntary torques of isometric elbow
extension when the hemiparetic arm was supported against gravity.7 A subsequent
study showed that the active range of elbow extension increased with arm support
during reaching movements.8 This indicates that using arm support may be
beneficial to improve arm movements in post-stroke rehabilitation, since patients
do not have to use their remaining muscle strength and coordination to lift and
hold their arm themselves.
Although for stroke patients some information about the influence of gravity
compensation on kinetic and kinematic characteristics of reaching movements (like
muscle torques, range of motion and movement velocity) is available, only little is
known about the way gravity compensation influences muscle activity.
Research on the kinematics of goal-directed arm movements in micro-gravity
during parabolic flights has indicated that gravity is implemented in internal models
used in planning of movements by the central nervous system.9-11 Therefore,
compensation of the influence of gravity on the arm may affect the muscle
activation patterns of reaching movements. A study into differences between arm
movements in different gravitational loads showed that different patterns of
muscle activation occurred during movements with gravity and against gravity.12
On the other hand, muscle activity signals during forward-directed reach were
found to be determined by two principal components, of which the contribution to
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the muscle activity signal depended on the weighting factor of each component.13
One ‘phasic’ component varied with movement velocity, the other ‘tonic’
component was unrelated to movement velocity and was assumed to be involved
in counteracting gravity during reaching. The scaling of the phasic component with
movement velocity was in line with the recorded muscle activity during reaching
with different speeds. However, it was not verified whether the tonic component
did relate to counteracting gravity.13
To examine this, the present study aimed to investigate the influence of gravity
compensation on muscle activation patterns during reach and retrieval movements
performed by healthy elderly. Based on the study by Flanders and Herrmann,13 we
would expect that when the influence of gravity on the arm is compensated during
reaching, the amplitude of muscle activity is affected, but the temporal pattern
remains unchanged.
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Methods
Subjects
Ten healthy persons participated in this study, after providing written informed
consent. Inclusion criteria were that the subjects were over 50 years of age and
had no known history of neuromuscular, orthopedic or rheumatologic disorders of
the upper extremity. The study was approved by the local medical ethics
committee.

Apparatus
A mechanical, passive device was developed to counteract the influence of gravity
on the upper extremity (named Freebal, derived from ‘balanced freedom’). The
device consisted of two independent springs, connected to pliable joint braces at
the elbow and wrist via ropes and pulleys overhead (figure 3.1). This system
provided a constant and individually adjustable amount of gravity compensation
throughout the entire workspace of approximately 1 m3, enabling three
dimensional movements. A more detailed description of the Freebal is published
elsewhere.14,15

Procedure
The subjects performed two series of movements with the dominant arm, once
with and once without gravity compensation. To reduce the potential effect of
learning or adaptation, the subjects were assigned randomly to one of two
A

B

Figure 3.1 Apparatus for gravity compensation
Notes: (A) the Freebal device in full view; (B) close-up of the arm attached to the wrist and elbow
straps of Freebal, with the hand on the starting dot and the arm in the initial posture; the arrow
indicates the required movement from starting dot to target dot and back; also visible are EMG
electrodes and reflective markers (see Kinemetic data recording for details).

51

Chapter 3

sequences, either performing the movements first with and subsequently without
gravity compensation (group A), or in reversed order (group B).
The subjects were seated at an in height adjustable table and secured to the
chair with straps to limit compensational trunk movements. Subjects sat with the
upper arm parallel to the trunk, the elbow flexed 90º, the forearm in pronation and
the wrist fixated in a neutral position midway between flexion/extension and radial/ulnar-abduction by a splint. In this position the hand was placed on the starting
dot (figure 3.1). The target dot was placed 35 cm from the starting dot, so that the
subjects reached forward in the sagittal plane using both the shoulder and the
elbow. Both dots had a diameter of 10 cm.
The subjects performed repeated multi-joint reach and retrieval movements
during 30 s, alternating between starting and target dot. The subjects were
instructed to move at their own comfortable pace and touch the centre of the dots,
placing more focus on accuracy than on velocity.

Measurements and data recording
EMG recordings
Bi-polar surface electromyography (EMG) was recorded using disc-shaped wet-gel
Neuroline Ag/AgCl-electrodes (type 72000-S; Medicotest A/S, Ølstykke, Denmark)
with a recording area of 95 mm2 and an inter-electrode distance of 2 cm.
Electrodes were placed over six superficial muscles, according to guidelines of the
SENIAM project: long head of biceps (BIC); long head of triceps (TRI); anterior
(DA), middle (DM), posterior (DP) part of deltoid; upper part of trapezius (TRA).16
After differential amplification using a K-Lab amplifier (K-Lab, Haarlem, the
Netherlands; input impedance 10 GΩ, common mode rejection ratio >110 dB,
input voltage noise <2 µV, gain 18750), the EMG signals were high-pass filtered
(third-order Butterworth filter, cut-off frequency 20 Hz) and digitized by a 12-bit
analog-to-digital converter with a sample rate of 1000 Hz. These EMG signals were
then band-pass filtered (second-order zero phase shift Butterworth, cut-off
frequencies 20–400 Hz) and converted to smooth rectified EMG (SRE) signals
(using a low-pass second-order zero phase shift Butterworth filter at 25 Hz for
smoothing) for each muscle per subject.

Kinematic data
Changes in positions of arm segments were recorded using an infrared 3D-motion
analysis system (VICON 370: six cameras, sample rate 50 Hz; Oxford Metrics Ltd,
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Oxford, United Kingdom). Reflective markers were placed on 10 bony landmarks
on the arm and trunk and converted to joint angles according to guidelines of the
International Society of Biomechanics (ISB).17
The elbow joint angle was specified as the angle between humerus and forearm
(maximal elbow flexion is 0º, maximal elbow extension is 180º). The shoulder joint
orientation was described using two angles (see figure 3.2 for illustration). First,
the plane of elevation was defined as the angle of the humerus with a virtual line
through both shoulders, viewed in the transversal plane (outward/lateral is 0º, arm
extended forward is 90º). In other words, it represented the angle of the
projection of the upper arm on the horizontal plane. Second, the angle of elevation
was the angle between humerus and trunk in the plane of elevation (consisting of
the vertical plane through the upper arm), irrespective of the orientation of the
humerus in the transversal plane (humerus parallel with trunk is 0º, humerus
parallel with horizontal is 90º). These angles were low-pass filtered at 20 Hz with a
second-order zero phase shift Butterworth filter and linearly interpolated from 50
to 1000 Hz to match the sample rate of the EMG recordings.

Synchronous display of EMG and kinematics
Custom written software using the Labview environment (National Instruments,
Austin, TX, United States) was used to analyze SRE signals in relation to joint
angles. Reversals in movement direction were defined at minimum and maximum
elbow joint angles (hand on starting and target dot, respectively), determined by
zero-crossings of the elbow angular velocity. A reach (minimal to maximal elbow
angle) and subsequent retrieval (maximal to minimal elbow angle) movement
constituted a movement cycle (see figure 3.3).
A

90°

B
90°

90°

S1
0°
S2S

S2F
0°

0°

Figure 3.2 Definition of shoulder angles
Notes: (A) S1: plane of elevation, angle of the humerus with a virtual line through both shoulders; (B) S2:
angle of elevation, angle between humerus and trunk in the plane of elevation (consisting of the vertical
plane through the upper arm), represented in frontal view (S2F) and sagittal view (S2S).
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Data analysis
The EMG and joint angle data were visually inspected for missing data or recording
errors. The SRE-values and joint angle trajectories were averaged over all repeated
movement cycles of one 30 s series of movements to obtain an average muscle
activation pattern (MAP), which was normalized to the average duration of all
repeated movement cycles. The reach and retrieval trajectories were each divided
in three movement parts: part (I) initiation of movement, defined by 1–20% of a
trajectory; part (II) steady state movement during the middle part of a trajectory,
from 31% to 70%; part (III) termination of movement, consisting of 81–100%
part

retrieval

reach

100 µV

BIC

TRI

DA

DM

DP

TRA

100°

E

S1

S2
0

10

20

30

40

50

60

70

80

90

100

Movement time (%)

Figure 3.3 Muscle activation pattern (MAP) of 6 muscles and corresponding joint angles,
during movement without gravity compensation (time in % of averaged cycle duration) of
one subject, including definition of movement parts by black bars
Notes: part I = initiation, II = steady state, III = termination of movement; BIC = m. biceps brachii
long head; TRI = m. triceps brachii long head; DA = m. deltoideus anterior; DM = m. deltoideus
medialis; DP = m. deltoideus posterior; TRA = m. trapezius pars decendens; E = elbow flexion/
extension angle; S1 = shoulder plane of elevation; S2 = shoulder angle of elevation.
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(see figure 3.3). Per subject, the SRE-values of each MAP were averaged within
each movement part as a measure of level of muscle activity.
To quantify movements, several parameters were derived from kinematic data:
movement time was defined as the movement cycle duration averaged over all
movement cycles per subject (in ms); movement symmetry was defined as the
relative duration of reach with respect to the average movement cycle (in %); and
joint excursions of elbow and shoulder angles were defined as the difference
between minimal and maximal joint angles (in º), averaged over all movement
cycles.

Statistical analysis
Initially, SRE-values were transformed to LN(SRE)-values to ensure normal
distribution of residuals. To detect potential effects of learning or adaptation,
muscle activity and movement performance parameters of the two groups
performing movements with and without gravity compensation in reversed order
(A and B) were compared using a t-test for independent samples in the case of
normally distributed parameters and a non-parametric equivalent, the
Kolmogorov–Smirnov test, for parameters deviating from the normal distribution.
Furthermore, either paired-samples t-tests or the non-parametric equivalent,
Wilcoxon signed ranks tests, were used to examine differences in movement
execution parameters (movement time, movement symmetry and joint excursions)
due to gravity compensation. For all these tests the significance level was 0.05.
Linear mixed modeling techniques (i.e., multilevel linear modeling, random
coefficient analysis) were applied to test differences in SRE-values due to gravity
compensation (two-level factor ‘fz-comp’) in each muscle (six-level factor ‘muscle’)
per movement part (three-level factor ‘part’), separately for reach and retrieval. To
account for the correlation of repeated measurements within one subject, the
factor ‘subject’ was included as a random factor. The factors ‘fz-comp’, ‘muscle’
and ‘part’ were treated as fixed effects, because the effect of gravity compensation
on muscle activity was similar for all subjects. The two-way interactions ‘muscle x
part’, ‘fz-comp x muscle’ and ‘fz-comp x part’ were included to examine the change
of muscle activity across movement parts per muscle, the difference of the
influence of gravity compensation on the level of muscle activity between muscles
and the influence of gravity compensation on the change of muscle activity across
movement parts, respectively. For all significant effects and interactions post-hoc
tests (Sidak adjustment) were performed. The level of significance was defined as
0.05.
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Results
Subjects
Data of all 10 subjects were used for analysis, of which average values of physical
characteristics are presented in table 3.1. Regarding the order of conditions, seven
subjects moved first with and next without gravity compensation (group A), while
three subjects performed the test in the reversed order (group B). There were no
significant differences in physical characteristics, movement execution parameters
and SRE-values between the two groups, so data of all subjects were pooled in
subsequent analyses.
Table 3.1 Physical characteristics of 10 healthy elderly
Subjects (n=10)
Sex (male/female)*
Arm dominance (right/left)*
Age (years)†
Height (m)†
Weight (kg)†
Body Mass Index (kg/m2)†

5/5
10 / 0
65.9 (±6.4)
1.74 (±0.12)
77.7 (±13.6)
25.7 (±2.9)

* absolute numbers; † mean ± SD

Table 3.2 Movement execution parameters (mean ± SD) and corresponding inter-subject
coefficients of variation (COV = SD / mean) for movements without and with gravity
compensation of 10 subjects
elbow excursion (°)
inter-subject COV
shoulder plane excursion (°)
inter-subject COV
shoulder elevation excursion (°)*
inter-subject COV
movement time (ms)
inter-subject COV
movement symmetry (%)
inter-subject COV

WITHOUT compensation

WITH compensation

60.4 (±4.4)
0.07
81.6 (±11.7)
0.14
23.2 (±9.5)
0.41
1327 (±383)
0.29
56.8 (±3.7)
0.07

61.2 (±6.6)
0.11
78.2 (±11.9)
0.15
18.8 (±6.8)
0.36
1491 (±211)
0.14
58.8 (±1.7)
0.03

* significant difference between movement with and without gravity compensation (p<0.05)
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Movement execution
Movement execution parameters averaged over all subjects are presented in table
3.2. On average, 19 (±8) movement cycles per subject were analyzed. Comparison
of movement execution with and without gravity compensation showed that
movement time and movement symmetry were not significantly different
(p=0.224, p=0.160, respectively). The joint excursions of elbow and shoulder
plane were also comparable for both conditions (p=0.376 and p=0.102,
respectively), but the excursion of shoulder elevation was somewhat smaller with
gravity compensation (p=0.013). However, the difference in shoulder elevation
excursion was not even 5º, which was not regarded as a substantial difference in
movement execution.

Generic aspects of muscle activation
In figure 3.3 a typical example of a MAP of movement without gravity
compensation is displayed, which revealed some features in this subject. Most
muscles were active throughout the movement, without periods of relative rest. An
exception is TRI, which had very low levels of activity during reach and retrieval
(except at the start of retrieval in this particular subject).
R EAC H

mean SRE per part (microV)

120

R ET R IEVAL

I - initiation
II - steady state
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III - termination

H
H
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A
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H
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Figure 3.4 Median and interquartile ranges of SRE-values of 10 subjects per movement
part for each muscle during movement without gravity compensation, for reach and retrieval
separately
Notes: Muscle activity significantly increased during reach and significantly decreased during retrieval;
muscle-specific changes in SRE-values from one part to next during reach are represented by asterisks
(* p<0.05). Circles (◦) represent outliers (deviation of <1.5 times interquartile range) and diamonds ()
represent extremes (deviation of <3 times interquartile range).
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When comparing MAPs of movements without gravity compensation across
subjects (figure 3.4), several generic aspects could be identified. Most muscles had
persistent levels of muscle activity throughout the reach and retrieval movements,
except that almost all subjects showed rather low levels of TRI activity.
Furthermore, most muscles showed increasing SRE-values from movement
initiation to termination during reach, as supported by a significant main effect of
‘part’ (p=0.000). This general increase in SRE-values differed between muscles, as
revealed by a significant interaction of ‘muscle x part’ (p=0.000). Post-hoc analyses
(represented by asterisks in figure 3.4) showed increases in SRE-values from
steady state to termination in BIC (p=0.008) and from initiation to steady state in
TRI (p=0.000) and in DP (p=0.001), while in TRA SRE-values decreased from
initiation to steady state (p=0.036) and subsequently increased (p=0.033). During
retrieval, a general decrease in muscle activity was observed towards movement
termination (main effect of ‘part’; p=0.009), which was not significantly different
between muscles (‘muscle x part’ p=0.106).
When integrating the qualitative and quantitative findings, generic aspects of
muscle activation patterns could be identified for reach and retrieval without
gravity compensation. BIC was active to lift and hold the lower arm above the
table and aid in anteflexion of the shoulder. Muscle activity of TRI was very low,
sometimes nearly absent, contributing to extension of the elbow towards the
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Figure 3.5 Comparison of mean (±SD) SRE-values, averaged over all 3 parts per muscle,
between movement without (light bars) and with (dark bars) gravity compensation (GC), for
reach and retrieval separately (n=10)
Notes: Asterisks represent significant differences (p<0.05).
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target. DA and DM were active to maintain a certain degree of shoulder abduction,
to anteflex the shoulder during reach and to decelerate retroflexion during
retrieval. Activity of DP decelerated anteflexion during reach and retroflexed the
shoulder during retrieval. TRA was active to elevate the arm at the start of reach
and retrieval and to position the scapula appropriately during the movements.

Influence of gravity compensation on muscle activation
Comparison of MAPs with and without gravity compensation (figure 3.5) showed a
reduction in the level of activity of most muscles with gravity compensation, as
underlined by a significant overall effect of ‘fz-comp’ (p=0.000) for both reach and
retrieval. During retrieval, the influence of gravity compensation differed between
muscles as indicated by a significant interaction ‘fz-comp x muscle’ (p=0.007).
Without GC

With GC

mean SRE per part (µV)

REACH

Movement Part

Without GC

With GC

mean SRE per part (µV)

RETRIEVAL

Movement Part

Figure 3.6 Changes in mean SRE-values across movement parts
Notes: comparison for movements without (solid lines) and with (dotted lines) gravity compensation
(GC) of 10 subjects, per muscle and for reach and retrieval separately.
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Post-hoc differences (in figure 3.5 accentuated by asterisks) between movements
with and without gravity compensation were found in BIC (p=0.000), DA
(p=0.000) and TRA (p=0.026). These same muscles also showed significant posthoc differences between the two conditions during reach (p<0.007), but these
differences were smaller than during retrieval, resulting in a non-significant
interaction of ‘fz-comp x muscle’ (p=0.252) during reach.
Despite differences in the level of activity, the change of muscle activity across
movement parts (figure 3.6) was similar for movements with and without gravity
compensation for most muscles, as supported by a non-significant interaction ‘fzcomp x part’ for both reach and retrieval (p=0.662 and p=0.826, respectively).
Although TRI and DP displayed a deviating pattern with a slightly larger level of
muscle activity at the end of reach and start of retrieval with gravity compensation,
these differences were too small to result in a significant effect.
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Discussion
The aim of the present study with healthy elderly was to investigate the influence
of gravity compensation on muscle activation patterns during reach and retrieval
movements. A common aspect of muscle activity during movements without
gravity compensation across all subjects was that most muscles show persistent
activity during the entire reach and retrieval trajectories. As an exception, activity
was very low in TRI. In general, the persistent activity increases during reach and
decreases during retrieval. A plausible explanation is that larger torques act on the
extended arm at the target dot then when the arm is close to the trunk at the
starting dot, requiring a higher level of muscle activity at the end of reach and
start of retrieval.
The generic aspect of persistent activity during reach and retrieval corresponds
largely with the findings of Sabatini et al., who investigated ‘natural’ unsupported
reaching movements with a similar arm orientation (shoulder abduction of
approximately 45º, hand at table height) as the present study.18 They found that
all recorded muscles (BIC, TRI, DA, DP and TRA) were active throughout the
movement, with additional activity on top of this persistent activity in BIC, DP and
TRA.
In contrast, several other studies described an alternating pattern of BIC/TRI and
DA/DP activity during reach and retrieval with arm support, interspersed with
periods of relative rest.19-21 This discrepancy is probably related to the orientation
of the arm during movements. In the present study the targets were at table
height, requiring a certain amount of arm elevation against gravity to reach the
target, while in the reported literature both the targets and the arm were in the
horizontal plane at shoulder height (approximately 90º shoulder elevation, with
arm support) and no movement against gravity was necessary. A study examining
timing of muscle activity for movements in different directions reported that singlejoint elbow movements against gravity resulted in periods of simultaneous activity
of agonist and antagonist (i.e. co-activation), while movements in the horizontal
plane produced an alternating pattern of agonist–antagonist activity.19 Thus, phasic
activity may have been largely masked by a higher level of persistent activity
during movements in the present study, requiring movement against gravity.
Besides arm orientation, other differences between the present study and the
reported studies may also play a role.19-21 For example, in the present study
movement velocity was lower, especially with respect to the study by Gribble et al.
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where subjects were instructed to make movements as fast as possible.21 Several
studies have indicated that a higher movement velocity is related to a higher
intensity of muscle activity,22,23 and to the presence of a typical tri-phasic pattern
of agonist/antagonist activity.24,25 In addition, the present study included older
subjects than several other studies,20,21 whom have been reported to have a lower
depth of muscle activity modulation, meaning that in elderly the range from
minimal to maximal values of generated muscle activity is smaller.26
Comparison of muscle activation patterns during reach and retrieval movements
with and without gravity compensation showed that the level of muscle activity
was lower with gravity compensation, while no substantial differences in
movement execution between the two conditions were found. This difference was
observed specifically in the muscles that counteract gravity during forward reach
and retrieval movements: BIC, DA and TRA. The change of muscle activity across
movement parts did not differ between the two conditions.
The observed decrease in the level of muscle activity without differences in the
pattern of muscle activation confirmed our hypothesis, based on a study by
Flanders and Herrmann suggesting that tonic muscle activity was related to
counteracting gravity while phasic activity was not.13 These findings indicate that
performing movements without the effect of gravity on the arm only reduced the
level of muscle activity and did not affect the pattern of muscle activation in terms
of timing.
Another study investigating a basic application of gravity compensation, manual
support of gross arm movements in healthy persons, compared an unspecified
parameter of muscle activity during supported arm elevations with unsupported
movements. This study reported less muscle activity of the serratus anterior and
the pectoralis major muscles during supported movements.27 Despite the use of
other movements and muscles and a lack of specificity on analysis of muscle
activity, this outcome is along the same lines of the influence of gravity
compensation observed in the present study.
Remarkably, the application of gravity compensation did not lead to unmasking
of phasic components, but a certain degree of tonic activity remained during
movements with gravity compensation. This may be related to the many degrees
of freedom that characterize upper extremity movements and the interaction
torques acting on a joint due to movements of an adjacent joint. Simultaneous
application of both agonist and antagonist activity can stabilize the joints and
control the interaction torques during movements.20,21 This co-activation presents
as ‘tonic’ activity during arm movements, even when the arm is supported.

62

Influence of gravity compensation on reach of healthy elderly

The findings of the present study show that healthy elderly performed similar
movements with a lower level of muscle activity, while the change of muscle
activity across movement parts did not differ during movements with gravity
compensation. This indicates that when performing movements while the arm is
supported against gravity only the level of muscle activity is influenced, but the
pattern of muscle activation in terms of timing is not affected, compared to
movements without support.
Moreover, this implies that, if the influence of gravity compensation on
movements of stroke patients is comparable to healthy elderly, gravity
compensation may be able to facilitate arm movements during post-stroke
rehabilitation. The application of gravity compensation would not be interfering
with the temporal characteristics of muscle activation, which are often impaired in
stroke patients.28 In this way, patients would be able to repeat more movements
and/or attend longer or more frequent sessions (i.e., higher training intensity) than
in a situation without gravity compensation, which is beneficial in post-stroke
rehabilitation.3 Future studies should further examine this potential of gravity
compensation for stroke rehabilitation.
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Chapter 4

Abstract
Background – Arm support to help compensate for the effects of gravity may improve
functional use of the shoulder and elbow during therapy after stroke, but gravity
compensation may alter motor control.
Objective – To obtain quantitative information on how gravity compensation influences
muscle activation patterns during functional, 3-dimensional reaching movements.
Methods – Eight patients with mild hemiparesis performed 2 sets of repeated reach and
retrieval movements, with and without unloading the arm, using a device that acted at the
elbow and forearm to compensate for gravity. Electromyographic (EMG) patterns of 6 upper
extremity muscles were compared during elbow and shoulder joint excursions with and
without gravity compensation.
Results – Movement performance was similar with and without gravity compensation.
Smooth rectified EMG (SRE) values were decreased from 25% to 50% during movements
with gravity compensation in 5 out of 6 muscles. The variation of SRE values across
movement phases did not differ across conditions.
Conclusions – Gravity compensation did not affect general patterns of muscle activation in
this sample of stroke patients, probably since they had adequate function to complete the
task without arm support. Gravity compensation did facilitate active arm movement
excursions without impairing motor control. Gravity compensation may be a valuable
modality in conventional or robot-aided therapy to increase the intensity of training for
mildly impaired patients.
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Introduction
A majority of patients have impaired arm and hand function after a stroke, causing
difficulties in activities of daily living.1 To achieve as much functional independence
as possible, restoration of arm function is one of the main objectives of stroke
rehabilitation. For optimal results, functional exercises with active participation of
the patient are incorporated in an intensive and motivating training program.2-4
Improvement of functional use of the arm can be related to restoration of neural
function within affected tissue and incorporation of pathways that may not usually
contribute to reaching, as well as to behavioral adaptations and compensatory
strategies. Specific interventions aimed at each of these potential mechanisms,
however, have not been determined so that patients can obtain the best gains in
arm function.5,6
Recent technological developments have led to the use of robotic devices for the
application of active and intensive training for the affected arm. In a recent
systematic review, we concluded that neurophysiologic aspects of arm function of
stroke patients improve after robot-aided therapy, but the effect on functional use
of the arm in activities of daily living is less distinct.7 Such limited generalization of
training to increased functional use of the arm is not only noticed after robot-aided
therapy, but also in many conventional interventions in stroke rehabilitation.2,8
More insight into the working mechanisms of individual training interventions is
needed to allow better planning of the timing and content of rehabilitation.5
Concerning the content of robot-aided therapy, our systematic review indicated
that different training modalities, such as passive movement, active movement
with robotic assistance, and active movement with robotic resistance are applied
simultaneously in a robot-aided training session. Besides these training modalities,
arm support is incorporated in the design of many robotic devices to compensate
for the influence of gravity on the arm.9 However, the individual contribution of
each of those modalities to the improvement of arm function after robot-aided
therapy is largely unknown.7
Regarding the contribution of arm support to restoration of arm function, initial
results of an exercise therapy program applying gravity compensation by sling
suspension showed an improvement of arm function of stroke patients after 9
weeks of training.10 This suggests that the application of gravity compensation
alone may be a valuable tool to stimulate functional improvement in post-stroke
rehabilitation.
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Research into the instantaneous influence of gravity compensation on arm
movements after stroke has been mainly focused on kinematics of arm
movements. Beer and collegues showed that the active range of elbow extension
increases during 2-dimensional planar reaching movements at shoulder height with
arm support when compared to similar unsupported movements.11 Results along
the same lines were found during reaching movements in more functional
circumstances. Maximal reaching distance during a 3-dimensional movement,
starting with the hand at waist height and reaching to a target at shoulder height,
as if reaching for a cup in a drawer, is slightly larger when gravity compensation is
applied to the arm of stroke patients.12
Insight into underlying working mechanisms of the influence of gravity
compensation on arm function can be obtained by studying muscle activation
patterns. In previous research, we found that in healthy persons the level of
muscle activity in muscles counteracting gravity during reaching movements
decreased with gravity compensation.13 At the same time, gravity compensation
did not affect the general pattern of muscle activity during functional, 3dimensional reaching movements at table height,13 even though the gravitational
force is taken into account in internal models when planning and executing
movements.14
However, after stroke, limitations in motor planning, integration of sensorimotor
information, generation, and coordination of muscle activity, both within and
between muscles, may reduce functional use of the arm.15 Therefore, it is unclear
how the application of gravity compensation affects motor control of arm
movements in stroke patients. In the light of the increased range of motion with
arm support,11,12 we expect that gravity compensation may influence motor control
of stroke patients positively by inducing changes in muscle activation patterns.
These changes may suggest a potential for neurological recovery in the case of
more normal muscle activation patterns, or may indicate that behavioral adaptation
takes place in the case of new patterns of muscle activation. Insight into the
nature and direction of changes in motor control due to gravity compensation is
essential to determine optimal application of this intervention in stroke
rehabilitation in terms of content and timing.
Therefore, the objective of the present explorative study was to obtain
quantitative information on how gravity compensation influences muscle activation
patterns of stroke patients during functional, 3-dimensional reaching movements.
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Methods
Participants
After selection by a rehabilitation specialist, 10 stroke patients were recruited from
a local rehabilitation center. Inclusion criteria for participation were that stroke
patients had to be: (1) at least 4 weeks post-stroke; (2) able to lift their arm
(partly) against gravity; (3) free from additional orthopedic, neurological, or
rheumatologic disease of the upper extremities; (4) not suffering from shoulder
pain either in rest or during movement; and (5) able to understand and follow
instructions. Patients provided written informed consent before being admitted to
the study. The medical ethics committee of the institution approved the study.

Procedure
The current arm function of each participant was assessed at the start of the
experiment using the upper extremity portion of the Fugl-Meyer assessment
(maximal score of 66).16 Participants performed 2 movement series with the
affected arm, once with and once without gravity compensation. The sequence of
movement, with or without gravity compensation, was randomized across
participants to reduce the potential effect of learning or adaptation. Participants
had a 15-minute practice period prior to the actual measurements to get
accustomed to movements with gravity compensation.
Participants sat in front of a height adjustable table and were secured to the
chair with straps to limit compensatory trunk movements. The wrist was fixated by
a splint in a position as neutral as possible, midway between flexion/extension and
radial/ulnar abduction. Two targets with a diameter of 10 cm were located on the
table surface. The first target was located at a position such that when the hand
touched the target, the upper arm was parallel to the trunk and the elbow was
flexed at approximately 90º. The second target was 35 cm from the first target,
allowing participants to reach forward in a sagittal plane using both the shoulder
and the elbow. Participants started with their hand on the first target and
performed repeated multi-joint reach and retrieval movements for 30 seconds,
alternating between the 2 targets at a self-selected speed, to match movement
paths and movement speeds commonly used in exercises during post-stroke
rehabilitation.
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Gravity compensation
The influence of gravity on the upper extremity was counteracted by a custommade mechanical, passive device (Freebal, see figure 4.1). This device provided a
constant amount of gravity compensation throughout the entire workspace of
approximately 1 m3 via 2 independent ideal springs, enabling fully compensated 3dimensional arm movements. Compensating forces from the springs, located in the
base of the device, are transferred to the arm of the participant by 2 cables
running overhead, which are attached to the wrist and elbow by 2 pliable joint
braces. By varying the tension of the springs, the amount of gravity compensation
is easily adjustable to the arm weight of the participant. A more detailed
description of the specifications of Freebal is published elsewhere.17

Measurements
Muscle activity and joint angles of shoulder and elbow were recorded and
displayed synchronously to relate muscle activity to movement direction, using
software written in Labview (National Instruments, Austin, Texas). Minimum and
maximum elbow joint angles (hand on first and second target, respectively), as
determined by zero crossings of the elbow angular velocity, defined reversals in

Figure 4.1 Apparatus for gravity compensation: Freebal
Notes: The arm of the participant is attached to the cables of Freebal via a wrist and an elbow strap;
the cables are connected to an ideal spring mechanism located in the base of Freebal.
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movement direction. The phase from one maximal elbow extension to the next
was defined as a movement cycle, divided in a retrieval (maximal to minimal elbow
angle) and reach (minimal to maximal elbow angle) trajectory.

Kinematics
Arm movements were recorded using an infrared 3D-motion analysis system
(VICON; Oxford Metrics Ltd, Oxford, United Kingdom). Joint angles and their
definitions were derived from arm segment positions according to guidelines of the
International Society of Biomechanics.18 The elbow joint angle was specified as the
angle between humerus and forearm (elbow extension is defined as 180º). Two
angles described the shoulder joint orientation. First, the plane of elevation was
defined as the angle of the humerus with a virtual line through both shoulders,
viewed in the transversal plane (outward/lateral is 0º; arm extended forward is
90º). This represents the angle of the projection of the upper arm on the
horizontal plane. Second, the angle of elevation is the angle between humerus and
trunk in either a sagittal or a frontal plane, irrespective of the orientation of the
humerus in the transversal plane (humerus parallel with trunk is 0º, humerus

Figure 4.2 EMG recordings of BIC during repeated reach and retrieval
Notes: Filtered, but otherwise unprocessed, electromyographic (EMG) recordings of the long head of
biceps (BIC) of a single participant (#11) during 7 reach and retrieval movements without (top left
panel) and with (top right panel) gravity compensation, accompanied by the resulting smooth rectified
EMG (SRE) signals of both conditions, averaged over all repeated reach and retrieval movements (bottom
panel).
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parallel with horizontal is 90º). These angles were low-pass filtered at 20 Hz with a
second order zero-phase shift Butterworth filter and linearly interpolated from 50
to 1000 Hz to match the sample rate of the electromyography (EMG) recordings.

Muscle activity
Bipolar surface EMG was recorded from 6 muscles of the upper extremity: biceps,
long head (BIC); triceps, long head (TRI); anterior deltoid (DA); middle deltoid
(DM); posterior deltoid (DP); and upper trapezius (TRA). EMG was applied using
Ag/AgCl-electrodes (Neuroline, type 720 00-S; Medicotest A/S, Ølstykke, Denmark)
and according to the guidelines of the SENIAM project.19 The EMG signals were
amplified using a K-Lab amplifier (K-Lab, Haarlem, the Netherlands), high-pass
filtered (third order Butterworth filter, cut-off frequency 20 Hz), and digitized by a
12-bit analog-to-digital converter (integrated in the VICON data station) with a
sample rate of 1000 samples per second. These EMG signals were then band-pass
filtered (second order zero-phase shift Butterworth, cut-off frequencies 20-400 Hz)
and converted into smooth rectified EMG (SRE) signals (using a second order zerophase shift Butterworth low-pass filter at 25 Hz for smoothing) for each muscle per
participant. Figure 4.2 shows examples of EMG recordings of BIC of several reach
and retrieval movements with and without gravity compensation of a single
participant, before and after conversion to SRE signals.

Data analysis
Parameters of movement performance were determined using the kinematic data.
Movement time was defined as the movement cycle duration averaged over all
movement cycles per participant (in milliseconds). Movement symmetry was
defined as the relative duration of reach with respect to the average movement
cycle (in percentages). Joint excursions of elbow and shoulder angles were defined
as the difference between minimal and maximal joint angles (in degrees),
averaged over all movement cycles.
Averaging the SRE-values and joint angles over the repeated movement cycles,
during one 30-second series of reach and retrieval movements, provided an
average muscle activation pattern (MAP) for each participant. The first 3
movement cycles were excluded from analysis to take intra-participant and interparticipant differences in movement time into account. The average duration of all
repeated movement cycles in 1 series was set at 100% to take intra-participant
and inter-participant differences in movement time into account. The EMG signals
and corresponding MAPs of each participant were visually inspected for missing
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data or recording errors. Participants with missing data of elbow joint angles were
excluded. Each reach and retrieval trajectory was divided in 3 movement parts:
(1) initiation of movement, defined by 0% to 20% of a trajectory; (2) forward
progression during the middle part of movement, from 30% to 60%; and
(3) termination of movement, consisting of 70% to 90% of a trajectory. This
subdivision is illustrated in figure 4.3 by means of a typical example. SRE-values
were averaged per movement part for each participant as a measure of level of
muscle activity. The change of average SRE-values per movement part, across the
3 movement parts, was used as an indication of the general pattern of muscle
activity and gross coordination.
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Figure 4.3 Typical example of a muscle activation pattern (MAP)
Notes: Smooth rectified electromyographic (SRE) values of 6 muscles and corresponding joint angles
during unsupported movement (time in percentage of averaged cycle duration) of 1 participant are
displayed, including definition of movement parts by black bars along the time axis; BIC = biceps, long
head; TRI = triceps, long head; DA = anterior deltoid; DM = middle deltoid; DP = posterior deltoid;
TRA = upper trapezius; E = elbow flexion/extension angle; S1 = shoulder plane of elevation; S2 =
shoulder angle of elevation; I = initiation, II = forward progression, III = termination of movement.
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Statistical analysis
For statistical analysis, SRE-values were transformed to LN(SRE) values to ensure
normal distribution of residuals, as evidenced by a Kolmogorov-Smirnov test of
normality (p=0.000 before transformation, p=0.200 after transformation) and
corresponding normal probability plots.
A linear mixed model was used to test differences in average SRE-values per
participant due to gravity compensation (2-level factor “compensation”) in each
muscle (6-level factor “muscle”) per movement part (3-level factor “part”). To
account for the correlation of multiple measurements within 1 participant, the
intercepts of the model equation were treated as random factors per participant.
The factors (compensation, muscle, and part) were treated as fixed effects, since
these effects were considered to be similar between participants. The 2-way
interactions (muscle x part, compensation x muscle, and compensation x part)
were included in the model. For all significant effects and interactions post hoc
tests (with Sidak adjustment) were performed.
Furthermore, differences in movement performance parameters between
movements with and without gravity compensation were tested using either
paired-sample t-tests or Wilcoxon signed ranks tests as a nonparametric
equivalent.
To detect potential effects of learning or adaptation, muscle activity and
movement performance parameters of the 2 groups performing movements, with
and without gravity compensation, in reversed order, were compared using a t-test
for independent samples in the case of normally distributed parameters and a
nonparametric equivalent, the Kolmogorov-Smirnov test, for parameters deviating
from the normal distribution. For all tests the significance level was defined as
0.05.
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Results
Participants
A total of 10 individuals participated in this study, but because of missing data of
markers defining the elbow joint angle we had to exclude 2 participants from
further analysis. EMG data of BIC of 1 participant was not recorded due to
technical problems during data acquisition; however, since the remaining EMG
signals and kinematic data were complete, this participant was not excluded.
Physical characteristics of the participants are displayed in table 4.1.
Five participants started the experiment with gravity compensation, whereas 3
participants performed first movements without gravity compensation. Comparison
of differences in parameters related to gravity compensation revealed no
consistent differences in movement performance parameters and EMG parameters
between the groups starting the experiment with different conditions of gravity
compensation. Therefore, data of all participants were pooled in subsequent
analyses.
Table 4.1 Physical characteristics of stroke patients
Subjects (n=8)
Sex (men/women)*
Arm dominance (right/left)*
Affected side (right/left)*
Dominant side affected (%)
Age (yr)†
Height (m)†
Weight (kg)†
BMI (kg/m2)†
Time post-stroke (months)‡
FM score (max 66 points)‡

4/4
6/2
4/4
50
63.0 (±12.0)
1.75 (±0.12)
81.4 (±24.0)
26.3 (±4.3)
3.5 (1-42)
43.5 (33-60)

Notes: BMI = body mass index; FM = Fugl-Meyer assessment;
* absolute numbers; † mean ± standard deviation; ‡ median and range

Movement performance
A mean (±SD) of 12 (±4) movement cycles per participant were used for analysis.
When comparing movement performance, with and without gravity compensation
(table 4.2), no differences were observed for movement symmetry and joint
excursions of elbow, shoulder plane, and shoulder elevation angles between both
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conditions (p=0.590, p=0.386, p=0.626, p=0.499, respectively). When looking at
specific arm orientations only minor differences were observed. Shoulder elevation
was somewhat larger at the start of reach with gravity compensation than without
gravity compensation (59 ± 4º and 53 ± 5º, respectively; p=0.021). This resulted
in a slightly larger extension of the elbow to reach the target with gravity
compensation (137 ± 7º and 132 ± 8º, respectively; p=0.001). Besides this,
movement times were slightly larger with gravity compensation than during
unsupported movements (p=0.017), which was mainly related to a lower
movement velocity and not to a larger movement distance. However, the actual
difference was very small when movement velocities were calculated (0.03 m/s).
Therefore, movement performance was regarded to be comparable for both
conditions.
Table 4.2 Movement performance parameters
Elbow excursion (°)
Shoulder plane excursion (°)
Shoulder elevation exc. (°)
Movement time (s) *
Movement symmetry (%)

WITHOUT compensation

WITH compensation

44.8
52.5
17.1
2.13
58.3

46.5
50.0
18.1
2.55
59.3

(±7.1)
(±12.3)
(±5.0)
(±0.67)
(±6.6)

(±10.1)
(±21.2)
(±8.9)
(±0.85)
(±6.3)

Notes: Mean ± standard deviation is shown from n=8, except for shoulder plane excursion, where n=6;
* Significant difference between movements with and without gravity compensation (p<0.05).

General aspects of muscle activation
A typical example of a MAP of movement without gravity compensation is
displayed in figure 4.3. In this subject, most muscles displayed activity throughout
reach and retrieval, with the exception of TRI, which showed very little or no
muscle activity. During reach, a consistent level of muscle activity was observed
across movement parts, while during retrieval, muscle activity decreased slightly
across movement parts (i.e., from movement initiation to termination) in the
majority of muscles.
Several general aspects of muscle activation were identified when MAPs of all
participants during movement without gravity compensation (figure 4.4) were
compared. All muscles were persistently active without periods of relaxation,
except TRI, which had very low levels of activity during both reach and retrieval.
The SRE-values changed very little across movement parts during reach
(p=0.547), which was consistent for all muscles as supported by a non-significant
interaction of “muscle × part” (p=0.054). On the other hand, SRE-values generally
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decreased across movement parts during retrieval (p=0.006). This decrease was
not different between muscles, as shown by a non-significant interaction of
“muscle × part” (p=0.491).
Based on these qualitative and quantitative data, general aspects of muscle
activation patterns can be identified for unsupported functional reach and retrieval
movements of stroke patients. Muscle activity of BIC lifts and holds the lower arm
above the table and aids in anteflexion of the shoulder. TRI is active to contribute
to extension of the elbow toward the target, although at a very low level. DA and
DM are active to maintain a certain degree of shoulder abduction during
movements, to anteflex the shoulder during reach and to decelerate retroflexion of
the shoulder during retrieval. Activity of DP decelerates anteflexion of the shoulder
during reach and retroflexes the shoulder during retrieval. TRA is active to elevate
the upper arm and to position the scapula correctly during reach and retrieval
movements.

Influence of gravity compensation
The comparison of SRE-values between movements with and without gravity
compensation (figure 4.5) showed a decrease in the level of muscle activity with
gravity compensation during both reach and retrieval (p=0.000), ranging from
25% to 50% in most muscles. During reach, the influence of gravity compensation
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Figure 4.4 Group data of muscle activation patterns (MAPs)
Notes: Median and interquartile ranges of smooth rectified electromyographic (SRE) values of 8
participants per movement part for each muscle during unsupported movement are shown for reach
(left panel) and retrieval (right panel); circles represent outliers (deviation of <1.5 times interquartile
range) and diamonds represent extremes (deviation of <3 times interquartile range); BIC = biceps,
long head; TRI = triceps, long head; DA = anterior deltoid; DM = middle deltoid; DP = posterior
deltoid; TRA = upper trapezius.
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varied between muscles (compensation × muscle; p=0.032). SRE-values were
lower with gravity compensation in all muscles (p≤0.001), except in TRI
(represented in figure 4.5 by asterisks). During retrieval, the influence of gravity
compensation was not different between muscles (compensation × muscle;
p=0.095), meaning that the decrease in SRE-values due to gravity compensation
occurred in all muscles.
Regarding the pattern of muscle activity, the change of SRE-values across
movement parts was comparable between movements, with and without gravity
compensation (figure 4.6), as shown by a non-significant interaction of
“compensation x part” in both reach and retrieval (p=0.485 and p=0.956,
respectively). Although the muscle activation pattern of DP during retrieval
deviated slightly from this observation, with a larger SRE value during movement
termination (movement part III) with gravity compensation than without gravity
compensation, this difference was too small to affect the interaction term.
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Figure 4.5 Differences in muscle activity due to gravity compensation
Notes: Mean differences (±95% confidence interval) in smooth rectified electromyography (SRE)
values, averaged over all movement parts, due to gravity compensation (SRE with gravity compensation
– SRE without gravity compensation) are displayed for reach (light symbols) and retrieval (dark
symbols) per muscle; asterisks represent significant differences between movements with and without
gravity compensation (p<0.05) according to the linear mixed model, taking intra-participant correlation
into account; BIC = biceps, long head; TRI = triceps, long head; DA = anterior deltoid; DM = middle
deltoid; DP = posterior deltoid; TRA = upper trapezius.
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Figure 4.6 Changes in SRE-values across movement parts
Notes: Mean ±SD smooth rectified electromyography (SRE) values per movement part are shown for
movements without (cross markers) and with (circular markers) gravity compensation for each muscle
during reach (upper panels) and retrieval (lower panels); BIC = biceps, long head; TRI = triceps, long
head; DA = anterior deltoid; DM = middle deltoid; DP = posterior deltoid; TRA = upper trapezius;
I = initiation, II = forward progression, III = termination of movement.
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Discussion
Our hypothesis was that gravity compensation would influence muscle activation
patterns of stroke patients in a positive manner. Knowledge of the nature and
direction of these changes will enhance our understanding of underlying working
mechanisms of the influence of gravity compensation on improvements in arm
movement ability. General aspects of muscle activation during functional reach and
retrieval movements, with and without gravity compensation, were identified.
Persistent activity was a common aspect during the functional arm movements
without gravity compensation in most muscles; there were no periods of complete
muscle relaxation. An exception was TRI, which had very low levels of activity
throughout the movement. The level of persistent activity did not vary much in
muscles from movement initiation to termination during reach, while it decreased
somewhat during retrieval. This general pattern was observed in all muscles. A
comparison of muscle activation patterns during movements, with and without
gravity compensation, showed that the pattern of muscle activity, as represented
by the change of average SRE-values across specific aspects of movement, was
not influenced by gravity compensation, whereas the level of muscle activity was
25% to 50% lower with gravity compensation in all muscles, except in TRI during
reach. At the same time, movement time, movement symmetry, and joint angle
excursions were comparable in both conditions, although the arm was elevated
slightly higher during movements with gravity compensation.
After stroke, muscle activation can be disturbed in many ways with respect to
that of healthy persons. Despite this, few differences were observed in the general
pattern of muscle activation during these functional reach and retrieval tasks (as
indicated by the change of muscle activity level across movement parts) when the
MAPs of stroke patients in the present study were compared to those of healthy
elderly individuals performing similar movements in a previous study.13 It is
remarkable that in both stroke patients and healthy elderly persons all muscles,
except TRI, were persistently active without periods of muscle relaxation. A
plausible explanation for this is that a rather continuous activation is needed to
provide stabilization for the many degrees of freedom of the shoulder joint, and to
facilitate control of the interaction torques acting on elbow and shoulder joints due
to movements of the adjacent joint.
The similarity in MAPs between healthy elderly individuals and stroke patients
may be related to the ability of the patients to complete the movement task

82

Influence of gravity compensation on reach of stroke patients

without gravity compensation. The stroke patients included in the present study
were mildly to moderately affected, with FM scores ranging between 33 and 60.
The functional reach and retrieval movements were well below the maximal
capacity of the stroke patients involved. The nature of these sub-maximal
movements contributed to the observed persistent muscle activity, without clear
phasic muscle activation, which limited the possibility of a detailed analysis of the
timing of muscle activation.
When comparing muscle activity during movements with and without gravity
compensation, we found that the level of muscle activity was lower during
movements with gravity compensation, while movement performance was
comparable. This reduction in level of muscle activity occurred in muscles that act
against gravity (BIC, DA, TRA) in stroke patients, as well as in healthy elderly
individuals.13 As observed in healthy elderly persons, the change of the level of
muscle activity across movement parts did not differ between movements with and
without gravity compensation. In other words, in both stroke patients and healthy
elderly individuals, gravity compensation reduced the level of muscle activity
needed to hold the arm in a certain orientation during reach and retrieval, while
the general pattern of muscle activation for those movements was comparable. A
study by Chabran et al. on segmental postural control in healthy persons reported
results along similar lines.20 While the presence or absence of an elbow support
affects the level of activity of postural muscles (BIC, TRI, DA) during wrist
flexion/extension, the timing of activity of the postural muscles is not influenced.20
Remarkably, gravity compensation influenced only the level of activity of BIC, DA,
and TRA in healthy elderly persons, while in stroke patients the level of activity of
DM and DP was also affected, with TRI to a lesser extent. This may be related to
an inappropriate coupling of muscles after stroke,15 so that gravity compensation
affected not only the antigravity muscles directly, but possibly also the coupled, coactivated muscles indirectly.
A limitation of the present study might be that, due to the rather coarse analysis
of muscle activity during specific aspects of movement, we could not distinguish
whether gravity compensation influenced the specific timing of muscle activation,
as indicated by the onset and offset of phasic muscle activity. One could argue that
to observe changes in timing, a more demanding task would be more suitable, for
instance, by applying ballistic movements or by adding weights to the arm.
However, such a fundamental approach was outside the scope of the present
study, which focused on functional movements.
In the present study, visual inspection did not reveal any distinct differences in
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timing of muscle activity between movements with and without gravity
compensation. Whether changes in timing would occur after an intervention in
stroke patients is questionable, given the findings of Chabran et al., who noted no
changes in timing of postural muscle contractions with varying elbow support
conditions.20 In regard to the lower extremity, research by Buurke et al. revealed
that timing of muscle activity may not change during recovery of gait in stroke
patients,21 although timing does differ instantaneously between walking with and
without a walking aid.22
Regarding movement performance, research indicates a positive influence of
gravity compensation. In a previous study, our research group found that the
active range of motion increases instantaneously with gravity compensation during
multi-joint maximal reaching movements in 3 dimensions with respect to
movements without gravity compensation.12 Additional analyses showed a
simultaneous decrease in the level of muscle activity with gravity compensation.12
More fundamental research of Beer and colleagues identified an involuntary
coupling between shoulder abduction and elbow flexion in stroke patients,11 which
is less strong when the arm is supported, resulting in a larger elbow extension
during maximal planar reach tasks with arm support.11,23 This abnormal coupling
probably results from an increased use of alternative neural pathways to
compensate for the damaged corticospinal tracts after stroke, which limit the
selectivity of muscle activation.24
Although gravity compensation did not affect motor control in the current sample
of stroke patients as expected, the finding that gravity compensation did reduce
the level of activity needed to perform the task indicates that active arm
movements may be facilitated during stroke rehabilitation. In this sample of stroke
patients with adequate function to complete the task, the facilitation due to gravity
compensation occurred without impairing motor control. Due to the support of the
arm, the need to generate muscle activity for the postural control of the arm is
decreased and patients can use their remaining capacity for generation and
coordination of a functional movement, such as reaching for a cup. This facilitating
influence of gravity compensation implies that patients may start training of active
movements at an early stage and to repeat more movements and/or attend longer
or more frequent sessions than in a situation without gravity compensation. This
would increase the intensity of therapy to stimulate restoration of arm function
during post-stroke rehabilitation.2
Gravity compensation is not only applied in conventional rehabilitation, but is
also often integrated into new approaches, such as robot-aided therapy, to provide
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arm support during training of arm function. The findings from the present study
suggest that the application of gravity compensation alone has the ability to
influence the level of muscle activity generated during sub-maximal, functional arm
movements, regardless of other potentially integrated training modalities that aim
to change arm movement performance during therapy, or a research intervention.
This supports the potential of the application of gravity compensation as a
separate intervention during post-stroke rehabilitation to stimulate restoration of
arm function.
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Chapter 5

Abstract
Introduction – In many stroke patients, arm function is limited, which can be related to a
reduced selectivity of movement due to abnormal coupling between different joints. The
extent of abnormal coupling between shoulder and elbow movements in chronic stroke
patients in terms of muscle activation during functional movements is rather unknown.
Therefore, the present study compared synergistic patterns in muscle activation during
functional reaching movements between chronic stroke patients and healthy persons.
Methods – To provoke synergistic patterns during movement, upward reaching movements
were performed with and without resistance against shoulder elevation. Differences in
movement performance (joint angles) and muscle activation (amplitude of activity) due to
shoulder elevation resistance were compared between healthy persons and stroke patients
using a repeated measures ANOVA.
Results – Changes in movement performance and muscle activation during upward
reaching due to shoulder elevation resistance were not significantly different between
chronic stroke patients and healthy persons.
Conclusions – These findings suggest that tasks corresponding with daily activities,
without near-maximal effort, do not elicit abnormal coupling between shoulder and elbow
movements in mildly affected chronic stroke patients. This implies that for this group of
patients it would not be necessary to focus rehabilitation on reducing abnormal synergies,
but can be aimed at other impairments that may be more involved in limiting arm function.
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Introduction
After stroke, limitations in arm function are common.1 Varying sensory and motor
symptoms contribute to a reduced ability to coordinate movements.2 This can,
amongst others, be expressed as an involuntary coupling of movements, as was
already recognized by Brunnstrom several decades ago.3 She distinguished two
patterns of coupling to describe the motor behavior of stroke patients: a flexion
synergy and an extension synergy. For the upper extremity, the flexion synergy
pattern includes shoulder abduction, shoulder external rotation, elbow flexion and
forearm supination, while the extension synergy pattern comprises shoulder
adduction, shoulder internal rotation, elbow extension and forearm pronation.
Beer, Dewald and colleagues showed that in isometric contractions of chronic
stroke patients the generation of shoulder abduction torques is coupled to
simultaneous generation of elbow flexion torques: the higher the shoulder
abduction torque, the more elbow flexion is generated.4,5 When extending this
research to dynamic situations, they found limitations in elbow extension during
reaching without arm support when the arm has to be lifted actively, since active
shoulder abduction provoked simultaneous elbow flexion torques.6
Besides this insight into kine(ma)tics of abnormal synergies in stroke, only some
information is available about muscle activity during these abnormal synergies.
Dewald et al. indicated that activity of the shoulder abducting muscles, deltoid and
upper trapezius, is correlated to elbow flexor muscles and that the shoulder
adducting pectoral muscle is activated concurrently with elbow extensor muscles
during isometric torque generation with the affected arm of chronic stroke patients
at shoulder height.4 These findings indicate that the flexion and extension
synergies are also expressed in muscle activity during simultaneous isometric
contractions of shoulder and elbow muscles after stroke. However, it is not known
whether these findings can be extended to a dynamic situation (actual reaching
movements) corresponding with functional movements as applied in everyday life.
Information about muscle activation of abnormal synergies during functional
reaching movements will provide insight into the neurophysiology underlying
potential torque-couplings between the shoulder and elbow during activities of
daily living. This will provide starting points for the design of specific rehabilitation
programs to stimulate more selective control of shoulder and elbow movements.
Such focused approaches may in turn improve outcome of rehabilitation aiming at
restoration of arm function.
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This study was designed to examine whether abnormal synergistic patterns are
expressed in muscle activation during sub-maximal functional multi-joint reaching
movements of chronic stroke patients. For this purpose, upward reaching
movements were performed with and without resistance against arm elevation. To
identify abnormal patterns of coupling, movements of chronic stroke patients were
compared to those of healthy persons, with the expectation that in chronic stroke
patients an increased generation of shoulder elevation torques is accompanied by
a reduction in elbow extension during reaching movements with shoulder elevation
resistance and an increased coupling of shoulder abductor and elbow flexor
muscles.
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Methods
Subjects
A random sample of 15 chronic stroke patients, receiving or having received care
from a local rehabilitation centre, was selected. For participation in the study
subjects had to meet the following inclusion criteria: (1) age between 25 and 75
years; (2) at least 6 months post-stroke; (3) ability to lift the arm (at least partly)
against gravity, without full recovery of selective shoulder and elbow movements;
(4) no pain or other condition interfering with the mobility and/or strength of the
arm; (5) ability to understand and follow instructions; (6) provide written informed
consent.
Five healthy persons with no history of arm function impairments were included
to compare findings in chronic stroke patients with unimpaired movement control
and performance. The study was approved by the local medical ethics committee
(METC of Rehabilitation Center Het Roessingh, Enschede, the Netherlands).

Procedure
During the reaching task, subjects were seated with straps over the trunk to limit
compensational trunk movements, with the upper arm aligned with the trunk
(shoulder in 0° anteflexion and 0° abduction) and the elbow flexed 90° (figure
5.1). The wrist was placed in a position as neutral as possible by fixation in a splint
(midway between flexion/extension and radial/ulnar abduction) and the hand was
balled to a fist as much as possible. A starting square of 10x10 cm was placed
under the subject’s hand and the target square of 10x10 cm was placed just below
shoulder height at 90% of the subject’s active range of motion and approximately
30° lateral from the shoulder, so that upward and outward reaching movements

Figure 5.1 Dampace exoskeleton for joint-specific resistance
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were required using both shoulder and elbow rotations.
During repetitive multi-joint reaching movements, arm elevation was resisted by
80% of the shoulder elevation torque needed to lift the arm. In healthy persons,
this corresponded with 11-19% of maximal voluntary shoulder elevation torque
generation, in stroke patients this ranged from 23-65% of maximal voluntary
shoulder elevation torque generation. Reaching movements were repeated 20
times in both conditions (with and without shoulder elevation (SE) resistance).
Prior to each measurement subjects got accustomed to reaching with the
exoskeleton with the corresponding resistance by repeating the required
movement several times. The reaching movements were performed at a selfselected speed.

Application of resistance
In order to provoke or reinforce a flexion synergy during functional reaching
movements, the required torque to elevate the arm was increased by applying
joint-specific resistance during reach with the use of a newly developed robotic
device (Dampace, see figure 5.1).7 The Dampace device is an exoskeleton
structure, attached to the upper and lower arm by soft straps, which can apply
resistance to each of the shoulder and elbow axes. Three degrees of freedom at
the shoulder enable transversal rotation (corresponding with horizontal abduction),
elevation (which corresponds with shoulder abduction and/or flexion expressed
within the clinical framework), and axial rotation (corresponding with endo/exorotation) of the upper arm. One degree of freedom at the elbow enables
flexion/extension and a flexible wrist attachment allows pro-/supination of the
forearm. The exoskeleton is attached to a rigid frame, situated behind the subject,
in such a way that the shoulder and scapula can move freely. More details of the
Dampace can be found in Stienen et al. 2007.7
Specific resistance torques were applied to the shoulder elevation axis by a
hydraulic disc brake. The braking force is controlled by a computer, based on
measurements of integrated position and torque sensors. Besides this, the
gravitational pull on the exoskeleton and the arm was compensated by a system of
ideal springs, attached to the exoskeleton by wires via several pulleys overhead.

Measurements
At the start of the experiment, the upper extremity portion of the Fugl-Meyer
assessment (FM) was performed to document the status of motor recovery and
arm function of the hemiparetic arm.
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Muscle activity
Bi-polar surface electromyography (EMG) was recorded from 8 upper extremity
muscles using Ag/AgCl-electrodes (Neuroline, type 720 00-S; Medicotest A/S,
Ølstykke, Denmark), according to the guidelines of the SENIAM project.8 The EMG
signals of biceps (BIC), brachioradialis (BRA), long and lateral head of triceps
(TILO and TILA), anterior deltoid (AD), posterior deltoid (PD), lattissimus dorsi
(LD) and upper trapezius (TRA) were measured and amplified using a 16-channel
Porti system (Twente Medical Systems International, Oldenzaal, the Netherlands)
and digitized by a 22-bit analog-to-digital converter with a sample rate of 1024
samples per second and stored on a computer. For real-time display, the EMG
signals were high-pass filtered (3rd order Butterworth filter, cut-off frequency 5
Hz) during the measurements. The recorded EMG signals were, off-line, band-pass
filtered (2nd order zero phase shift Butterworth, cut-off frequencies 10-400 Hz)
and converted to smooth rectified EMG (SRE) signals (using a low-pass 2nd order
zero phase shift Butterworth filter at 25 Hz for smoothing).

Kinematics
Kinematic data of arm segments were recorded using integrated position sensors
in the Dampace at each movement axis of the shoulder and elbow. The voltages
over the potentiometers at the three shoulder axes were converted from analog to
digital values by a DAQcard (National Instruments, Austin, Texas) with a sample
rate of 1000 Hz. The elbow angle is measured by an integrated two-channel
rotational optical encoder (US Digital, Vancouver, Washington). The elbow joint
angle was specified as the angle between humerus and forearm (maximal elbow
extension is 180°). The shoulder joint orientation was described using two angles
according to recommendations of the International Society of Biomechanics.9 The
plane of elevation (transversal rotation or horizontal abduction) was defined as the
angle of the humerus with a virtual line through both shoulders, viewed in the
transversal plane (outward/lateral is 0°, arm extended forward is 90°). The angle
of elevation (shoulder abduction and/or flexion) was the angle between humerus
and trunk in the plane of elevation (consisting of the vertical plane through the
upper arm), irrespective of the orientation of the humerus in the transversal plane
(humerus parallel with trunk is 0°, humerus horizontal is 90°). These data were
real-time filtered with a first order Butterworth low-pass filter with a cut-off
frequency of 40 Hz. Filtering is performed in a Simulink model (The Mathworks Inc,
Natick, Massachusetts) which is compiled into an executable using the RealTime
Application Interface for Linux (www.rtai.org). Measured signals are stored on a
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computer with a sample frequency of 50 Hz. Off-line, the kinematic data were
linearly interpolated from 50 to 1024 Hz to match the sample rate of the EMG
recordings.

Data analysis
The SRE-signals and joint angles were synchronized and averaged over all
repeated reaching movements within one phase, for each muscle and per subject.
Reaching movements were defined by the elbow joint angle, with the minimum
angle representing the start of reach and the maximum angle representing the end
of reach. The duration of the reaching movement was expressed as 100%, to
account for intra- and inter-subject variation.
Analysis comprised initial qualitative inspection of muscle activation patterns and
subsequent calculation of quantitative measures. The level of muscle activity was
represented by the mean SRE-value during the averaged reaching movement per
resistance phase. To evaluate relative changes in the contribution of each muscle
to reach within each subject, the SRE-value of each muscle was related to the total
amount of SRE generated by all 8 muscles combined during the reaching
movement of one subject (input%; percentage of mean SRE-value of each muscle
with respect to the cumulative SRE-value of all 8 muscles per subject). Additional
information about inter-muscle coupling in each subject was provided by
individually calculating the ratio between the average SRE-values of elbow flexors
(BIC and BRA) and the prime mover for the shoulder during the current movement
task (AD) so that co-contraction ratios (CCratios) of BIC and AD and of BRA and
AD were obtained.
To quantify movement performance, movement time (in ms), minimal (i.e., at
the start of reach), maximal (i.e., at the end of reach) angles (in °) of shoulder and
elbow joints and the difference between minimal and maximal joint angles (i.e.,
joint excursion or range of motion) were calculated for each averaged reaching
movement. All changes in outcome measures between reaching movements with
and without shoulder elevation resistance (SE-resistance) were compared between
healthy subjects and chronic stroke patients.

Statistical analysis
All outcome measures were inspected for normal distribution of data using
histogram plots including normal curves and normal probability plots prior to
selection of proper statistical tests. Differences in movement time between
movements with and without SE-resistance in both healthy persons and chronic
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stroke patients were tested using a paired samples t-test, or its non-parametric
equivalent (Wilcoxon signed ranks test). Minimal, maximal and range of motion
(ROM) values of all joint angles were compared between movements with and
without SE-resistance (within-subjects factors of ‘resistance’, ‘joint’ and ‘gonio’)
and between healthy persons and chronic stroke patients (between-subjects factor
of ‘status’) using analysis of variance (ANOVA) for repeated measures.
SRE-values and CCratios were log-transformed prior to statistical analysis to
ensure normal distribution of the data. For each muscle, mean SRE-values and
input% were compared between movements with and without SE-resistance and
between healthy persons and chronic stroke patients using an ANOVA for repeated
measures, using a within-subjects factor for ‘resistance’ (with or without SEresistance) and a between-subjects factor for ‘status’ (healthy or stroke). The
same procedure was repeated for the two CCratios. For all tests, the significance
level was defined as 0.05.
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Results
Subjects
One of the 15 included stroke patients was not able to complete the tasks due to
severe limitations in arm function. Of another stoke patient the data was not
complete due to technical problems during measurement. The data of these 2
subjects were excluded from data analysis. Data of 5 healthy persons (4 male) and
13 stroke patients (9 male) was available for analysis (see table 5.1 for details). All
stroke patients were in the chronic phase, with the time post-stroke varying from 7
to 126 months. The level of arm function, as measured by the FM assessment,
ranged from 22 to 65, with an average score of 51 points. Of the 13 stroke
patients, 9 had FM scores larger than 45 points, whereas 4 patients had FM scores
lower than 45 points, indicating that the majority of stroke patients in the present
study had mild hemiparesis.
Table 5.1 Descriptive (mean ±SD) subject characteristics
Age (years)
Body mass index (kg/m2)
Time post-stroke (months)
FM score (points of max 66)

Healthy subjects (n=5)

Stroke patients (n=13)

54.4 (±19.0)
22.5 (±0.99)
not applicable
not applicable

65.9 (±6.9)
25.5 (±3.6)
26 (±31)
51 (±13)

Movement performance
Mean movement time did not differ significantly between movements with and
without SE-resistance in healthy subjects and chronic stroke patients (p≥0.510).
When comparing both groups, chronic stroke patients showed somewhat larger
movement times than healthy persons (respectively 1.3 s and 0.9 s, p≤0.034).
Mean joint angle extremes and ranges of healthy persons and stroke patients are
displayed in figure 5.2 per resistance condition. Inspection of these data showed
that in both groups angles and excursions of several joints decreased with
resistance. Maximal elbow (E) and shoulder elevation (SE) angles (at the end of
reach) and their excursions (ROM) were 7° to 14° smaller with resistance
(‘resistance’ p≤0.004). Although this led to SE angles smaller than 5° in 5 of the 13
stroke patients, all subjects (both healthy persons and stroke patients) could still
reach the target at shoulder height with resistance. Minimal angles (at the start of
reach) were similar in both conditions, except for the minimal E-angle, which was
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slightly smaller (i.e., the elbow was more flexed) with an average of 3° at the start
of resisted reach (p=0.015). The shoulder plane of elevation (SP) remained largely
unchanged. Despite these changes within subjects, no significant differences were
found between healthy persons and chronic stroke patients.

Muscle activation
To examine the expression of any abnormal coupling between muscles in chronic
stroke patients, we investigated changes in muscle activity due to the application
of SE-resistance.

Muscle activity levels
With respect to movements without SE-resistance, the activity of all muscles
increased during movements with SE-resistance, in both healthy persons and
chronic stroke patients (figure 5.3). The increases of AD, TRA and to a smaller
extent BIC reflect the enhanced SE-torque to be generated with resistance. This
slightly increased BIC activity requires some increase in activity of the elbow
extensor muscles (TILO and TILA) to achieve the reaching task. In addition, it is
likely that with SE-resistance more stabilization of the shoulder joint is needed to
control the larger generated shoulder elevation forces, resulting in slightly
increased activity levels of PD and LD. These increases were significant in all
muscles (‘resistance’ p≤0.007).
When comparing healthy persons and chronic stroke patients, few differences in
SRE-values were found between both groups (‘status’ p≥0.176). One of the

Elbow angle (degrees)

160.0
140.0
120.0
100.0
80.0
60.0
40.0
20.0
0.0

160.0

status

SE-resistance
A
B

healthy
stroke

0%
80%

140.0
120.0
100.0
80.0
60.0
40.0
20.0
0.0

min

max

gonio

ROM

80.0

Shoulser plane of elevation (degrees)

180.0

Shoulder elevation angle (degrees)

180.0

60.0
40.0
20.0
0.0
-20.0
-40.0
-60.0
-80.0
-100.0

min

max

gonio

ROM

min

max

ROM

gonio

Figure 5.2 Mean (±SD) of extremes and ranges of joint angles with and without shoulder
elevation (SE) resistance
Notes: Different panels display elbow flexion/extension (A), shoulder angle of elevation (B), and
shoulder plane of elevation (C) in healthy persons (black bars) and chronic stroke patients (grey bars)
per resistance condition (0% and 80% in solid and striped bars, resp.).
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differences concerns TILA, in which overall SRE-values were higher in chronic
stroke patients compared to healthy persons (p=0.019). The increases in SREvalues with SE-resistance also did not differ significantly between healthy persons
and chronic stroke patients in most muscles (‘status x resistance’ p≥0.082), except
for TILO (p=0.019) and PD (p=0.009). In those two muscles, the increases in SREvalues with resistance were smaller in chronic stroke patients than in healthy
persons.
Since the increases in SRE-values with resistance are not more pronounced in
chronic stroke patients than in healthy persons, especially regarding shoulder
elevators and elbow flexors, these findings do not point to an enhanced expression
of abnormal synergies in chronic stroke patients during functional movements.

Contribution of individual muscles to reach
When looking at the contribution of each muscle to reach within each subject
(input%), it is observed that the application of SE-resistance hardly changed the
distribution of input% between muscles (figure 5.4). Only input% of BRA
decreased somewhat when SE-resistance was applied (‘resistance’ p=0.014), over
all subjects.
Few differences were found between healthy persons and chronic stroke
patients. The input% of AD was smaller and the input% of TILA was larger in
status
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Figure 5.3 Mean (±SD) smooth rectified EMG (SRE) values per muscle with and without
shoulder elevation (SE) resistance
Notes: Data of healthy persons are displayed in black bars and of chronic stroke patients in grey bars
per resistance condition (0% and 80% in solid and striped bars, resp.).
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chronic stroke patients than in healthy persons (‘status’ p≤0.034). Changes in
input% with SE-resistance only differed slightly between healthy persons and
chronic stroke patients in TILO and PD. With SE-resistance, input% of TILO
decreased in chronic stroke patients, whereas it did not change in healthy persons
(‘status x resistance’ p=0.032). In PD, input% increased with SE-resistance in
healthy persons, whereas no significant change was detected in chronic stroke
patients (‘status x resistance’ p=0.011).
Although some small differences in muscle contributions were found between
healthy persons and chronic stroke patients, these differences were not consistent
with an increased coupling between S-abductors and E-flexors.

Co-contraction of shoulder and elbow muscles
Additional information about specific inter-muscle coupling within each subject was
obtained by relating the individual average SRE-values of elbow flexors (BIC and
BRA) to the prime mover for the shoulder during the reaching task (AD).
When comparing the values of the mean CCratio of BIC and AD between healthy
persons and chronic stroke patients (figure 5.5), we found that the CCratio
remained largely unchanged with resistance (‘resistance’ p=0.557) in both healthy
persons and chronic stroke patients (‘status x resistance’ p=0.379). Overall, the
100.0
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Figure 5.4 Mean (±SD) of relative muscle contributions with and without shoulder
elevation (SE) resistance
Notes: Data of healthy persons are displayed in black bars and of chronic stroke patients in grey bars
per resistance condition (0% and 80% in solid and striped bars, resp.); asterisks indicate significant
differences in changes due to SE-resistance between healthy persons and chronic stroke patients.
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CCratio did also not differ significantly between healthy persons and chronic stroke
patients (‘status’ p=0.091).
The differences in co-contraction of BRA and AD (figure 5.5) with SE-resistance
and between groups are comparable to those of BIC and AD. Statistically,
differences were slightly more pronounced, due to a smaller variation in CCratio for
BRA and AD across subjects. With SE-resistance, the CCratio decreased
significantly when looking overall over both groups (‘resistance’ p=0.011). When
comparing the CCratios of BRA and AD for healthy persons and chronic stroke
patients, no significant differences were observed (‘status’ p=0.114). Also, the
decreases with resistance were not significantly different between healthy persons
and chronic stroke patients (‘status x resistance’ p=0.094).
Again, these results do not point to an abnormal coupling between AD and elbow
flexors, since an increase in AD activity was accompanied by a less than
proportional increase in BIC and BRA activity in both healthy persons and chronic
stroke patients.
1.00
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Figure 5.5 Mean (±SD) of co-contraction ratios (CCratios) of shoulder elevators (AD) with
elbow flexors (BIC and BRA)
Notes: Data of ratios of biceps (BIC) to anterior deltoid (AD) and brachioradialis (BRA) to AD are
displayed for healthy persons (black bars) and chronic stroke patients (grey bars) per resistance
condition (0% and 80% in solid and striped bars, resp.).
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Discussion
To examine whether an abnormal coupling of shoulder elevation and elbow flexion
is expressed in muscle activation during functional reaching movements of chronic
stroke patients, the present study compared changes in muscle activation between
sub-maximal, three-dimensional reaches with and without shoulder elevation
resistance at a comfortable speed between healthy persons and chronic stroke
patients. The term shoulder elevation as defined in the present study corresponds
with shoulder abduction and/or flexion as commonly used in clinical practice.
The present study did not find significant differences in changes in joint angles
and joint excursions due to shoulder elevation resistance in chronic stroke patients
in comparison with healthy persons, although movement speed was somewhat
lower. All subjects, both healthy persons and stroke patients, were able to reach
the target both without and with SE-resistance. However, in 5 out of 13 stroke
patients shoulder elevation excursion was reduced to less than 5° with resistance,
making it more difficult to detect a potential abnormal flexion synergy if it were
present. Nonetheless, the chronic stroke patients in the present study retained the
ability to slightly adjust their movement to restrictions in the environment, so that
the desired movement task could still be accomplished. This suggests that in none
of the subjects an abnormal flexion synergy restricted movement in such a way
that they could not reach the target.
Concerning muscle activation, the increases in level of muscle activation with
shoulder elevation resistance, observed in all muscles, were comparable between
healthy persons and chronic stroke patients. In addition to the absence of a
substantial reduction of elbow extension during resisted reach in chronic stroke
patients, no indications were found that during reach with resistance an increase in
AD activity was accompanied by a larger increase in elbow flexor activity in chronic
stroke patients compared to healthy persons, when looking at the relative
contribution of each muscle (input%)and co-contraction ratios. These findings do
not support the occurrence of abnormal coupling between shoulder abductors and
elbow flexors during functional reaching movements by mildly affected chronic
stroke patients in the present study.
Conversely, Beer and colleagues found a coupling of shoulder elevation torques
to simultaneous generation of elbow flexion torques in chronic stroke patients,
resulting in reduced elbow extension ability in both static and dynamic situations.5,6
Dewald et al. showed that activity of shoulder abducting muscles is correlated with
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activity of elbow flexor muscles during isometric torque generation in chronic
stroke patients.4 It is possible that part of this discrepancy is related to differences
in stroke severity of the participants in both studies. The chronic stroke patients
included in the present study varied in severity of hemiparesis from patients who
could just lift their own arm (FM score of 22) to patients who experienced very few
limitations in arm function (FM score of 65), although the majority of stroke
patients displayed mild hemiparesis. The research by Beer, Dewald and colleagues
involved chronic stroke patients with a more severe arm paresis; FM scores ranged
from 15 to 60 points in initial research,4 and were even lower in later work with FM
scores ranging from 15 to 40 points.10 In more severely affected patients abnormal
coupling may play a more pronounced role than in patients with less limitation in
arm function.
Differences concerning the arm position during dynamic evaluations of abnormal
coupling are also a plausible cause for the discrepancy. In the research of Beer,
Dewald and colleagues, dynamic tasks required an arm position of 75º up to 90º
of shoulder abduction during the entire movement task.6,11-13 The occurrence of
the coupling between shoulder abduction and elbow flexion was found to be
dependent on the magnitude of generated torques,5 indicating that in the present
study, applying smaller shoulder abduction angles during (initiation of) functional
reach, a potential coupling would be less prominent.
On the other hand, Ellis et al. observed that in an isometric situation an
abnormal coupling between shoulder abduction and elbow flexion was present with
the upper arm positioned in either 70° or 20° of shoulder abduction.14 McCrea et
al. investigated reaching strategies of chronic stroke patients, applying a more
functional movement of sagittal forward and upward reach, which is comparable to
the reaching movement in the present study in terms of required (initial) shoulder
elevation.15 They also did observe an abnormal coupling between shoulder and
elbow movements: limitations in shoulder flexion were accompanied by increased
shoulder abduction and increased elbow flexion.15
Besides stroke severity and arm position, differences in movement speed may
also play a role in the occurrence of abnormal coupling between shoulder elevation
and elbow flexion. In the reaching tasks used to study abnormal coupling in
dynamic situations in before-mentioned studies of Beer, Dewald and colleagues,
subjects were instructed to move as rapidly as possible.6,11-13 Also the study by
McCrea et al. required maximal movement speed.15 In the present study,
movement speed was lower by asking subjects to move at a comfortable, selfselected speed. Besides a potential influence of hyperreflexivity and spasticity
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during very fast movements, a high movement speed poses a larger strain on the
neuromuscular system than the movement task in the present study, which may
elicit a more pronounced abnormal synergistic coupling. Remarkably, reductions in
elbow extension with increasing shoulder abduction torques have been observed
during slow circular movements in a study investigating reductions in workspace
applying a variety of sub- and supra-maximal shoulder abduction torques.16
However, this study involved an arm position of 90° shoulder abduction, requiring
larger shoulder abduction torques throughout the movement task than the present
study involving a more functional arm movement.
Considering the findings of the present study in the context of above-mentioned
research, it is plausible that abnormal coupling between shoulder and elbow
movements in chronic stroke patients only limits movement performance when a
strenuous task has to be performed, either with near-maximal force or with nearmaximal speed, or both. The present findings suggest that during sub-maximal,
functional movements at lower velocities, abnormal synergistic coupling between
shoulder and elbow movements is not predominant in either movement
performance or muscle activation in mildly affected chronic stroke patients.
It has been shown that the ability to control movement direction throughout the
workspace during functional reaching movements, similar to those in the present
study, is preserved in chronic stroke patients, even though reaching distance,
velocity, smoothness and straightness are compromised.17 Another study
suggested that this may be associated with stroke severity.18 Less affected chronic
stroke patients retain the ability to control arm movements according to the
desired movement direction, whereas severely affected chronic stroke patients
show a limitation of aimed arm movements to two gross directions (medial and
lateral).18
This supports the observation that limitations in movement coordination,
plausibly by abnormal coupling of shoulder and elbow movements, are only
evident when the task demands are high enough to cross a certain level of effort,
depending on the capacity of each stroke patient. In more severely affected stroke
patients, functional activities corresponding with daily life may already approach
their maximal level of motor control, eliciting an abnormal coupling between
multiple muscle groups due to increased neural drive, whereas in less severely
affected stroke patients such activities may not reach this critical effort level.

Conclusions
The present study suggests that for mildly affected chronic stroke patients,
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limitations in isolated, selective movement control may not play a major role in
reducing functional arm use. For this group of patients, it would be valuable to
asses which (other) impairments may be involved in limiting arm function, such as
muscle weakness or incoordination,19 and to target these impairments specifically
to increase functional gains.
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Abstract
Background – After stroke, involuntary coupling of shoulder abduction and elbow flexion
can be reduced instantaneously by application of arm support, increasing range of motion.
Unsupported reach may be improved by application of gravity compensation as training
intervention, but underlying mechanisms are largely unknown.
Objective – To examine changes in muscle activation underlying changes in arm
movement ability after gravity compensation training.
Methods – During 6 weeks, 8 chronic stroke patients received 18 sessions of 30 minutes
gravity compensated reach training in combination with a rehabilitation game. Unsupported
arm movement ability was assessed before and after training by blinded researchers using
Fugl-Meyer (FM) assessment of motor status and reach performance. During unsupported
reach, maximal distance, joint angles and muscle activity of 8 shoulder and elbow muscles
were measured. Pre-post differences were calculated for all outcome measures.
Results – After gravity compensation training, FM and maximal reach distance improved in
a majority of chronic stroke patients (on average +3.3 points and +3.6% of arm length,
respectively), together with increased elbow extension (mean +9.2°) and shoulder elevation
(mean +4.6°). These improvements were accompanied predominantly by increased muscle
activity of agonist muscles by at least +20% with respect to pre-training levels.
Conclusions – The present findings indicate that improvement in unsupported reach
distance after gravity compensation training in chronic stroke patients with mild to severe
hemiparesis involved an increased activation of prime movers at the shoulder and elbow.
This suggests that neurophysiological motor relearning processes can be stimulated in
chronic stroke patients.
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Introduction
At least 90% of stroke survivors have to cope with limitations in arm function,
often compromising activities of daily life.1 After a stroke, the ability to activate and
contract muscles appropriately for a motor task is often impaired. Stereotypical
patterns of involuntary coupling of movements are often observed, limiting
selectivity of movements.2-4
To stimulate restoration of hemiparetic arm function, a training program should
incorporate motivating, task-specific exercises involving active initiation and
execution of functional tasks at a high intensity.5-7 A promising intervention to
provide these key aspects is the application of robotic devices. A systematic review
has shown that robot-aided therapy leads to improvements in motor function of
the arm.8,9 However, it is not clear yet what aspects of such robot-aided
approaches (e.g., passive, assisted or resisted movement) are major contributors
to the effect on motor recovery of the arm and whether there is one single aspect
that can make a valuable contribution.8
A basic aspect incorporated in the design of most robotic devices is arm
support.10 Research indicates that the range of elbow extension of chronic stroke
patients is larger during 2D planar reach with the arm supported at shoulder height
by a device compared to unsupported reaching movements.11 This may be related
to an involuntary, abnormal coupling (i.e., synergy) of predominantly shoulder
abduction and elbow flexion,12 leading to reduced simultaneous elbow flexion
torques when the amount of shoulder abduction needed to lift the arm is
decreased by arm support.11 Regarding more natural, 3D reaching movements, we
found an increase in maximal reach distance with gravity compensation,13,14 using
the Freebal device.15
Besides an instantaneous improvement in supported arm movement ability, a
long(er) term application of gravity compensation also improves free, unsupported
movements of the affected arm of stroke patients.16-18 This may be related to a
reduced abnormal coupling (i.e., enhanced movement selectivity) of the shoulder
and elbow.16
Whether such improvements involve recovery of lost function or adaptation
through compensational strategies is still unknown. Insight in underlying
neurophysiological mechanisms involved in improvement of unsupported arm
function after arm support training is important for optimal planning of the
application of arm support during either conventional or technology-oriented stroke
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rehabilitation. Therefore, the objective of the present study is to examine changes
in muscle activation underlying changes in arm movement ability after gravity
compensation training, combined with a virtual gaming environment to provide a
motivating context.
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Methods
Subjects
Ten stroke patients were recruited from a local rehabilitation center if they had
suffered a single unilateral stroke in the left hemisphere more than 6 months ago,
experienced limited shoulder and elbow movement ability without limitation of
active range of motion by pain or other orthopedic or neuromuscular deformities,
and if they could follow instructions. All subjects provided written informed
consent. The study was approved by the local medical ethics committee.

Gravity compensation training
Subjects received 18 sessions of 30 minutes gravity compensation training over a
period of 6 weeks (3 sessions per week). A trained physical therapist supervised all
sessions. Changes in arm movement ability were evaluated before (on two
occasions within 2 weeks) and after training (within 1 week) by researchers
blinded to training progress.
The training consisted of goal-directed reaching movements with gravity
compensation in a virtual gaming environment (see figure 6.1). The weight of the
subject’s arm was counterbalanced by the Freebal device, designed to provide
adjustable gravity compensation during 3D movements via ideal spring
mechanisms.15 With increasing performance during the training, as determined by
the physical therapist, the level of gravity compensation was decreased stepwise.

Figure 6.1 Set-up for gravity compensation training
Notes: Gravity compensation device 'Freebal' (on the right) and virtual gaming environment
‘FurballHunt’ (on the table display).
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In the virtual gaming environment designed for the present study, FurballHunt,
patients had to chase away birds from a tree branch by reaching for them with
their hand; the faster the birds were chased, the more points were awarded.19 The
game was displayed on a horizontally placed television screen, creating a table
display, from which arm movements were detected using a webcam (Logitech
Quickcam Messenger; Logitech Inc., Fremont (CA), USA) placed above the table
display and were identified by motion capturing software (custom written in Flash
8; Adobe Systems Inc., San Francisco (CA), USA).

Evaluation
Motor status of the hemiparetic arm was evaluated before and after training using
the upper extremity part of the Fugl-Meyer (FM) assessment (maximal score of 66
points indicates fully selective movements).4
Movement performance was evaluated during an unsupported maximal reaching
movement to a target placed beyond arm’s length in front of the acromion of the
hemiparetic arm at elbow height (in the sagittal plane). To minimize trunk and
shoulder movements, the subject was strapped to the chair with a four point safety
belt. The starting position of subjects during the reaching task was with the upper
arm aligned with the trunk and the forearm pointing straight forward. Each subject
was instructed to perform 5 reaching movements as far and straight forward as
possible at a comfortable, self-selected speed.
During the maximal reach task, bi-polar surface electromyography (EMG) was
recorded from 8 muscles, according to the guidelines of the SENIAM project.20
EMG signals of biceps (BIC), long and lateral head of triceps (TILO and TILA),
anterior deltoid (AD), posterior deltoid (PD), upper part of pectoralis major (PEC),
lattissimus dorsi (LD) and upper trapezius (TRA) were recorded using a 16-channel
Porti system (TMSI, Oldenzaal, the Netherlands), band-pass filtered (2nd order zero
phase shift Butterworth, cut-off frequencies 10-400 Hz) and converted to smooth
rectified EMG (SRE) signals (using a low-pass 2nd order zero phase shift
Butterworth filter at 25 Hz for smoothing).
Joint angles of the arm were defined according to recommendations of the
International Society of Biomechanics,21 and recorded with the use of an
instrumented, passive exoskeleton device, Dampace.22 Angular sensors measured
transversal rotation (shoulder plane of elevation (SP): angle of humerus with
virtual line through shoulders; humerus pointing straight forward represents 0°
and pointing laterally -90°), upper arm elevation (shoulder angle of elevation (SE):
angle between humerus and trunk in the plane of elevation; humerus aligned with
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trunk represents 0°) and elbow (E) flexion/extension (upper arm extended denotes
180°). Joint angles were sampled at 1000 Hz, low-pass filtered (1st order
Butterworth filter, cut-off frequency 40 Hz) and stored on a computer at 50 Hz.
In addition, lengths of upper arm (between acromion and lateral epicondyle of
humerus) and forearm (between lateral epicondyle of humerus and third
metacarpophalangeal joint) were measured to determine joint positions.

Data analysis
The position of the hand was calculated relative to the position of the shoulder to
exclude shoulder and trunk movements from the reaching movements. The
maximal distance between acromion and third metacarpophalangeal joint
represented maximal reach distance; the distance travelled by the hand from start
to finish of reach represents the range of reach, expressed as percentage of arm
length. The direction of reach is represented by the angle of deviation from the
desired reach direction straight forward (positive values indicate medial deviation).
Movement velocity of the hand (in cm/s) was also calculated. Minimal (min) and
maximal (max) joint angles at the start and end of reach were used to determine
ranges of motion (ROM) of the shoulder and elbow (in °) during reach.
Of the 5 repetitions, EMG and kinematic data of the 3 furthest reaches were
averaged and displayed synchronously. The duration of the reaching movement
was determined by identifying minimal (start of reach) and maximal (end of reach)
elbow joint angles and expressed as 100%, to account for intra- and inter-subject
variation. A typical example is displayed in figure 6.2. After initial qualitative
inspection of muscle activation patterns, the level of muscle activity was quantified
by calculating the mean SRE-value during the averaged reaching movement for
each muscle. Co-contraction ratios were calculated to examine individual intermuscle coupling between BIC and TILA, BIC and TILO, PD and AD, BIC and AD:
CC =

SRE antagonist
SRE agonist

Statistical analysis
Initial analysis of the data obtained during the two pre-training evaluations
revealed no clear trend in baseline outcome. Therefore, pre-training data of the 2
sessions were averaged per subject. For all outcome measures, changes before
and after training were calculated within each subject. These change scores were
averaged over all subjects and the corresponding 95% confidence intervals (95%-
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CI) were calculated to identify significant pre-post differences. Within-subject
relations between outcome measures were examined using scatter plots and
Pearson’s correlation coefficients. Since the nature of the present study is
explorative and includes a relatively small sample of subjects, no additional
statistical tests for repeated measures were performed.

Figure 6.2 Overview of reach and muscle activation data
Notes: Typical example (S2) of reach distance, elbow extension and muscle activity of lateral head of
triceps (TILA) before (light lines) and after (dark lines) gravity compensation training.
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Results
Subject characteristics
Ten chronic stroke patients were included in the present study, of which 1 patient
did not complete the training period due to time constraints (S3). Another patient
could not fulfill the evaluation task requirements (S10). Of the remaining 8 stroke
patients (table 6.1), 3 were male and 5 were female. All had suffered first-ever
ischemic strokes; in 7 patients the medial cerebral artery region was affected, the
other patient (S6) suffered a cerebellar infarction. Mean time post-stroke was 30
months (range 8-58 months). Two of the 8 chronic stroke patients (S1 and S2)
received conventional occupational therapy besides gravity compensation training
in an out-patient setting. Initial stroke severity ranged from 7 to 61 points on the
FM score. Mild hemiparesis (FM≥45) was present in 3 patients, 2 patients had
moderate hemiparesis (20<FM<45) and 3 patients were severely affected
(FM≤20).

Changes in motor status
After 6 weeks of gravity compensation training, in 7 of 8 stroke patients FM scores
had increased (table 6.1). In 3 of those 7 patients, the increase in FM score ranged
from 6.5 to 8 points. The average increase of all 8 stroke patients was 3.3 points
(95%-CI=-0.2 to 6.7). When excluding the outlier with decreased FM score, the
average increase was 4.4 points, achieving significance with a 95%-CI of 1.7 to
7.0. Improvements in motor status were not limited to a certain category of stroke
severity, but included patients with mild, moderate and severe hemiparesis (table
6.1).
Table 6.1 Subject characteristics and changes in Fugl-Meyer (FM) scores after training
Subject

Sex

Time post-stroke

pre FM*

post FM

∆ FM

1
2
4
5
6
7
8
9

M
F
F
F
M
F
F
M

58 months
13 months
27 months
24 months
30 months
39 months
39 months
8 months

12.0
45.5
10.0
44.5
61.0
45.5
7.0
25.5

20
53
11
51
64
47
10
21

+8.0
+7.5
+1.0
+6.5
+3.0
+1.5
+3.0
-4.5

* average value of the first two baseline measurements
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Changes in reach performance
Movement speed was largely unchanged after gravity compensation training
(p≥0.780), with an average movement speed of 5 cm/sec. After training,
movement performance of unsupported reach had improved (up to +13.5% of arm
length) in all but 1 stroke patient, via either an improved maximal distance or
range of reach, or both (table 6.2). On average (table 6.2), maximal reach distance
increased by 3.6% (±1.5) of arm length (corresponding with +2.4 cm) after
training (95%CI=-0.08 to 7.17). Average range of reach increased by 4.9% (±2.2)
of arm length (+3.1 cm), with a corresponding 95%-CI of -0.36 to 10.19. The
average direction of reach showed a very small decrease of 0.8°, indicating that
the deviation of movement direction remained near pre-training levels.
Table 6.2 Mean reach distance and direction of each subject before and after training
ROM reach (%)*

Dir reach (°)#

Subject

pre

Max reach (%)*
post

∆

pre

post

∆

pre

post

∆

1
2
4
5
6
7
8
9

54.5
80.2
44.0
83.8
91.6
69.3
47.0
72.1

55.6
83.8
40.1
85.3
93.6
77.6
55.6
79.3

+1.1
+3.6
-3.9
+1.5
+2.0
+8.3
+8.6
+7.2

30.6
79.2
32.8
68.1
97.9
53.4
32.9
51.5

35.9
91.2
31.0
65.8
101.9
66.9
42.6
50.4

+5.3
+12.0
-1.8
-2.3
+4.0
+13.5
+9.7
-1.1

10.9
7.6
16.3
3.4
3.6
4.7
40.2
17.3

10.7
5.3
27.0
3.8
5.5
3.3
26.5
15.8

-0.2
-2.3
+10.7
+0.4
+1.9
-1.4
-13.7
-1.5

67.8
(17.6)

71.4
(18.6)

+3.6
(4.3)

55.8
(24.4)

60.7
(25.7)

+4.9
(6.3)

13.0
(12.3)

12.2
(9.9)

-0.8
(6.7)

45.6
(12.8)

48.0
(13.6)

+2.4
(2.9)

37.3
(16.1)

40.4
(16.4)

+3.1
(4.0)

-

-

-

mean
(% or º)
(±sd)
mean
(cm)
(±sd)

* Reach distance (max) and range of motion (ROM) is represented as percentage of arm length, except
for mean values displayed in cm in the bottom row
# Reach direction (dir) is represented as angular deviation from the desired direction

Changes in joint rotations
After training, all but 1 stroke patient had improved their elbow excursion (up to
+24.7°) during unsupported reach, by increasing maximal elbow extension or
elbow ROM, or both. About half of the stroke patients had increased their maximal
shoulder elevation angle (up to +17.6°). Maximal shoulder plane of elevation
increased in 6 stroke patients (up to +18.6°). On group level (figure 6.3), elbow
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ROM had increased significantly by +9.2° (±3.6), with a corresponding 95%-CI of
0.7 to 17.7. The upper arm was held in a more elevated (+4.6º; 95%-CI=-0.4 to
9.5) and more forward directed (+8.7º; 95%-CI=2.2 to 15.3) position throughout
the reaching movement, even though ROM of shoulder elevation and shoulder
plane did not change substantially within patients.

Changes in muscle activation
Changes in muscle activation during unsupported reach after gravity compensation
training were mainly observed in the prime movers at the shoulder and elbow.
Mean SRE-values of TILA and/or TILO had increased in 6 of the 8 stroke patients
(+10.1 up to +68.9 µV and +4.4 up to +30.7 µV, respectively), and of AD in 5 of
the 8 stroke patients (+4.6 up to +53.6 µV). In the other muscles, only small or
inconsistent changes across subjects were observed. On group level (figure 6.4),
TILA activity had increased by 21.6 µV (=+68%), with a corresponding 95%-CI of
-0.37 to 43.6. The increase in TILO activity was somewhat less pronounced on
group level with 9.1 µV (=+35%), with a corresponding 95%-CI of -1.6 to 19.9.
AD increased on average 9.6 µV (=+20%), with a corresponding 95%-CI of -6.9 to
26.1 µV.

Changes in co-contraction
In 4 out of 8 stroke patients, CCBIC/TILA was reduced after gravity compensation
training. In 3 of them, CCBIC/TILO had also decreased. In addition, CCPD/AD had
decreased in 7 stroke patients. The change in CCBIC/AD varied largely between
Average change in joint angles (deg)

25.0

12.5
]

]

]

]

]

0.0

]

-12.5
reach / gonio param eter
max
ROM
-25.0
Elbow

Shoulder Elevation

Shoulder Plane

Joint angle

Figure 6.3 Change in joint excursions after gravity compensation training
Notes: Average changes (±95%-CI) in maximum (dark symbols) and range (light symbols) of joint
excursions within patients after 6 weeks of gravity compensation training.
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patients, with a reduction in 3 patients, an increase in 2 patients and no
substantial change in 3 stroke patients. On group level, CCBIC/TILA and CCPD/AD had
decreased by 0.2. Despite the inconsistency in change in CCBIC/AD across patients,
the average ratio over all 8 patients decreased by 0.3. None of these differences
were statistically significant according to the 95% confidence interval. These
findings show a trend towards less resistance of the prime movers at the shoulder
and elbow by their antagonists after gravity compensation training. In 3 of the 8
chronic stroke patients activity of AD was accompanied by a smaller amount of BIC
activity simultaneously, suggesting a less strong abnormal coupling of S-elevation
and E-flexion after gravity compensation training in those patients. However, in the
majority of patients this influence was not found.

Correlations between movement performance and muscle activity

Average change in mean SRE-values (uV)

Before and after training, reach distance was positively correlated with joint
excursion of E, SE and SP separately (ρ≥0.72). Also, increases in E-max were
correlated rather strongly (ρ≥0.67) with increases in reach distance and increases
in E-ROM were accompanied by increases in range of reach. This indicates that
improvements in reach distance were individually related to improvements in elbow
extension.
When looking at within-subject correlations concerning muscle activation,
positive correlations between E-ROM and SRE-values of TILO were observed
50.00

25.00

_

_

0.00

_

_

TRA

PEC

_

_
_

_

-25.00

-50.00
AD

PD

TILA

TILO

BIC

LD

Muscles

Figure 6.4 Change in smooth rectified EMG (SRE) values after training
Notes: Average changes (±95%-CI) in mean smooth rectified EMG (SRE) values per muscle within
patients after gravity compensation training; TRA = upper trapezius; PEC = pectoralis major;
AD = anterior deltoid; PD = posterior deltoid; TILA = lateral head of triceps; TILO = long head of
triceps; BIC = biceps; LD = lattissimus dorsi
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before and after training (ρ≥0.67), in addition to positive correlations of SREvalues of both TILO and TILA with SE-max and SE-ROM (ρ≥0.70). However,
increases in reach distance due to gravity compensation training were not strongly
correlated with increases in SRE-values of TILA and/or TILO (or any other muscle).
The same was observed for increases in elbow excursion after training, or
increases in other EMG parameters. This is probably due to the small sample of
participants and a considerable amount of variation between patients.
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Discussion
Improved reach performance after gravity compensation training
After 6 weeks of training with gravity compensation, improvements in unsupported
reach distance were accompanied by an increased activation of prime movers at
the shoulder and elbow. Motor status, as assessed by FM, improved by 3.3 points
on average after gravity compensation training. This increase is somewhat
mitigated due to the one patient with a rather prominent decrease in FM score,
plausibly due to day-to-day variability in arm function. The improvement in FM
score was as large as 6.5 up to 8 points in 3 of the 8 chronic stroke patients,
indicating a clinically relevant improvement (i.e., an increase of 10% of maximal
FM score).23 Reach distance increased in a majority of stroke patients (on average
3.1 cm active ROM), together with a larger range of elbow extension and a more
elevated and forward directed position of the upper arm. Two of the 3 patients
with the largest FM increase received additional conventional occupational therapy.
However, these patients did not display the largest increases in reach
performance, suggesting that the influence of added therapy on the results is
limited in this case.
The improvements in arm movement ability due to gravity compensation training
observed in the present study are along the same lines as found in studies
applying other types of arm support. A pilot study applying arm support via a
passive exoskeleton instrumented with elastic bands (T-WREX) in 5 chronic stroke
patients resulted on average in an improved motor status of 5 points on FM
assessment and an increased reaching distance of 3.2 cm.16 Another study using
T-WREX with a larger group of 15 stroke patients showed an average increase in
FM score of 3.3 points and an improved reach distance by 2.8 cm.17 In addition,
reach training via de-weighting of the arm applying sling suspension resulted in an
increased motor status of the affected arm of approximately 2.7 points on FM
score in a group of 31 chronic stroke patients.18
Improvements in motor status after gravity compensation training are also
comparable to improvements after robot-aided therapy, with a pooled mean
increase in FM score of 3.7 points.8 This suggests that the application of gravity
compensation alone, using a relatively simple device, may be as beneficial to
improve arm movement ability as the application of rehabilitation robotics through
more complex devices.
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Incorporation of virtual reality
Studies investigating the effect of arm support differed concerning training
intensity and task-specificity. A high training intensity and task-specificity of a
training program is beneficial for stimulation of motor recovery after stroke.5-7 The
studies using T-WREX involved the highest training intensity and exercises that
resembled functional activities the most (i.e., virtual activities of daily living
including hand function)16,17 in comparison with the present study and the study by
Amirabdollahian et al.18 Accordingly, the T-WREX studies showed somewhat more
pronounced improvements in motor status.16,17
To increase task-specificity, virtual reality is used in the T-WREX studies.16
Dexterity of the hand is simulated during virtual functional exercises via a simpler
action (i.e., hand grip) performed by the patients in real life. In the present study,
gravity compensation training involved a virtual gaming environment to enhance
motivation during training. In both applications of VR, additional information about
the result or the performance of the movement is provided. Such augmented
feedback can stimulate motor (re)learning processes after stroke.24 Remarkably,
the results of a comparison of augmented T-WREX training to table top exercises
are inconclusive.17 In the present study, the potential added value of augmented
feedback can not be distinguished from the influence of gravity compensation.
Although the present study and the T-WREX studies16 do indicate that it is feasible
to combine arm support training with virtual reality to design appropriate training
environments, more research is needed to identify its optimal application in order
to enhance the potential of such interventions.

Underlying neurophysiological mechanisms
From cross-sectional studies is known that arm support reduces an abnormal
coupling between shoulder abduction and elbow flexion during isometric
contractions.12 In the present longitudinal study, we have observed improvements
in unsupported reaching movements after a longer-term application of gravity
compensation, accompanied by an increased shoulder elevation throughout the
reaching movement and an increased range of elbow extension. Sanchez et al. and
Housman et al. also observed increases in unsupported reaching distance,
suggesting an improved selectivity of shoulder and elbow movements.16,17
Nevertheless, other mechanisms than a reduction in abnormal coupling may also
result in such improvements in reach performance, as seen from the changes in
muscle activation.
Improvements in reach performance after gravity compensation training were

123

Chapter 6

accompanied by more pronounced muscle activity of the prime movers. In
addition, co-contraction of antagonist muscles at the shoulder and elbow was
reduced to some extent. However, it is likely that the reduction in
antagonist/agonist ratio is at least partly related to the increased level of agonist
activation. Reduction of co-activation of muscles thought to act together in
abnormal synergies after stroke (mainly BIC and AD in this case),25 was only
observed in a few stroke patients (ranging from severely to mildly affected) after
gravity compensation training. It is possible that the functional reaching movement
in the present study did not require sufficient shoulder elevation torque to provoke
a strong coupling that limited reaching performance, as found in a previous study
(submitted for publication).26 Either way, improvements in functional reaching
movements seen after gravity compensation training in the present group of
chronic stroke patients seem to be mainly related to improved coordination of
elbow extensors, suggesting a main role for stimulation of control of prime movers
of the upper extremity. This is supported by a study showing that improved reach
performance during the first months of recovery from stroke was predominantly
related to improved agonist coordination and contraction, but not to reduced cocontraction.27

Clinical implications
The findings of the present explorative study are promising for the application of
gravity compensation in stroke rehabilitation. In this case, training intensity was
not even very high, indicating that the potential may be even greater, when
considering that an increase in training intensity will benefit restoration of arm
function even more.28 Nonetheless, the results have to be interpreted with care
due to a limited number of 8 participants. In addition, potential effects of an
increase in overall training intensity can not be discerned. It may have been that
stroke patients in the chronic phase have learned to avoid use of their affected
arm. During gravity compensation training, they were forced to use the
hemiparetic arm more, which should be taken into account in future research by
including a control group. Despite this, the findings of this explorative study
warrant further research into gravity compensation training and present several
valuable implications.
Improvements in reach performance, motor status and neuromuscular activation
after gravity compensation training were found in chronic stroke patients with not
only mild and moderate, but also severe hemiparesis, indicating that this
intervention may be valuable for stroke patients with a large range of stroke
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severity. Additionally, the facilitating influence of gravity compensation enables a
large part of the stroke population to start active reaching exercises at an early
phase during stroke rehabilitation. Furthermore, gravity compensation in
combination with augmented feedback is a suitable way to provide active and taskspecific treatment without the need for high-tech devices. This implies that gravity
compensation can be a feasible and valuable application in stroke rehabilitation.

Conclusion
The present explorative study suggests that gravity compensation training has the
potential to improve unsupported reach performance of chronic stroke patients
with impairments ranging from mild to severe hemiparesis. This improvement is
predominantly related to an improved ability to activate agonist muscles, especially
at the elbow, suggesting that neurophysiological motor relearning processes
regarding the upper extremity can be stimulated in chronic stroke patients.
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CHAPTER
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General Discussion

General Discussion
Stroke is a major cause of permanent disability.1 A reduced arm and hand function
may cause serious limitations in activities of daily living for the majority of stroke
patients.2 Rehabilitation is provided to stimulate restoration of arm function after
stroke, consisting for a large part of exercise therapy. For optimal results, active
initiation and execution of movements, task-specificity and a high training intensity
have been identified as key aspects.3 Besides restoration of degraded neural
function via stimulation of cortical reorganization (i.e., restitution of function),
improved functional ability of the hemiparetic arm can also involve compensatory
strategies to circumvent lost motor function (i.e., substitution of function).4 Such
strategies may mask the effects of ‘true recovery’, complicating the understanding
of the mechanisms involved in restoration of arm function after stroke. Insight in
those mechanisms and their relationship is essential to optimize the application of
interventions in stroke rehabilitation.4
The development of innovative rehabilitation robotics has led to design of
interventions that specifically take the key aspects for restoration of arm function
into account. Robotic devices can particularly provide intensive, highly repetitive
therapy, by assisting or resisting arm movements in various degrees depending on
the abilities of the patient, during task-specific exercises. Although initial feasibility
studies provided promising results,5 it is still unclear if the present manner of
application of robot-aided therapy is the optimal approach to achieve maximal
improvements in arm function. For example, the various therapy modalities applied
by rehabilitation robotics (i.e., passive, active-assisted and active-resisted
movements) engage the neuromuscular system to different extents, which may
involve different mechanisms, some perhaps more effective than others, to
improve arm function. Since many approaches intervene at the motor control level,
muscle activation may change consequently. By investigating changes in muscle
activation due to application of robotic devices, the merits of different approaches
may be discerned. Such information can also aid in understanding which
mechanisms of recovery are targeted by the application of rehabilitation robotics.
This knowledge can then be used to determine how to take advantage of the
merits of rehabilitation robotics Therefore, the main objective of the research
reported in this PhD thesis is to obtain a better understanding of the impact of
different therapy modalities of rehabilitation robotics on neuromuscular control of
arm movements of stroke patients.
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Current application of rehabilitation robotics after stroke
In chapter 2, a systematic review is described that analyzes the effect of existing
clinical studies into robot-aided rehabilitation. Although the findings indicate that
the application of rehabilitation robotics is able to improve motor control of
proximal arm movements of both sub-acute and chronic stroke patients, perhaps
even more so than conventional therapy, the most valuable application could not
be discerned. The treatment currently provided by rehabilitation robotics generally
consists of a mix of passive, active-assisted and active-resisted movements,
without looking into differential effects of those therapy modalities.
An exception is a study comparing active-assisted robot-aided therapy with
active-resisted exercises, but no significant differences in motor recovery between
active-assisted and active-resisted therapy were found.6 In another study,
standardized robot-aided therapy was compared with a progressive training
program, where robotic assistance was diminished as patients improved their
ability to perform the training task.7 The findings favored the progressive training
group, which confirms that adaptation of a training program to the changing
abilities of the patient during rehabilitation is beneficial, and it suggests that active
participation is also an important factor in robot-aided therapy. Despite this, the
contribution of individual therapy modalities to restoration of hemiparetic arm
function remains ambiguous and an optimal application could not be discerned
from the systematic analysis of existing literature (chapter 2). This stresses the
need for an increased understanding of the mechanisms of recovery influenced by
the various therapy modalities.

Gravity compensation
Besides passive, active-assisted and active-resisted modalities, most robotic
devices incorporate arm support, or gravity compensation, in their design. This
basic feature is commonly not regarded as a separate therapy modality of the
device and is therefore not controlled as a part of the exercise protocol. Research
has shown that the sole application of arm support influences arm movements.8
This indicates that the influence of rehabilitation robotics on improvement of arm
function is not only determined by the amount of assistance applied by the robot in
the direction of movement, but even support of the arm against gravity may
contribute to the effect of robot-aided therapy. Therefore, gravity compensation
has served as the starting point for subsequent experiments into underlying
mechanisms of separate therapy modalities of rehabilitation robotics.
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Influence of gravity compensation on movement execution
Shoulder elevation and elbow flexion are often coupled in chronic stroke patients,
leading to involuntary restrictions in isolated movement control (i.e., abnormal
synergies).8,9 When the amount of shoulder elevation needed to lift the arm is
decreased by arm support, simultaneous elbow flexion torques are reduced,
leading to a larger range of elbow extension during 2D reaching with the arm at
shoulder height (planar reach).10-13 Likewise, we found an increase in range of
motion during natural reaching movements with gravity compensation in additional
experiments,14,15 using the Freebal device, designed to provide gravity
compensation during 3D arm movements.16 These studies provide information
about the influence of gravity compensation on generation of joint torques and
excursions, but it is not clear how support against gravity influences
neuromuscular control of functional arm movements.

Influence of gravity compensation on muscle activation
The cross-sectional studies in chapters 3 and 4 show that the instantaneous
influence of gravity compensation during functional reaching movements with a
fixed amplitude involved a reduction of the activity levels of shoulder and elbow
muscles in both healthy elderly (chapter 3) and mildly and moderately affected
(Fugl-Meyer (FM) scores ranging from 33 to 60 points) sub-acute and chronic
stroke patients (chapter 4), while movement performance is similar as in the
unsupported condition. Additional experiments evaluating maximal reaching
movements showed that even a larger range of motion during supported
movements of stroke patients was accompanied by generally reduced levels of
muscle activity.14 The temporal pattern of muscle activation was preserved in both
healthy elderly (chapter 3) and stroke patients (chapter 4). This facilitating
influence of gravity compensation may allow use of the neuromuscular capacity
that is left after stroke for generation of the desired movement (e.g., reach),
instead of for properly positioning the trunk and arm prior to the movement (e.g.,
sitting upright).
After stroke, motor planning, integration of sensorimotor information and
generation and coordination of muscle activity may be reduced.17 In the light of
the observed increase in range of motion with arm support,14 it was expected that
in stroke patients gravity compensation would have a differential impact on various
muscles. Remarkably, with gravity compensation, the level of muscle activity was
reduced to similar degrees across different muscles in stroke patients (chapter 4).
When comparing muscle activation in stroke patients (chapter 4) with the
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reference frame provided by healthy elderly (chapter 3), a rather similar influence
of gravity compensation was observed. This is probably related to the sub-maximal
nature of the functional reaching movements, which stayed below the maximal
capacity of the included stroke patients, who could complete the movement task
even without gravity compensation. This may have also contributed to the absence
of changes in activation between various muscles, which had been expected
considering the kine(ma)tic influence of arm support,8,11 particularly between
shoulder and elbow muscles.

Role of abnormal synergies during functional arm movements
Before further investigating the potential of gravity compensation, abnormal
coupling between shoulder and elbow muscles during reach was examined, to
obtain more insight in the role of abnormal synergies during functional arm
movements and how this may contribute to the influence of gravity compensation.
In contrast to sub-maximal movements (chapter 4), a more demanding reaching
task was performed by healthy persons and stroke patients with mild and
moderate hemiparesis (FM scores ranging from 22 to 65 points), described in
chapter 5. The reaching task involved specific resistance against shoulder
elevation, applied by the Dampace exoskeleton robotic device,18 during upward,
forward and outward maximal reach (as if placing a cup on a shelf), in order to
provoke an abnormal coupling between the shoulder and elbow. Despite this, the
resisted, but otherwise natural, reaching movements showed no signs of abnormal
coupling in either joint rotations or muscle activation.
In a group of mildly to moderately affected stroke patients, the execution of a
natural, resisted reaching movement was not substantially altered with resistance,
in comparison to healthy persons. In addition, no abnormal coupling between the
shoulder and elbow was observed in (inter-)muscle activation (chapter 5). In
contrast, the studies by Beer, Dewald and colleagues do demonstrate an abnormal
coupling between shoulder elevation and elbow flexion in terms of range of motion
during planar reach.10,12,13,19 This discrepancy can be related to the more severely
affected chronic stroke patients (i.e., FM scores as low as 15 points) and a more
demanding movement task (i.e., an arm orientation of at least 75º of shoulder
abduction during reaching) applied in those studies. Natural reaching movements,
as applied in chapters 4 and 5, do not require high levels of shoulder elevation
torques. This reduces the abnormal coupling and probably limits the interference
with exercises resembling activities of daily living, especially in less severely
affected stroke patients. These considerations suggest that other mechanisms than
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abnormal synergies may be involved in the influence of gravity compensation on
functional reaching movements.

Changes in muscle activation after gravity compensation training
Although the role of abnormal synergies during functional reach of stroke patients
and the relation to gravity compensation remains ambiguous, the instantaneous
influence of gravity compensation proposes a potential for improving unsupported
reach. The intensive and repetitive stimulation of neuromuscular activation,
facilitated instantaneously by gravity compensation (chapter 4), may transfer to
improved unsupported movements when applied for a longer period. Indeed, after
6 weeks of gravity compensation training improvements in unsupported reaching
distance were observed in chronic stroke patients displaying mild, moderate and
severe hemiparesis (FM scores ranging from 7 to 61 points), accompanied by
increased shoulder elevation throughout the reaching movement and a larger
range of elbow extension (chapter 6). Sanchez et al. and Housman et al. also
observed increases in unsupported reaching distance after arm support
training.20,21 Although this can indicate improved isolated movement control of the
shoulder and elbow, the findings of chapter 5, showing no interference of
abnormal coupling during natural reaching movements in mildly and moderately
affected stroke patients, suggest that other mechanisms are involved.
When looking at changes in neuromuscular control after gravity compensation
training, increased levels of muscle activity of the prime movers, predominantly at
the elbow, were observed in the majority of the stroke patients (chapter 6). In only
one third of the patients a decreased co-activation of biceps and anterior deltoid,
muscles that have been shown to act together during coupled shoulder elevation
and elbow flexion in isometric contractions,9 was found. Remarkably, the increased
agonist activation involved not only severely affected stroke patients, but also
patients with moderate and mild hemiparesis. These findings indicate that
increased activation of elbow extensors seems to play an important role in
improvements of functional reach after gravity compensation training.
Studies investigating altered reach performance after stroke provide support for
the relevance of agonist activation. Reach performance is often limited after
stroke, with respect to distance, speed, smoothness, straightness and accuracy.2225
Several studies suggest muscle weakness as major contributor to impaired reach
performance,24,25 and also to limitations in general arm function.26,27 To a certain
extent, reduced isolated movement control seems intertwined with this relation,
especially considering movement tasks that strongly emphasize movement
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coordination.24
Likewise, improvements in reach performance during recovery from stroke seem
to be largely induced by improved muscle activation. A study investigating both
recovery of reach performance and changes in muscle activation over the course of
rehabilitation from the acute to sub-acute phase in mildly affected stroke patients
found that improved reach performance was related with improved muscle onset
time, increased modulation of activity and increased relative level of muscle
activity, but not with reduced co-contraction.28 This is in agreement with the
findings of increased prime mover activity accompanying improved reaching
distance after gravity compensation training (chapter 6).

Potential mechanisms of recovery
Overall, the findings of chapters 4, 5 and 6 indicate that abnormal synergies do
hardly affect the ability to perform functional reaching movements in less severely
affected stroke patients. In addition, this implies that increased agonist activation
contributed more to improvements in reach performance than decreased counteracting activation of muscles, via either agonist/antagonist co-contraction or
abnormal synergistic co-activation. This implies that improvement of arm
movement ability after stroke may involve restoration of degraded neural function
(i.e., restitution of function), besides potential compensatory strategies that can be
used to substitute lost motor function.
The specific processes involved in the observed increase in agonist activity can
not be discerned from the present research applying bipolar surface EMG
recordings (chapter 6). Both central and peripheral mechanisms may account for
the changes in muscle activation after gravity compensation training. For instance,
the number or size of active motor units may be increased,29 or cortical
reorganization processes, such as unmasking of latent pathways or
recruitment/sprouting of new neurons,30 may be stimulated. Pharmacological
interventions, such as single-dose inhibition of serotonin-reuptake in the brain,
have also shown to result in a generally increased muscle activation in the lower
arm of chronic stroke patients, suggesting that cortical activation can be stimulated
after stroke.31 To examine such neurological and neuromuscular processes,
additional specific methods are required in future research, such as the use of high
density surface EMG (array) electrodes for investigation of changes in motor unit
behavior,32 or brain imaging techniques for examination of changes in motor cortex
activation.33
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Adherence to key aspects for motor recovery
The findings of chapters 2 and 6 indicate that not only rehabilitation robotics have
the ability to improve motor control of arm movements, also the sole application of
one of its basic features, gravity compensation, is promising to improve arm
movement ability. When comparing robotics (chapter 2) and gravity compensation
(chapter 6), improvements in arm movement ability after gravity compensation
training (FM score +3.3 points) are similar to improvements after robot-aided
therapy (FM score +3.7 points). However, adherence to the key aspects (i.e.,
active and functional exercises at a high intensity),3,34,35 may differ to some extent
between both interventions.

Active participation
Rehabilitation robotics involves not only active execution of movements, but also
passive movements, where the robotic device moves the arm of the patient. In
contrast, gravity compensation involves only active initiation and execution of
movements. Since improvements in arm movement ability are similar after both
interventions (chapters 2 and 6), active participation is postulated as essential
component in stimulating motor recovery after stroke, whereas providing
assistance to complete the movement passively (in passive and active-assisted
modes) seems less crucial. This is in line with a study investigating differences in
reach performance of stroke patients after equal intensity reach training with and
without robotic assistance to complete the movement, in which no advantage of
active-assisted training was found over free reach training.36 These findings are in
agreement with the importance of active participation in stimulating restoration of
arm function in exercise therapy in general.

Task-specificity
Gravity compensation applied by the custom designed Freebal device16 allows
natural, 3D reaching movements strongly resembling functional use of the
proximal arm (chapters 3, 4 and 6). Some robotic devices (e.g., MIT-Manus,
MIME) restrict reaching movements to two dimensions. A study comparing robotaided therapy (involving 3D reaching movements) with equal intensity arm support
training via sling suspension (including mainly abstract shoulder and elbow
movements) revealed no substantial differences.37 Both interventions appear to be
equally suitable to deliver task-specific training. The extent of task-specificity
merely depends on the way the device is implemented during training.
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Training intensity
One of the principal advantages of robot-aided therapy has been stated as
enabling intensive training, alleviating manual assistance by therapists.38 The
intensity applied in the clinical studies investigating robot-aided therapy has
generally been higher than the intensity of arm support training. Nevertheless,
improvements in arm movement ability after robot-aided therapy (chapter 2) were
not substantially larger than those after gravity compensation (chapter 6). The
only study comparing robot-aided therapy with arm support training via sling
suspension with equal training intensities revealed no significant difference in
improvements in arm movement ability between both groups. Remarkably, a trend
was observed that favored the sling suspension group.37 This implies that there is
no advantage of robotic devices over simple arm support when considering equal
training intensities.
Both gravity compensation training and robot-aided therapy have the potential
for improving hemiparetic arm function. Careful interpretation of available
literature indicates that gravity compensation may comply even better with the key
aspect concerning active participation than robot-aided therapy. Considering these
issues, the low-tech, less complex, and consequently less expensive, approach of
gravity compensation would probably be more suitable for application in clinical
practice than high-tech devices.

Technologically supported versus conventional therapy
When comparing rehabilitation robotics with conventional therapy, a subtle
advantage of robot-aided therapy over conventional therapy has been reported,
although these differences are not striking (chapter 2). For gravity compensation
training alone, such comparison is not available yet, but it is expected from
comparisons with robot-aided therapy that its effect will be at least as large as that
of conventional therapy. A first indication of this is provided by a study comparing
arm support training using an exoskeleton with elastic bands (T-WREX) to table
top exercises, which revealed more or less equal improvements in reach
performance and arm movement ability of the proximal arm.21 It should be noted,
however, that table top exercises also involve some type of arm support, and are
probably not representative of the wide array of approaches generally applied in
conventional therapy, emphasizing the need for controlled studies in future
research examining the application of arm support.
Considering the similarity in effect of technologically supported interventions and
conventional therapy, the major advantage of technologically supported
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interventions is currently the potential to automate therapy. The application of
rehabilitation devices allows one therapist to attend to multiple patients, practicing
intensively, actively and functionally, at the same time. This would increase
productivity and alleviate the physical burden on the therapist, which in turn can
relieve the pressure on today’s healthcare system, where an aging population will
result in less therapists and more patients.

Towards functional independence after stroke
Although the potential to automate therapy, thereby increasing productivity, is
highly valuable, the ultimate goal of stroke rehabilitation is improving functional
use of the hemiparetic arm in order to promote functional independence. However,
a limited transfer of training effects on motor control level to improved functional
abilities has been observed for many exercise therapy interventions in stroke
rehabilitation.40 A comparable predicament is observed in chapters 2 and 6
concerning robot-aided therapy and gravity compensation training. FM scores
should increase at least 6.6 points (10% of maximal score for the upper extremity
part of FM) to be clinically relevant,41 which is only achieved on individual basis
(chapter 6).
An example of an intervention that is promising to improve functional abilities, is
constrained-induced movement therapy (CIMT), in which the unaffected arm is
restrained by a mitt or sling, forcing use of the affected arm during daily life, in
combination with an extensive physical therapy program focusing on activities of
daily life.42 It has been suggested that the critical factor of CIMT for arm function
improvement is repeated practice of activities of daily life,43 which is in line with
the key aspects of intensity and task-specificity said to stimulate restoration of arm
function.3,34,35 A drawback of CIMT is that only patients with a considerable level of
arm function (at least 20º wrist and 10º finger extension) are eligible for
treatment. With the use of robotics, or even the sole application of arm support,
repetitive, task-specific training programs can be designed to suit also more
severely affected stroke patients, who experience the largest limitations in
functional use of the arm.
In order to improve functional use of the arm, current interventions can be
expanded to adhere even better to the key aspects for stimulation of restoration of
arm function. Addition of augmented feedback to exercises can stimulate the
learning process, by making patients more aware of their performance.44 Most
robot-aided therapy programs involve display of hand position and movement
goals on a computer screen, informing patients about their performance by
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augmented visual feedback. The arm support application in the studies using TWREX20,21 and the study in chapter 6 also involved a virtual gaming environment
providing augmented feedback. Remarkably, the results of a comparison of a
group performing table top reaching exercises and a group practicing reaching with
equal intensity in virtual environments providing augmented feedback showed no
differences in improvements of reach and arm movement ability.21 Recent studies
provide some insight in the optimal application of augmented feedback. A
combination of augmented visual and sensory feedback is promising,45 as well as
placing emphasis on movement errors to stimulate motor (re)learning.46,47 Since
augmented feedback is closely related with the application of rehabilitation
robotics, more extensive studies are needed to identify the added value and
optimal way of applying augmented feedback to complement technologically
supported interventions.
To maximize independent use of the arm, not only upper arm function is
important, also functional use of the wrist and hand is essential. Contemporary
robot-aided therapy focuses mainly on the proximal arm, and results in
improvements in the proximal arm only, without generalization to the wrist and
hand (chapter 2). Several technological interventions have been developed for
distal arm training, such as the Bi-Manu-Track, which showed promising results.48
In addition, a distal trainer has been designed to complement the MIT-Manus
robotic device for the proximal arm.49 The first preliminary results of stand-alone
use of this wrist module are positive.50 However, information about the
effectiveness or optimal application of simultaneous proximal and distal training
using robotics is scarce.
As has also been recognized by others,51,52 future research into technological
interventions should be extended to combinations of proximal and distal arm
training to maximize functional use of the hemiparetic arm in activities of daily
living. Of particular interest for future studies are hybrid therapeutic systems,
incorporating robotics for the proximal arm, electrical stimulation for the wrist and
hand, and virtual reality to provide task-specific training environments
complemented with augmented feedback, in order to maximize functional
independence of stroke survivors.

Conclusions
The research in this PhD thesis indicates that both rehabilitation robotics (chapter
2) and the sole application of one of its basic features, gravity compensation
(chapters 4 and 6), have the ability to improve arm movement ability after stroke.

140

General Discussion

The instantaneously facilitating influence of gravity compensation (chapters 3 and
4) is translated to unsupported reaching movements when applied during multiple
training sessions (chapter 6), plausibly through intensive and repetitive stimulation
of neuromuscular activation. Our findings further indicate that abnormal synergies
hardly affect the ability to perform functional reaching movements in less severely
affected stroke patients (chapter 5). Instead, more pronounced activation of prime
movers is mainly involved in improvements of functional reach (chapter 6). This
implies that improvement of arm movement ability after stroke may involve
restoration of degraded neural function (i.e., restitution of function), besides
potential compensatory strategies used to substitute lost motor function.
Moreover, interventions aimed at improvement of functional reach should mainly
target the (in)ability to activate prime movers, instead of focusing on reducing
abnormal coupling between the shoulder and elbow.
The potential to improve arm movement ability after stroke does currently not
differ much between robot-aided therapy, gravity compensation training and
conventional therapy. As advantage over conventional therapy, both robot-aided
therapy and gravity compensation training allow automation of therapy, thereby
offering the possibility to increase productivity, and reduce costs, of the healthcare
system. Considering implementation in clinical practice, the low-tech application of
gravity compensation may be more suitable than high-tech devices, since the
effects seem to be comparable between both interventions, and gravity
compensation may encourage active participation even more than robot-aided
therapy. Improvement of arm movement ability may be stimulated further by
including augmented feedback into current technological interventions, in a way
complying as much as possible with the key aspects for motor recovery. In
addition, not only the proximal arm should be targeted, also the wrist and hand
should be involved in functional training for optimal results. In particular, hybrid
therapeutic systems, incorporating robotics, electrical stimulation and virtual
reality, are promising topics for future research, in order to maximize functional
independence after stroke.
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Summary
A cerebrovascular accident, or stroke, is a major cause of permanent disability. The
annual incidence rate of stroke in both the Netherlands and the USA is
approximately 250 new cases per 100,000 persons. A stroke can lead to damage of
nerve pathways between the brain and the spinal cord and to reduced integration
of sensory and motor information during motor planning in the brain, limiting
selective activation of muscle tissue. Regarding the motor domain, this can result
in a variety of symptoms, such as muscle weakness, spasticity, and limited
movement coordination, in addition to sensory, cognitive and psychological
symptoms. With respect to the upper extremity, impaired arm and hand function
may cause serious limitations in activities of daily living in at least 60% of stroke
patients.
To identify effective therapeutic interventions in stroke rehabilitation, emphasis
has been placed more and more on evidence-based physical therapy during the
last decades, as well as increasing research into principles of motor relearning and
processes of cortical reorganization. This has presented several key aspects that
have the potential to stimulate restoration of arm function after stroke: active
initiation and execution of movements, high training intensity and application of
functional exercises. Technological innovations provide an opportunity to design
interventions that take these key aspects into account. A promising application is
the use of rehabilitation robotics to complement conventional therapy. Robotic
devices can be programmed to apply forces in a smart way. In passive mode, the
robotic device imposes movements by moving the arm of the patient in a preplanned trajectory. In active-assisted mode, the robotic device provides assistance
to aid in completion of the movement. In active-resisted mode, the robotic device
delivers resistance against movements actively executed by the patient.
These therapy modalities will stimulate the neuromuscular system to various
extents. It is still unclear if the way in which robot-aided therapy is currently
applied is the optimal approach to achieve maximal improvements in arm function.
Maximizing functional independence of stroke patients can involve restoration of
degraded neural function via stimulation of cortical reorganization, or
compensatory strategies to circumvent lost motor function. Since many approaches
intervene at the motor control level, muscle activation may change consequently.
By investigating changes in muscle activation due to application of robotic devices,
the merits of different approaches may be discerned. Such information can also aid
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in understanding which mechanisms of recovery are targeted by the application of
rehabilitation robotics. This knowledge can then be used to determine how to take
advantage of the merits of rehabilitation robotics Therefore, the main objective of
the research reported in this PhD thesis is to obtain a better understanding of the
impact of different therapy modalities of rehabilitation robotics on neuromuscular
control of arm movements of stroke patients.
A systematic review of existing literature (chapter 2) shows that robot-aided
therapy is able to improve motor control of the trained, proximal arm of both subacute and chronic stroke patients. Although the findings indicate that the
application of rehabilitation robotics is promising, perhaps even more so than
conventional therapy, the most effective application and its underlying mechanisms
could not be discerned. Besides passive, active-assisted and active-resisted
modalities, most robotic devices incorporate arm support in their design. This basic
feature is commonly not regarded as a separate therapy modality of the device,
and is therefore not controlled as a part of the exercise protocol. Research has
shown that the sole application of arm support influences arm movements. This
indicates that, besides the amount of assistance applied by the robot in the
direction of movement, only support of the arm against gravity may already
contribute to the effect of robot-aided therapy. Therefore, gravity compensation
has served as the starting point for subsequent experiments.
Shoulder elevation and elbow flexion are often coupled in chronic stroke patients,
leading to involuntary restrictions in isolated movement control (i.e., abnormal
coupling). When the amount of shoulder elevation needed to lift the arm is
decreased by arm support, simultaneous elbow flexion torques are reduced,
leading to a larger range of elbow extension during 2D supported reaching with
the arm at shoulder height. However, from this research is not clear which
neurophysiological mechanisms are involved, especially considering natural
reaching movements resembling activities of daily life. The cross-sectional
experiments described in chapters 3 and 4 show that the sole application of gravity
compensation influenced neuromuscular control of functional arm movements.
With gravity compensation, muscle activity levels during reach with a fixed
amplitude were reduced across muscles in both healthy elderly (chapter 3) and
mildly and moderately affected stroke patients (chapter 4). Movement performance
was similar in both conditions, and the temporal pattern of muscle activity was also
preserved in both healthy elderly and stroke patients. Remarkably, no signs of a
reduction in abnormal coupling between shoulder and elbow muscles were
observed. Even when adding resistance to shoulder elevation during upward reach
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of mildly and moderately affected stroke patients, no indication of such abnormal
synergies in either joint rotations or muscle activation was found (chapter 5). This
is likely to be related to a combination of the severity of hemiparesis and the submaximal nature of the movement tasks, resembling activities of daily living,
requiring only limited shoulder elevation torques.
Despite the ambiguity about the role of abnormal synergies during functional
reach and its relation with gravity compensation, the instantaneous facilitating
influence of gravity compensation in mildly and moderately affected stroke patients
(chapter 4) proposes a potential benefit of a longer-term application. Intensive
stimulation of neuromuscular activation during supported movements might induce
improvements in unsupported reach. Therefore, a study applying gravity
compensation as training intervention was performed (chapter 6). After 6 weeks of
reach training with gravity compensation, improved unsupported reaching was
accompanied by increased activation of agonists, mainly at the elbow, in the
majority of mildly, moderately, and severely affected chronic stroke patients. This
indicates that a more pronounced activation of prime movers was mainly involved
in improvements of sub-maximal, natural reaching movements. This implies that
restoration of arm movement ability after stroke may involve restoration of
degraded neural function (i.e., restitution of function), besides potential
compensatory strategies used to substitute lost motor function. Accordingly,
interventions aimed at improvement of functional reach should mainly target the
(in)ability to activate prime movers, instead of focusing on reducing abnormal
coupling between the shoulder and elbow.
The potential to improve arm movement ability after stroke does currently not
differ much between robot-aided therapy, gravity compensation training and
conventional therapy. As advantage over conventional therapy, both robot-aided
therapy and gravity compensation training allow automation of therapy, thereby
offering the possibility to increase productivity, and reduce costs, of the healthcare
system. Considering implementation in clinical practice, the low-tech application of
gravity compensation may be more suitable than high-tech devices, since the
effects seem to be comparable between both interventions, and gravity
compensation may encourage active participation even better than robot-aided
therapy. Restoration of arm function may be stimulated further by including
augmented feedback into current technological interventions, in a way complying
as much as possible with the key aspects for motor recovery. In addition, not only
the proximal arm should be targeted, also the wrist and hand should be involved in
functional training for optimal results. In particular, hybrid therapeutic systems,
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incorporating robotics, neuromuscular stimulation and virtual reality, are promising
topics for future research, in order to maximize functional independence after
stroke.
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Een cerebrovasculair accident, ook wel CVA of beroerte, is een van de belangrijkste
oorzaken van permanente invaliditeit. De jaarlijkse incidentie van CVA is ongeveer
250 nieuwe gevallen per 100.000 personen in zowel Nederland als in de Verenigde
Staten. Een CVA kan leiden tot beschadiging van de zenuwbanen van de hersenen
naar het ruggenmerg en tot een verminderde integratie van sensorische en
motorische informatie tijdens het plannen van motorische taken, wat een
selectieve activatie van spierweefsel bemoeilijkt. Op motorisch gebied kan dit
resulteren in symptomen zoals spierzwakte, spasticiteit en een verminderde
coördinatie van bewegingen, naast sensorische, cognitieve en psychologische
symptomen. Met betrekking tot de bovenste extremiteit veroorzaakt een beperkte
arm- en handfunctie in ten minste 60% van de CVA-patiënten aanzienlijke
beperkingen in activiteiten van het dagelijks leven.
Om effectieve therapeutische interventies voor CVA-revalidatie te identificeren, is
de laatste decennia in toenemende mate nadruk gelegd op ‘evidence-based’
fysiotherapie (gebaseerd op wetenschappelijk bewijs), naast een toenemende
mate van onderzoek naar principes van motorisch herleren en processen van
corticale reorganisatie. Dit heeft geleid tot een aantal sleutelaspecten, die het
mogelijk maken om herstel van de armfunctie na een CVA te stimuleren: actieve
initiatie en uitvoering van bewegingen, hoge trainingsintensiteit en toepassing van
functionele oefeningen. Door technologische innovaties kunnen specifieke
interventies ontworpen worden met het oog op deze sleutelaspecten. Een
veelbelovende toepassing is het gebruik van revalidatierobots als aanvulling op
conventionele therapie. Robotische apparaten kunnen worden geprogrammeerd
om op een slimme manier kracht te leveren. In passieve modus legt het robotische
apparaat een beweging op door de arm van de patiënt langs een van tevoren
gepland traject te leiden. In actief-assistieve modus biedt de robot assistentie om
de beweging te voltooien. In actief-resistieve modus geeft de robot weerstand
tegen de beweging die de patiënt actief uitvoert.
Deze verschillende therapiemodaliteiten stimuleren het neuromusculaire systeem
in meer of mindere mate. Het is nog onbekend of de manier waarop robotgeassisteerde therapie heden ten dage wordt toegepast de optimale benadering is
om maximale verbeteringen in armfunctie te bewerkstelligen. Het maximaliseren
van de functionele onafhankelijkheid na een CVA kan zowel via herstel van
verminderde neurale functie (stimulering van corticale reorganisatie), alsook door
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toepassing van compensatiestrategieën om de verloren gegane functie te
passeren. Veel interventies richten zich op het niveau van de neuromusculaire
aansturing, wat tot veranderingen in de spieractivatie kan leiden. Door
veranderingen in spieractivatie naar aanleiding van de toepassing van robotische
apparaten te evalueren,kunnen wellicht de waardevolle aspecten van verschillende
robotische benaderingen worden bepaald. Zulke informatie kan ook helpen te
begrijpen op welke mechanismen van herstel de toepassing van robotische
apparaten aangrijpt. Deze inzichten kunnen dan worden aangewend om effectieve
toepassingen van robotische apparaten te identificeren en om te bepalen hoe de
meest waardevolle aspecten kunnen worden ingezet in de revalidatie, zodat
optimale resultaten kunnen worden behaald. Het doel van het onderzoek in dit
proefschrift is dan ook het verkrijgen van een beter begrip van de invloed van
verschillende therapiemodaliteiten van revalidatierobots op de neuromusculaire
aansturing van armbewegingen van CVA-patiënten.
Een systematisch overzicht van de bestaande literatuur (hoofdstuk 2) laat zien
dat robot-geassisteerde therapie de motorische aansturing van de getrainde
proximale arm van zowel sub-acute als chronische CVA-patiënten kan verbeteren.
Alhoewel deze bevindingen aangeven dat de toepassing van revalidatierobots
veelbelovend is, misschien zelfs beter dan conventionele therapie, kunnen de
meest effectieve toepassingen en de onderliggende mechanismen niet worden
onderscheiden. Naast passieve, actief-assistieve en actief-resistieve modaliteiten
integreren de meeste robotische apparaten armondersteuning in hun ontwerp. Dit
basale aspect wordt vaak niet beschouwd als een opzichzelfstaande
therapiemodaliteit van het apparaat en wordt dan ook niet gecontroleerd als
onderdeel van het therapieprotocol. Onderzoek heeft aangetoond dat alleen de
toepassing van armondersteuning al in staat is om armbewegingen te beïnvloeden.
Dit wijst erop dat, naast de mate van assistentie door de robot, alleen
ondersteuning van de arm tegen de zwaartekracht al een bijdrage kan leveren aan
het effect van robot-geassisteerde therapie. Derhalve wordt zwaartekracht
compensatie als uitgangspunt genomen voor volgende experimenten.
Schouderelevatie en elleboogflexie zijn vaak gekoppeld in chronische CVApatiënten, wat kan leiden tot onwillekeurige belemmeringen in een geïsoleerde
bewegingsaansturing, ook wel abnormale koppeling genoemd. Wanneer de
hoeveelheid schouderelevatie benodigd om de arm op te tillen verminderd wordt
door armondersteuning, neemt de gelijktijdige, gekoppelde elleboogflexie af, wat
resulteert in een grotere elleboogextensie tijdens 2D reikbewegingen, waarbij de
arm op schouderhoogte wordt gehouden. Echter, uit dit onderzoek wordt niet
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duidelijk welke neurofysiologische mechanismen betrokken zijn, vooral in het geval
van natuurlijke reikbewegingen die lijken op activiteiten in het dagelijks leven. De
cross-sectionele experimenten beschreven in hoofdstukken 3 en 4 geven aan dat
alleen de toepassing van zwaartekrachtcompensatie al de neuromusculaire
aansturing van functionele armbewegingen beïnvloedt. Met zwaartekracht
compensatie nam de mate van spieractivatie van meerdere spieren tijdens
reikbewegingen met een vaste amplitude af in zowel gezonde ouderen (hoofdstuk
3), als mild tot matig aangedane CVA-patiënten (hoofdstuk 4). De
bewegingsuitvoering was vergelijkbaar in beide condities en ook het patroon van
spieractivatie was onveranderd in zowel gezonde ouderen als CVA-patiënten.
Daarnaast is het opmerkelijk dat geen aanwijzingen van een verminderde
abnormale koppeling tussen de schouder en elleboog zijn gevonden. Zelfs wanneer
weerstand tegen schouderelevatie wordt gegeven tijdens opwaarts reiken door
mild en matig aangedane CVA-patiënten, wees niets op de aanwezigheid van zo’n
abnormale koppeling (hoofdstuk 5). Dit is waarschijnlijk gerelateerd aan een
combinatie van de mate van aangedaanheid na de CVA en de submaximale aard
van de bewegingstaken, die activiteiten van het dagelijks leven weerspiegelden,
zodat slechts een beperkt schouderelevatie-moment gegenereerd hoefde te
worden.
Ondanks dat de rol van abnormale koppeling tijdens functionele reikbewegingen,
en de relatie met zwaartekrachtcompensatie, nog onduidelijk is, geeft de
instantane faciliterende invloed van zwaartekrachtcompensatie in mild tot matig
aangedane CVA-patiënten (hoofdstuk 4) aanwijzingen voor een mogelijk voordeel
van toepassing op de langere termijn. Intensieve stimulatie van neuromusculaire
activatie tijdens bewegingen met ondersteuning zou verbeteringen in reiken zonder
ondersteuning kunnen veroorzaken. Dit gaf aanleiding om een studie uit te voeren
waarin zwaartekrachtcompensatie als trainingsinterventie wordt toegepast
(hoofdstuk 6). Na 6 weken reiktraining met zwaartekrachtcompensatie werd een
verbeterd reiken zonder ondersteuning vergezeld van een toegenomen activatie
van agonisten, vooral rond de elleboog, in de meerderheid van de mild, matig en
ernstig aangedane, chronische CVA-patiënten. Dit wijst erop dat een meer
nadrukkelijke activatie van agonisten een prominente rol speelt bij de verbetering
van submaximale, natuurlijke reikbewegingen. Dit impliceert herstel van de
verminderde neurale functie bij de verbetering van de armvaardigheid, naast een
mogelijke rol van compensatiestrategieën om de verloren gegane functie te
passeren. Volgens deze bevindingen zouden interventies voor het verbeteren van
functioneel reiken dan ook met name gericht moeten zijn op het (on)vermogen om
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agonisten te activeren, in plaats van het verminderen van een abnormale
koppeling tussen de schouder en elleboog.
Ter verbetering van de armvaardigheid na een CVA doen op dit moment robotgeassisteerde therapie, zwaartekrachtcompensatie-training en conventionele
revalidatie niet voor elkaar onder. Een voordeel van robot-geassisteerde therapie
en zwaartekrachtcompensatie-training boven conventionele revalidatie is de
mogelijkheid om de behandeling te automatiseren (een therapeut kan meerdere
patiënten tegelijk behandelen), zodat de productiviteit van de gezondheidszorg kan
toenemen en de kosten kunnen worden gereduceerd. Aangezien de effecten van
deze beide interventies vergelijkbaar zijn, lijkt de ‘low-tech’ toepassing van
zwaarte-krachtcompensatie meer geschikt voor implementatie in de praktijk dan
‘high-tech’ apparaten. Daarnaast is het aannemelijk dat zwaartekrachtcompensatie
het actief inzetten van de arm tijdens training meer bevordert dan robotische
apparaten dat doen. Herstel van armfunctie kan verder worden gestimuleerd door
‘augmented’ (extrinsieke) feedback toe te voegen aan bestaande technologische
interventies, op zo’n manier dat zoveel mogelijk rekening gehouden wordt met de
sleutelaspecten die motorisch herleren kunnen stimuleren. Verder is het essentieel
om niet alleen de proximale arm te trainen, maar ook de pols en hand te
betrekken in functionele training om optimale resultaten te kunnen bereiken.
Speciale belangstelling voor toekomstig onderzoek gaat uit naar hybride
therapeutische systemen, waarin robotica, neuromusculaire stimulatie en virtuele
omgevingen worden gecombineerd om het herstel van de arm te maximaliseren,
zodat CVA-patiënten een zo groot mogelijke onafhankelijkheid in het dagelijks
leven kunnen behalen.

154

Dankwoord

Dankwoord
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