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Preface

Within the treatment of neurological diseases, neurorehabilitation is still a
young special discipline. No other medical field aims for a need of such close
cooperation between the disciplines and players. For this reason, this book
addresses large parts of the neurological rehabilitation network.

Neurorehabilitation has changed significantly over the past 30 years as a
result of a steady increase in knowledge in the areas of motor learning, neu-
roplasticity, and the efficacy of therapeutic procedures. Significant research
activity, particularly in the last two decades, has challenged existing treat-
ment approaches and introduced new ones. One of these modern therapeutic
approaches, Functional Electrical Stimulation (FES), is presented compre-
hensively in this book with its many possible applications in a wide variety of
diseases. These range from the treatment of sensorimotor disorders to forms
of therapy in the neck area for improving swallowing and speech. Neuro-
urological application areas are also discussed.

This book reveals therapeutic possibilities to the professional audience on
how various neurological diseases can be treated in a target-oriented, evident
way. The importance of FES is underlined by a steadily growing body of
evidence.

This fascinating therapeutic progress has been made possible by global
research activity in this field. The further development of medical technology
for user-friendly electrical stimulation devices tailored to patient needs has
also led to an improved range of products. The added value of this develop-
ment can be seen particularly in individualizable and adaptable multichannel
therapy devices for electrical stimulation which in many cases also enable
patient-directed movement triggering.

In their contributions, the authors expressly refrain from naming and
describing commercially available medical devices for functional electrical
stimulation. Instead, they describe the therapeutic requirements for the patient
and thus the requirements that are placed on the medical devices to be ade-
quately used for the respective applications.

The aim of the book is to provide the reader with therapeutic instructions
for treatment as well as relevant background information on the mode of
action of FES. It is not intended to be another book on electrotherapy, but a
first comprehensive standard work on FES and its great importance in the
context of therapy in neurorehabilitation.

All authors contributing to this book are scientifically active and clinical
experts in the field of neurorehabilitation, FES, or electromedical engineering.
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Preface

We have deliberately focused on the treatment of structural, functional, and
activity deficits in upper and lower motor neuron damage, improving mobil-
ity, sensitivity, and perception, as well as facial expression, swallowing, and
oral function.

I hope this book contributes to many inspiring insights into FES with its
wide range of applications in neurological patients.

Innsbruck, Austria Thomas Schick
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Introduction and History
of Functional Electrical

Stimulation

Thomas Schick

Persons interested in neurorehabilitation are con-
fronted with a wealth of technical information
and scientific findings. Filtering out the most
important and current information for one’s own
professional field from this wide range of infor-
mation would require regular study of scientific
literature. Also, the decision for the appropriate
therapy method — depending on the problem con-
stellation of the patient — such as functional elec-
trical stimulation (FES), can be a challenge. This
book is intended to provide valuable assistance
for searching specific and therapy-relevant
approaches. This makes it easier to achieve the
goal of patient-centered, high-quality therapy.
The main focus of this book is FES and its wide
range of applications in neurological patients
with various symptoms. The special nature of
modern FES with its importance in the context of
motor learning and its strongly task-oriented
approach compared to classic methods is dis-
cussed intensively. It is not uncommon for initial
difficulties to arise in the search for current litera-
ture due to the internationally very variable use of
FES terms. In this chapter, the reader gets a basic
overview of the numerous technical terms and
their meaning.

T. Schick (B)

MED-EL, Department Neurorehabilitation
STIWELL, Innsbruck, Austria

e-mail: schick@neuro-reha.info

Introduction
and Explanation of Terms

1.1

It is intended to provide a useful classification of
the inconsistent terminology and reflects the
opinion of the author. The most frequently used
terms are described. Fig. 1.1 illustrates the terms
and their predominant use for the therapeutic
field in the context of electrical stimulation (ES).

Figure 1.1 is based on extensive literature
research and experience of the most common
usage and does not claim to represent the lan-
guage choice of all actors in electrical stimula-
tion in a universally valid way. This list is to be
understood as a contribution to the improved
comparability of studies and clinical applica-
tions. The classification and division of the forms
of therapy is based on the structure and function
level as well as the activity level of the ICF
(International Classification of Functioning,
Disability and Health).

In this book, the authors use the umbrella term
FES. This was coined by the scientists Moe and
Post in 1962 [1]. The older term Functional
Electrotherapy (FET) [2] has not gained accep-
tance among experts (Fig. 1.2) and is now used
only occasionally [3]. The term FES is probably
the most commonly used term in literature [4].
Electrical stimulation is called functional if the
contractions triggered by the stimulation are
coordinated in a way that they compensate for a
restricted or absent support function.
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therapy on structure or
functional level

neuromuscular
electrical stimulation
NMES

therapy on functional level,
activity level or action level

functional electrical
stimulation FES
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EMG-triggered neuromuscular
electrical stimulation
EMG-NMES

cyclic neuromuscular
electrical stimulation
cNMES

electrical myostimulation
=

transcutaneous electrical
nerve stimulation
TENS

sensory-afferent electrical
stimulation PES/SAES

EMG-triggered FES
EMG-FES

EEG-triggered FES
EEG-FES

cyclic FES
cFES

contralateral controlled FES
ccFES

functional multichannel
electrical stimulation

fMES

EMG-triggered multichannel
electrical stimulation
EMG-MES

Fig. 1.1 Comparison of functional electrical stimulation (FES) and neuromuscular electrical stimulation (NMES) and
their further development

Thus, FES in the proper sense does not denote  electrical stimulus [5]. According to another logi-
muscle stimulation that triggers contractions of cal definition, the FES is an electrical stimulation
muscle groups or a single muscle by means of an ~ during the execution of a voluntary movement.
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milestones
of functional electrical stimulation (FES)

functional electrical
stimulation
gait training

functional electrical
therapy
gait training

Fields et al. 1987
Kraft et al. 1992

Liberson et al. 1961

Fig. 1.2 Milestones in functional electrical stimulation

This means that every time a person wants to per-
form a movement, he or she receives electrical
assistance from the electrical stimulation device
[3]. This distinguishes FES from passive neuro-
muscular electrical stimulation (NMES), which
is not designed for active, functional, or task-
oriented patient cooperation. Some authors con-
sider FES a sub-area of NMES [6]. The author of
the contribution does not agree with this classifi-
cation. NMES has a rather passive treatment
approach which focuses mainly on structural and
functional deficits. It is used for atrophy prophy-
laxis, muscle strengthening, toning or detonation
of muscles, for certain forms of spasm treatment,
to promote blood circulation, or to improve sen-
sory perception. This represents a significant dif-
ference from the above-mentioned definitions.

If the stimulations are given by an electrical
stimulation device at defined, temporally repeat-
ing intervals, this is referred to as cyclic neuro-
muscular electrical stimulation (c(NMES).

Early work further specifies FES as
Electromyography  (EMG)-triggered  FES
(EMG-FES), in which impulses are triggered
when a certain threshold is reached according to
EMG measurement [7, 8]. EMG-triggered stim-
ulations are mostly described in the literature as
EMG-triggered neuromuscular electrical stimu-
lation (EMG-NMES) [9]. The emphasis of the
therapy with EMG-NMES is based on a cyclic
movement electrically supported by the stimula-
tion device, which is actively initiated by the
patient. The conscious initiation of movement

EMG-
triggered FES
upper extremities

EMG-
multichannel FES
upper extremities

multichannel FES
gait training

Bogataj et al. 1995 o
£ : von Lewinski et al. 2009

and muscular activity of a stroke patient is the
main focus of EMG-NMES. EMG-triggered
stimulation devices with only one stimulation
channel are usually used in these cases [10].
This form of therapy focuses on the repetitive
aspect similar to cyclic stimulation. This distin-
guishes the EMG-NMES from EMG-triggered
multichannel electrical stimulation (EMG-
MES; see below), in which a task-oriented,
active therapy approach is explicitly required.
Switch-triggered neuromuscular electrical stim-
ulation (SNMES) [11] is another option. This
technique is used to assist stroke patients or
paraplegic patients while walking, again mainly
using the term FES [3]. Transcutaneous electri-
cal nerve stimulation (TENS) is used not only in
pain treatment, but also in electrical myostimu-
lation (EMS), for example in postoperative
functional paresis, in sports, but also occasion-
ally in stroke therapy [9]. In the case of TENS,
which is also designed to be passive, the mini-
mization of muscle atrophy rather than func-
tionality is usually the first priority apart from
pain treatment. Muscle contractions in this case
are amplitude-dependent, since one cannot only
stimulate in the sensory-threshold area but in
the motor-threshold area via neuromuscular
excitation at the motor end plate [12].

Also, the term EMS is misleading since the
muscle itself is not directly stimulated, but always
the upstream nerve based on the corresponding
stimulation parameters. Only a few studies on
muscle stimulation after nerve damage in animal



experiments use EMS in the study description
[13]. In sports therapy, EMS is used for addi-
tional non-specific recruitment of muscles under
forced activity. However, this approach signifi-
cantly differs from the functional approaches
required and used in neurorehabilitation.

In neurorehabilitation, peripheral or sensory-
afferent electrical stimulation PES/SAES has
developed further in recent years as a subform of
TENS, which is characterized by the stimulation
of sensitive nerve fibers aiming for a change in
sensorimotor functions [14]. Both TENS and
PES/SAES, as well as EMS, can be considered
subsets of NMES. However, SAES can also be
actively used in therapy in a task-oriented man-
ner and with the aim of improving functionality,
and can thus be assigned to FES (Chap. 9).

In electrical stimulation of denervated mus-
cles in lower motor neuron syndrome (LMNS),
FES has been established to support reinnerva-
tion even in partial denervation. Electrical stimu-
lation is performed directly on the denervated
muscle since stimulation via upstream nerves is
no longer possible. Here, the term EMS would
actually make sense in the early phase, but this
does not correspond to the common use and indi-
cation of EMS. Also, EMS stimulation devices
are not regularly designed for the treatment of
denervated muscles due to their technical
equipment.

Examples of the treatment of neurological
patients with LMINS are described in detail below
(Chap. 8). The therapeutic treatment approach of
the FES considerably differs from the forms of
stimulation used for damage to the first motor
neuron or upper motor neuron syndrome (UMNS)
in the selection of the necessary current parame-
ters, e.g., pulse widths, frequencies, and current
shapes. This treatment approach also focuses on
the therapeutic goal of improving functionality
and requires the active cooperation of the patient
according to his possibilities, and thus justifies
the name FES.

A clinically relevant form of FES in the con-
text of motor learning in patients with UMN
impairment is patient-initiated FES or EMG-
FES. However, many available electrical stimula-
tion devices have only one stimulation channel,

T. Schick

which considerably reduces the possibilities for
functional and action-oriented therapy.

For modern products with four or more stimu-
lation channels, another specification for multi-
channel FES (MFES) for the treatment of UMNS
is EMG-triggered multichannel electrical stimu-
lation (EMG-MES) [15-17]. The special possi-
bilities of using this modern method are described
in detail and illustrated with practical examples
in Chap. 6.

As could be seen in the previous section, it is
usually difficult to identify a uniform term for
electrical stimulation. The following example
will illustrate this. The American Stroke
Association (ASA) guideline on post-stroke care
[18] recommends, among other things, the use of
NMES in stroke patients with minimal functions
and shoulder subluxations. According to the
authors, these recommendations are based on
several randomized control trials (RCTs) primar-
ily on FES in stroke patients [19, 20]. Also, there
is no uniform use of terms. This shows the urgent
need to agree on international uniform definitions
of the different forms of stimulation.

To simplify and improve clarity and for rea-
sons of plausibility, the authors of this book pre-
dominantly use the designations FES,
EMG-triggered electrical stimulation (EMG-ES),
and EMG-triggered multichannel electrical stim-
ulation (EMG-MES). The reason for this is
mainly the emphasis on the manifold possibilities
especially of EMG-MES in the context of task-
oriented practice and the expected positive effects
on plastic changes and synaptic reorganization in
the context of motor learning.

The classical electrotherapy procedures are
not described in this book, as the activity-
enhancing FES therapies are preferred in
neurorehabilitation.

Summary

Electrical stimulation is said to be func-
tional if the contractions triggered by the
stimulation are coordinated in a way that
they support a restricted or absent
function.
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1.2  History of Functional

Electrical Stimulation

It was a long way of acquiring knowledge and
experience in the field of electrical engineering as
well as human physiology and pathophysiology
until the FES emerged in its differentiated form
as it is available to the user in neurorehabilitation
today. Records of the use of electrical shocks by
citterrays or electric eels date back to the 4th mil-
lennium BC [21]. In antiquity, the Greek natural
philosopher Thales first described the electro-
static charging of amber (Gr.. Tf\extpov/
Electron), which still shapes the name of electri-
cal therapy today [22].

Targeted attempts at electrical stimulation in
humans only became public with the discovery
and invention of the “Leiden bottle” by von Kleist
in 1745. A kind capacitor enabled the application
of electricity [23]. Early written documentation
of experiments and hypotheses of effects on
humans can be found in the book of the French
mathematician and philosopher Louis Jallabert
who, as an experimental physicist in Geneva in
the middle of the eighteenth century, described
the first observations of the effects of electricity
on humans [24]. In the same book, interesting
experimental observations in stroke patients are
described by Professor de Sauvages from
Montpellier in the form of a missive to his col-
league Doctor Bruhier. Therein, he reports on
systematic, daily electrical stimulation of patients
who, following the treatment series, regained
functions of the hand and arm and improved their
walking and stair climbing.

In 1770, the German Johann Friedrich
Hartmann published an extensive work with a
detailed set of rules for electrical stimulation in
various diseases. One of his focal points was the
treatment of neurological patients with paralysis
using electricity [25]. Only 6 years later, the
German physician Gottlieb Schiffer published a
book on the effects of electricity on paralyzed
limbs [26]. The next milestone was set by the
Italian anatomist Luigi Galvani who became the
founder of electrophysiology. In 1780, he ran-
domly discovered the simultaneous twitching of
a prepared frog’s leg while a spark was being

passed through a nearby “electrifying machine.”
Galvani suspected electrical energy directly in
the muscle. These observations and countless
follow-up experiments with various electrical
conductors as well as comprehensive records
were the basis for the Italian physicist Alessandro
Volta to develop his own energy source in the
form of a battery at the beginning of the nine-
teenth century. He was the founder of the theory
of electricity [27].

In the same century, the French physiologist
and neurologist Guillaume-Benjamin Duchenne
developed muscle stimulation; he is still consid-
ered the father of electrotherapy. Among other
things, he made numerous experiments on the
stimulation of facial muscles [28]. During this
time, the neurologist Robert Remark from Berlin
described the first specific paralysis treatments of
the hand where he defined the muscle stimulation
points [12].

In 1831, Michael Faraday developed the elec-
tromagnetic machine, a precursor of today’s elec-
trical therapy devices which generated alternating
current by means of a rotating metal coil. The
term “faradic current” has evolved at this time
[29]. Since that time, the application of current in
the body was also used for diagnostics. It was
clinically observed that paralyzed musculature
reacts only to galvanic (direct current), but not to
faradic current (alternating current).

The French neuroscientist Louis Lapicque
shaped the beginning of the twentieth century
with the term rheobase as a measure of the mem-
brane potential. Thus, the excitation threshold
could be determined. The rheobase describes the
current intensity at which excitation was just
achieved for an infinitely long stimulus time [30].
Another parameter was the Determination of the
chronaxy which is the shortest current flow dura-
tion for tissue excitation at double rheobase. The
determined parameters were now also used for
the diagnostic assessment of nerve damage.
Adrian [31] produced the first curves for the
assessment of healthy and damaged human
muscles.

From the 1950s, portable, battery-powered
electrical stimulation devices were available. The
invention of the transistor in 1948 enabled the
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development of such portable electrical stimula-
tion devices. A few years later, Vladimir Liberson
emphasized on the term “electrical stimulation”
for the first time.

Functional electro-therapy (FET) for percus-
sive patients with foot dorsiflexion weakness is a
current-assisted functional alternative to conven-
tional orthoses. He documented improved func-
tional outcomes after electrical stimulation [2].
A short time later, the term was changed to
Functional Electrical Stimulation (FES) [1]
which has endured to this day. Despite encourag-
ing reports over more than two and a half centu-
ries, functional electrical stimulation (FES) did
not become established in the rehabilitation of
neurological patients until the twenty-first cen-
tury. Until the turn of the millennium, it was still
rarely used in patients with central paralysis,
although significant studies on EMG-triggered
FES in stroke patients [7, 8] and first papers on
multichannel electrical stimulation to improve
walking [32] had already been published in the
1980s and 1990s. Vogedes wrote in the Year
2000 “...still the treatment of central paralysis
with electrical therapy is rarely performed in
Germany. For many physicians and therapists,
the treatment of central paralysis is still an abso-
lute contraindication for the entire spectrum of
electrical therapy” [33]. However, the same
author referred to new therapeutic possibilities
of EMG-triggered electrical stimulation. In
2004, Wenk writes justifying “...the treatment of
central paresis is still met with skepticism today.
(...) Critics must be told in no uncertain terms
that this electrical therapeutic method is only
ever used in combination with recognized meth-
ods such as Bobath, Vojta or PNF. Electrical
therapy can only provide a positive basis in the
sense of inhibition and facilitation primarily at
the spinal cord level” [34].

This aforementioned skepticism and criticism
are now outdated and overcome. Chapter 3 pro-
vides modern approaches to clarify the actual
mode of FES. Bossert writes in 2014 about
EMG-ES: “...even in central paresis, the Ist
motor neuron should be activated and thus move-
ment reinitiated” [12]. Fortunately, FES is
becoming increasingly established in neuroreha-

bilitation, due to an increase in research activities
in the field of FES, but also in motor learning
[35], and neuroplasticity [36] (Chap. 2). This
process has been supported by the development
of modern electrical stimulation devices, which
no longer control impulse triggering in a purely
device-driven manner, but in a patient-initiated
manner, e.g., by EMG or sensor triggering.

In recent years, technological progress has
provided additional impetus: User-friendly mod-
ern electrical stimulation devices with more than
one stimulation channel have been developed,
described, and investigated [15, 16, 32, 37, 38].
These can be used to target stimulation not only
of individual muscle groups but also of entire
movement sequences in patients with UMNS [4].

Functional, activity-enhancing and action-
oriented electrical stimulation has thus arrived in
modern neurorehabilitation and is becoming
increasingly established. The many therapeutic
options of FES for increasing the function and
activity of a neurological patient are summarized
in detail in this book. Well-founded, up-to-date
knowledge from science and extensive clinical
empiricism are intended to provide users, as well
as criticists, with an understanding of the current
data situation and the rehabilitative application
possibilities. Fig. 1.2 shows the significant publi-
cations from the early FET and FES in single-
channel application to the first FES with EMG
triggering, MFES, and later of EMG-MES in
stroke patients.

Summary

The term FES was first mentioned in the
literature in 1962 and is still predominantly
used today.
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Plasticity and Motor Learning

Patricia Meier

For a long time, treatment concepts in neuroreha-
bilitation were based on the assumption that
recovery of motor function is determined exclu-
sively by sensory input. This hypothesis was the
basis of many traditional treatment methods,
such as the Bobath or the Vojta concept. However,
none of these therapeutic methods could achieve
reasonable results in scientific studies [1].

Technological advancements, particularly in
diagnostic imaging, and the growing knowledge
of brain function helped to change this belief.
The knowledge about neuronal plasticity and the
evidence of changes on a structural and func-
tional level led to a rethinking of therapeutic
interventions in neurorehabilitation.

Modern treatment approaches have evolved
from the more restrictive to exercise-dominant
treatment methods that follow the principles of
Motor Learning [2]. The comparison of these
“Motor relearning programs“with the traditional
concepts confirms the usefulness of this rethink-
ing especially in terms of effectiveness and
regarding the quality of the movement [3].

P. Meier (D<)
Medical University of Innsbruck,
Department of Neurology, Innsbruck, Austria

VASCage GmbH, Research Centre on Vascular
Ageing and Stroke, Innsbruck, Austria

2.1 Plasticity

Plasticity or neuroplasticity describes the ability
of the nervous system to adapt its structure or
function in response to internal or external condi-
tions. This can manifest through a transformation
of cortical areas or an increase in synaptic effi-
ciency [4].

Neural plasticity can be based on a wide vari-
ety of neuroanatomical and neurophysiological
processes, so that we speak of either structural or
functional plasticity in each case:

— Structural or anatomical plasticity describes
changes on a structural level. Structural adapta-
tions are, for example, an increase in dendritic
branches and synapses or the sprouting of axons.

— Functional or chemical plasticity encompasses
all changes on a functional level. Functional
changes are pre- or postsynaptic adaptations,
such as increased neurotransmitter release or
increased receptor density at the postsynaptic
membrane [5].

Summary
Depending on the underlying mechanisms
of neuroplasticity we speak of:

— Structural or anatomical plasticity.
— Functional or chemical plasticity.
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Therefore, the nervous system is not a rigid
structure but can change due to external or inter-
nal influences such as an increased use of an
extremity or a traumatic event, like a stroke.

After neurological damage, a reorganization
of the brain happens based on these plastic
changes. This process is referred to as injury-
induced neuronal plasticity. Injury-induced plas-
tic changes occur primarily in the first weeks and
months after an acute event [6].

Brain damage initiates sprouting of axons as
well as unmasking of neural pathways and syn-
apses. Unmasking means that usually unused,
inactive synaptic connections are stimulated into
activity [5]. In stroke, the decrease of the edema
around the infarct area additionally leads to func-
tional improvement, as non-destroyed areas can
become active again.

However, as described, neuronal plasticity does
not only take place initiated by damage, but also
by an increased use of the (affected) extremities in
the sense of a Motor Learning process. This type
of plasticity plays an important role in rehabilita-
tion and is referred to as training-induced neuronal
plasticity [7]. Even in healthy individuals, a change
in cortical structures is observed owing to increased
use. For example, frequent practice with a guitar
can increase cortical representation of the fingers
in the homunculus. Until now various imaging
techniques made it possible to observe pronounced
plastic changes in the brain during several physio-
therapeutic interventions. The restructuring of the
neuronal system subsequently leads to an improve-
ment in motor function, whereby various mecha-
nisms at the neuroanatomical, neurochemical, and
neurophysiological levels may be responsible for
the recovery of function [4].

The basic mechanism of these plastic pro-
cesses is long-term potentiation (LTP). LTP
means that repeated activation in rapid succes-
sion improves synaptic efficiency and thus the
transmission of excitation [8]. Subsequently, the
persistence of increased synaptic connectivity
can lead to structural changes such as synapse
assembly or synaptic remodeling.

P> Long-term potentiation (LTP) is the basic
mechanism for plastic processes during Motor
Learning.

Because of LTP, cells that are active together
link together. This process, which is important
for training-induced plasticity, is often described
with the words “what fires together — wires
together” and is known as Hebbian plasticity [9].
This synchronization of neuronal activity pro-
motes not only synaptic efficiency but also axo-
nal growth [10] or the sprouting of dendritic
branches with the aim of forming new synapses
for the corresponding connection.

Therefore, it is crucial that the therapist knows
his responsibility to design functionally relevant
tasks to effectively link the cells. In neuroreha-
bilitation, this principle is known as “practice
makes perfect”.

Summary
Depending on the cause of appearance of
neuroplastic changes we distinguish between:

— Injury-induced neuronal plasticity.
— Training-induced neuronal plasticity.

The recovery of functions, especially after a
central lesion or a tumor, is thus largely depen-
dent on compensatory mechanisms of the brain
[11], like cortical restructuring. Induced through
injury and training of motor functions increased
activation in associated brain regions near or far
from the lesion can be shown [7] as well as
increased neuronal activity in cortical areas
where the trained body part is represented.

Therefore, various brain mechanisms can lead
to functional improvement: On the one hand, sur-
rounding cortex regions can at least partially take
over or support the function of the damaged brain
area. On the other hand, intraregional changes
take place, changes within the affected area of the
(motor) cortex, defined as map expansion. Also,
activation of the same region of the contralesion-
ally (unaffected) hemisphere supports reorgani-
zation [7] and recovery of motor functions [12].

Conversely, in the absence of a stimulus, i.e.,
when individual functions are no longer needed,
the corresponding cortical representation can be
reduced. This follows the well-known principle
of “use it or lose it” [13, 14].
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Functional improvement after cortical lesions can
also be achieved through compensatory mechanisms
of voluntary motor function. This is described by the
principle of motor equivalence. It means that even
years after a brain damage function can increase
despite motor and neurological deficits [15].

Neuronal plasticity is a continuous and
dynamic process, meaning that it does not only
take place in case of a spontaneous healing pro-
cess of the nervous system, but it can also be
achieved by any Motor Learning process through
consistent training.

2.2 Motor Learning

Motor Learning represents a relatively permanent
improvement in a person’s capability to perform a
motor skill and describes the process of acquiring
motor skills and complex actions through train-
ing. The learning process is based on the same
principles both in patients with damage to the
(central) nervous system and in healthy individu-
als. The neuroplastic changes that occur because
of the learning process differ though.

2.2.1 Stages of Motor Learning
Every Motor Learning process can be seen in stages
[16]. Transitions from stage to stage are fluid, so it is
not always clear in which phase the learner is. Roughly,
however, three phases can be distinguished:

e In the initial stage of Motor Learning, the cog-
nitive stage, different strategies are tried to
master a certain motor task. The therapist’s
support, either in the form of manual assis-
tance or verbal feedback, is most needed.
Verbal feedback can also be given during per-
formance and should therefore be short, clear,
and reduced to essential hints. For the same
feedback, the same wording should be used
[12]. The patient needs to be focused and
aware of the task to be able to perform it, yet
some errors take place in this stage [17].

e In the associative stage motor pathways of the
task to be learned are already better consoli-
dated, meaning the task is performed with less

1

and less variability until the optimal strategy is
finally found [17]. From this point on, the thera-
pist should refrain from manual support, but tar-
geted feedback is still important. However, this
feedback should be given with latency to the
task to avoid overlapping with the intrinsic feed-
back for movement control [18]. Once the
movement strategy has been established, exer-
cises can be varied slightly.

¢ In the autonomous stage of Motor Learning the
movement program of the task to be learned is
already automated. This means that the move-
ment can be performed almost optimally with-
out requiring greater attention or concentration
[17]. At this stage, it is possible to focus more
precisely on individual components of the
movement to economize them. Variation of the
exercises as well as the incorporation of diffi-
culties is now necessary to maintain the
patient’s motivation [12].

Summary
Stages of Motor Learning:

1. Cognitive stage: The patient needs to be
focused and aware of the task, yet some
errors take place in this stage. The goal
is to develop an overall understanding
of the skill.

2. Associative stage: The patient demon-
strates a more refined skill at the end of
this stage with almost no errors during
the movement.

3. Autonomous stage: The motor skill
becomes mostly automatic. The task
should be varied until it can be done in
every environmental condition.

2.2.2 Principles of Motor Learning

When acquiring a new task, certain principles
must be followed for an efficient Motor Learning
process.

A central requirement is frequent repetition
[19-21]. This is particularly plausible because, as
already described in Sect. 2.1, cortical reorgani-
zation only occurs with repeated stimulation
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(LTP). It is not possible to give an exact figure for
the number of repetitions because of the numer-
ous factors influencing the learning process.
However, it is certain that an immense number of
repetitions at regular intervals is required to stim-
ulate neuroplastic changes [22].

In the associative and autonomous stages of
learning, however, the movements must not always
be repeated identically, but should be variable [23].
The variation of the movement may only be given
by small changes and must be done systematically.
For example, in grasping exercises, the object to be
grasped could be exchanged or placed on a different
position. This guiding principle of Motor Learning
is known as “repetition without repetition“[17].

Another fundamental principle is shaping.
Shaping means that the exercise to be learned
should be adapted to the patient’s performance
limit. Adjustments can be made either through
increasing or decreasing the degree of complex-
ity [12]. The ‘shaping to the performance
limit“can be done in a variety of ways:

e From single-joint to multi-joint movements.

* Isolated practice with one limb to complex
actions (involving the whole body).

* From slow to fast movements.

e From static to dynamic exercises (regarding
trunk or balance training).

* From closed to open kinematic chains.

e From simple to difficult body position (lying,
sitting, standing, etc.)

e From undivided to divided attention.

* None, one, several objects (for movements of
the upper extremity).

¢ None, one, several obstacles (for movements
of the lower extremity).

Shaping of the affected limb (also in combina-
tion with restriction of the unaffected side) serves
to promote the inclusion of the limb in everyday
activities. When this principle is not taken into
account, the negative movement experience with
the affected side and the positive experience with
the healthy side can develop into “learned non-
use““of the affected limb [24].

Exercises in physical therapy should also be
close to everyday life and action-oriented [21],
since biomechanical and neuromotor mecha-
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nisms are organized during activity. Therefore,
the more the exercise situation corresponds to
reality, the easier it is to transfer what has been
learned to everyday life [22]. Yet, it is not enough
to work through standard exercises that are gen-
erally close to everyday life. The exercises should
be individual and thus relevant to the patient, so
that the learner can muster the necessary atten-
tion and motivation. Therefore, a detailed assess-
ment of the patient’s condition and a joint
formulation of goals is very helpful [17].

When practicing situations of everyday life
with the patient, also think about external factors
of everyday life (fellow human beings, street
noise, etc.) and try to include them in therapy.

If the patient lacks the physical prerequisites,
for example, strength or range of motion, to mas-
ter a task, it can also be useful to split the task
into different components. In this case, the learner
must be made aware of the complex end goal of
the exercise to understand its meaning [25].

Task- and problem-specific training should
take place five times per week for 30 to 45 min-
utes in order to achieve an improvement in motor
skills [26]. Additional independent home training
and attendance at group physical training are rec-
ommended to consolidate what has been learned
[17]. For this very reason, it is advantageous for
patients to find themselves in an enriched envi-
ronment at home or in rehabilitation [22]. The
stimulus for physical activity and social interac-
tion (enriched environment) has a positive effect
on the reorganization of the brain and thus on the
rehabilitation process.

Summary
Principles of Motor Learning:

— Repetitive training.

— Variable practice.

— Shaping.

— Restriction (of the unaffected side).

— Action-oriented and task-specific training.
— Goal-oriented training.

— Frequent training (dosage/duration).

— Enriched environment.
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2.2.3 Factors Affecting the Motor
Learning Process

Every learning process can be positively or
negatively influenced by a wide variety of fac-
tors. In Motor Learning, motivation, but also
the correct use of manual guidance and feed-
back play an important role in the various
learning stages.

Motivation is the central aspect of Motor
Learning [17]. Motivation can be intrinsic, driven
by internal rewards, or extrinsic, led by external
factors:

— The patient’s intrinsic motivation depends
strongly on the movement experience and on
successes made in physical therapy. It can
therefore be promoted by the therapist through
adequate exercise design (Sect. 2.2.2).

— The extrinsic motivation can be enhanced
through an adequate therapy-goal (external
factor) that should be defined in collaboration
with the patient.

Positive reinforcement plays a central role in
promoting motivation. Feeling successful to pro-
vide a positive experience in the brain of a learner
can be achieved by the therapist giving positive
feedback (explicit feedback). The principle of
giving positive feedback on a “successful” move-
ment is already known from Edward Taub when
reporting about learned non-use [27] and is also
applied in Motor Learning.

Feedback should be adapted to the learning
stage and should therefore be given either during
the exercise in the cognitive stage or with latency
in the associative and autonomic stage [1].
Feedback can either be given about the result of
the movement (knowledge of results/KR) or
about the performance (knowledge of perfor-
mance/KP) but should primarily be positive. To
be able to give positive feedback on the execution
of movements, the degree of difficulty of the
exercises must always be adapted to the patient’s
performance level (shaping) (Sect. 2.2.2).
Complexity of the exercises should just be

manageable and only be increased when patients
improve. Conversely, complexity should be
reduced in case of repeated failure [12]. If the
patient is always in a situation in which he can
perform an activity or develop a motor strategy,
this in turn creates a positive movement experi-
ence, which promotes the patient’s intrinsic
motivation.

If demands are too high, stress and anxiety can
occur and negatively influence the learning pro-
cess [28]. Consequently, the therapist has to
adjust the exercises, give the patient more breaks
or, if necessary, seek a conversation to find out
about the cause or other factors that may trigger
stress and overload [17].

Movement learning is not only influenced by
augmented feedback from the therapist, but also
by intrinsic feedback of movement perception
[12]. Modern treatment approaches, however,
reduce the internal focus, e.g., “Stretch your
elbow!”, as the superiority of practicing with an
external focus has been shown in studies [29]. In
grasping exercises, an external focus can be a
glass, for example. The therapist’s instruction
would follow this focus by saying “Grasp the
glass!”. The results in favor for an external focus
in practice are not surprising, since no one is
likely to think about what position their joints are
in when stirring their tea, but only whether the tea
and sugar are mixing well. External focus can be
provided not only by visual cueing, but also by
tactile or auditory cueing (in terms of rhythm).

Another factor influencing the Motor
Learning process is manual guidance provided
by the therapist. In the initial learning stage,
when an effective movement strategy is devel-
oped, manual guidance (“hands on”) can be
beneficial for the learning process [17]. In the
later learning stages, in which the exercise is
nearly errorless and the transfer of the move-
ment into different situations is most important,
working without manual support (“hands off™)
is more effective. Hence, it can be said that
“hands on” and “hands off” can have a positive
and negative influence, depending on the learn-
ing stage in which they are used [1].



Summary
The process of Motor Learning is influ-
enced by:

— Intrinsic/extrinsic motivation.

— Reinforcement.

— Intrinsic/augmented (KP/KR) feedback.

— Focus of attention (internal/external).

— Cueing.

— Manual guidance: “hands-on”/ ,hands-
off™.

2.3  Motor Learning and FES

Therapy with FES after neurological damage
focuses on the restoration of movement skills.
There is no concept that must be followed, but the
principles and influencing factors of Motor
Learning should be considered. In fact, these
principles can be easily taken into account in ther-
apy, since FES coincides in many aspects with the
approaches in Motor Learning (see Table 2.1).

Summary

The following aspects are of great rele-
vance in Motor Learning and can be ideally
implemented in therapy with FES:

— High repetition.

— Active training.

— Motivation.

— Reinforcement (positive reward-predic-
tion error).

— Task-specific and goal-oriented training.

— Shaping.

— Variable practice.

— External focus of attention.

— Feedback.

— Frequent training (dosage/duration).

First and foremost, targeted, reproducible
functions should be practiced with frequent rep-
etition. The FES device’s request for stimulation
triggering (in the case of EMG-triggered stimula-
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tion) particularly motivates increased repetition.
The triggering function works like a recurring
request to move and therefore facilitates extrinsic
motivation.

Since an active training should be preferred,
EMG-triggered FES is to be aimed for even in
more severely affected patients [21]. When using
an EMG trigger, the patient must cross an indi-
vidual preset activity-threshold with one of the
muscles to be stimulated. This activity threshold
can be set very low, as most devices have a sensi-
tive EMG measurement. As the patient starts the
movement, this weak impulse is then amplified
by the electrical stimulation device and starts the
stimulation of all channels with the set parame-
ters of contraction and release time. Consequently,
the FES enables an active training even in patients
with severe paresis. Without the support of stimu-
lation, it is often difficult to execute adequate
functional training due to a low residual function,
and only partial components that can be trained.

However, the FES not only promotes increased
repetition and an active training, but also a con-
stant reproducibility of a movement by support-
ing and guiding the movement. This provides
relief to the learner, especially in the cognitive
phase. The enabling of a reproducible movement
helps to gain positive movement experiences
(reinforcement through a positive reward-
prediction error), which encourages the patient’s
intrinsic motivation. Furthermore, the support
provided by electrical stimulation gives the feel-
ing of a certain ease of exercise (positive feed-
back), even though patients exercising with FES
train on their limit of performance.

Observe patients’ positive emotions when
FES assists them while carrying out a
movement as well as their satisfaction when
they are able to perform a task for the first
time again due to the support of the
stimulation.

With a multichannel system technology, FES
also enables complex movements and thus
actions related to everyday life. Since the rele-
vance of an exercise for everyday living (also
consider an adequate goal setting) is particularly
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Table 2.1 FES and the Motor Learning process

high
repetition

active
training

motivation

task-specific
and goal-
orientated
training

shaping

variable
practise

external
focus of
attention

feedback

frequent
training

- repetitive EMG-trigger

- support of muscle strength/contraction

- acoustic signal at the start of the
movement

- EMG-trigger
- support of muscle strength/contraction
- adaptation of frequency and

pulse widths

- repetitive EMG-trigger
- support of muscle strength/contraction
- constant reproducibility of a movement

- multichannel system technology
- individual plateau-pause settings
for each channel

- adjustable rise time and fall time settings |

- multichannel system technology
- individual plateau-pause settings
for each channel
- adjustable rise time and fall time settings

- adaptation of frequency and
pulse widths

- multichannel system technology

- possibility to alter channels/stimulated
muscles

- individual plateau-pause settings
for each channel

- adjustable rise time and fall time settings

- tactile cueing: initiation of the
movement through the increase of
the current

- auditory cueing by an acoustic signal
at the beginning of the movement

- the constant rhythm of movements
generated by plateau-pause times
makes it easier for the patient to
concentrate on an external visual focus

- proprioceptive feedback through
the electrical stimulation

- visual feedback of the successful
movement through the support of
the FES

- unsupervised training possible;
increases the necessary therapy
dosage/ duration/ frequency

- individual therapy through individual
programs (set by the therapist)

rehabilitation phases (R) &
learning stages (L)

where the FES support factor can be beneficial

R: all phases

L:

all stages

: all phases: advantage in acute care when

active training is not yet possible due to a
severe paresis

: all stages

: all phases

: all stages

: all phases: especially important when

activities of daily living and back-to-work
activities are focused

: all stages

:all phases

: especially helpful in cognitive stage when

the level of difficulty has just been increased

:all phases

: especially helpful in later learning stages,

as the combination of therapy and FES
allows more gradations of variation

: all phases

: cueing strategies through FES particularly

facilitate the cognitive stage

: all phases

: all stages

: especially important in later phases when

supervised therapies take place less often
(e.g. only twice a week)

: all stages
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important for the Motor Learning process, a
multichannel system should be preferred in any
case. Task-oriented training is easy to implement
because of the individually adjustable channels.
Phases of stimulation (plateau) and pauses (con-
traction and relaxation time of the muscles) can
be adjusted like the rise and fall times (rise and
fall of the current) for each muscle involved in a
movement. This helps to mimic a physiological
movement as accurate as possible and supports
the learning of any everyday activity.

P For complex movements, the therapist must
be more skilled in using the FES to recognize
the activation patterns of the actual movement
and to adequately adjust the various parameters
and plateau-pause times.

When exercising with FES, it is as important
as in training without stimulation, to adapt the
exercises to the patient’s performance level.
Shaping can be done even more precise, because
of additional parameters to adjust on the stimula-
tion device, like force (stimulation frequency) or
movement velocity (contraction-, release-, rise-,
and fall time).

P If you want to adjust an exercise, do not
change all channels at the same time, but
change one channel (one joint or movement
component) first, then two channels, and so on
to make the transitions smoother.

FES eases the shaping process, when increas-
ing the complexity of a task, for example, when
the limb to be trained should be incorporated into
an action like grasping and moving an object or
when several body parts should get involved. The
FES supports the patient in the cognitive phase
because the affected limb is kept in the usual
movement sequence that was already trained
with the preset stimulation program. Thus, more
concentration remains for the actual task, the
objects or the steps of execution, which addition-
ally helps to shift to an external focus.

b~ If grasping in sitting already succeeds without
problems and even with variation (object size

and position), the stimulation protocol can be
maintained and the context can be changed,
for example, by moving the glasses from the
countertop to the cupboard in a standing
position.

Variability in the exercise situation can be
obtained with FES from two sides:

— On the one hand, you can, as usual, vary the
objects or the environment with which or in
which you work. For this purpose, the
stimulated muscles and the plateau-pause
times do usually not need to be changed, since
the movement merely takes place in a differ-
ent context.

— On the other hand, you can change the patient’s
starting position (ASTE), which slightly alters
the movement. In this case, it is recommended
to additionally adjust the plateau-pause times
to the new movement.

P> When you start working with FES, don’t give
up if it seems difficult or takes a little longer to
change program settings on the device. After
some tries, you will be faster than you think —
it is very intuitive!

The constant rhythm of movements generated
by electrical stimulation (preset plateau-pause
times) has proven to be particularly beneficial for
Motor Learning, as this corresponds to tactile
cueing. The cueing of the movement rhythm
takes place through the increase of the current
(external stimulus) at a certain point in time,
depending on the preset stimulation protocol. The
support of the timing of the movement makes the
task easier for the patients because they are less
focused on coordinating the sequence of move-
ments in the task-solving process. Accordingly,
there is facilitation in the cognitive stage and thus
acceleration of the onset of the associative stage
of Motor Learning. Training with an external
focus, in the sense of visual cueing, is supported
by the guiding of the movement (plateau-pause
times), as the learner can focus more on the tar-
get. Auditory cueing also takes place in FES to a



2 Plasticity and Motor Learning

17

certain extend. An acoustic signal from the device
reports back to the patient when the pause is over,
and the movement should be started again.

Cueing strategies through FES do not only
serve to initiate or ease movement, but also sup-
port augmented feedback of the movement (KP)
and feedback on movement success or failure
(KR).

To gain motor function or maintain what was
learned, regular individual training is necessary,
but often problematic when patients leave acute
care facilities, due to various reasons. These can
either be a lack of facilities nearby, a lack of time
(appointments), or a lack of financial support of
the insurance companies. However, the recom-
mended therapy frequency of five times per week
for 30-45 minutes [26] can be easily achieved
with FES therapy, that can be done in an unsuper-
vised setting after some training sessions.
Especially in an outpatient setting, where therapy
often takes place only twice a week, FES is par-
ticularly beneficial for supporting independent
practice (Chap. 17).

P> Consider using FES to support independent
practice at home if you think your patient can
benefit from it.
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Clarification Models and Mode
of Action of Functional Electrical

Stimulation

Patricia Meier

Summary

A clinical improvement is associated with
cortical reorganization [1-3] since the
motor learning process always causes a
change in neuronal structures. This knowl-
edge is often sufficient for everyday prac-
tice, but for those interested it can be
exciting to understand the various neuro-
plastic mechanisms that are initiated
through practice with FES more precisely.

3.1  Why Does Neuroplasticity
Take Place when Practicing

with FES?

When practicing with FES training-induced neuro-
nal plasticity occurs, as in any other exercise-based
therapeutic intervention, since FES follows an
action-oriented and task-specific approach. FES
training covers various aspects that are responsible
for changes on different neuronal levels.

P> Training-induced plasticity describes changes
on a molecular and structural level through
practice, for example, through the increased
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use of a limb. The basic mechanism of these
neuroplastic ~ processes is  long-term
potentiation (LTP, Sect. 2.1). LTP leads to a
transformation ~ of  synapses, implying
structural more stable connections through
increased formation of synapses and dendrites
as well as increased incorporation of receptors
or increased release of neurotransmitters
(increase in synaptic efficiency) [4].

FES utilizes the principle of long-term poten-
tiation (LTP), which is fundamental to plasticity,
through its exercise design with increased repeti-
tion supported by the repeated electrical stimula-
tion. This repeated stimulation in an
action-oriented context enhances cortical reorga-
nization [5]. In the sense of the phrase “what fires
together — wires together” ( [6]; Sect. 2.1), cells
that are active together, for example, through spe-
cific movement sequences supported by FES,
link together. Increased connectivity affects all
synapses involved in this particular movement.

The electrical impulses stimulate the motor
nerve fibers antidromically from the periphery,
meaning against their physiological “firing direc-
tion” (orthodromic). The retrograde impulses
depolarize the anterior horn cell. Together with
the voluntary initiated activity, i.e., an activation
of the corticospinal pathways, it can be assumed
that the coupling of the synapses is promoted in
the sense of a Hebbian plasticity [7].

Even though you are working in a motor-
threshold range with FES, not only motor but
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also sensory nerve fibers are stimulated. The
stimulation of afferent (sensory) fibers by FES
thereby arises not merely from tactile input
through cutaneous sensation, but also from
increased proprioceptive information from joint
receptors, Golgi tendon organs, and muscle spin-
dles. The enhanced multifactorial afferent
impulse of the functional stimulation also leads
to cortical changes [8—10], increased sensorimo-
tor cortex excitability (SMC), and changes in
motor cortical network activity [11, 12]. Thus,
increased connectivity results from the various
afferent input through the task-oriented focus of
FES. Consequently, sensory stimulation leads to
increased intracortical excitability of the motor
cortex mainly through a functional context [13].

FES also supports muscle recruitment, which
further results in a bigger movement [14]. Thus
patients can perform movements actively and
goal-oriented through the support of electrical
stimulation and the reinforcement of muscle
strength [15]. Therefore, another advantage of
FES compared with other active treatment meth-
ods is that movements can be executed mostly
without compensatory mechanisms or
contractions. Consequently, effective linkages
can occur from the very beginning of the reha-
bilitation process even in patients with severe
paresis.

Since training with FES includes several fac-
tors that positively influence the motor learning
process, there is also an accelerated structural
reorganization at the neural level. In addition, the
visual perception of the amplified movement
enhances motivation, enjoyment, and thus motor
learning [16].

CO-

3.2  What Kind of Neuroplastic
Changes Are Induced

by FES?

Functional electrical stimulation results in plastic
changes of neuronal structures, like increased
activation of individual primary sensory and
motor areas [17], as well as in an accelerated axo-
nal growth and in enhanced myelination of
peripheral nerves through changes on a neuromo-

lecular level [18]. Based on current literature the
following sections describe neuroplastic changes
in motor and sensory cortex, corticospinal tract,
and peripheral nerves in detail and discuss initial
hypotheses about effects on spinal cord
structures.

Most studies investigating these neuroplastic
effects of FES chose a very simple setting. That
is, in most cases, a functional stimulation of only
one or two muscle groups. Most commonly, wrist
extensors were stimulated for upper extremity
studies and plantar flexors, or dorsal extensors
were stimulated in studies involving the lower
extremity.

Effects of FES on Motor and
Sensory Cortex

3.2.1

The effects of FES on cortical structures were
first studied in healthy subjects, as it is generally
the case in new therapy approaches. In these
healthy participants, functional magnetic reso-
nance imaging (fMRI) showed an increased acti-
vation of the contralateral primary sensorimotor
cortex (SMC) and of the supplementary motor
area (SMA) due to electrical stimulation [19].
Another fMRI study demonstrated changes in
activation of movement-relevant cortical regions
as well. Functional stimulation resulted in an
increased activation of the contralateral primary
motor cortex (M1), the primary somatosensory
cortex (S1), and the premotor cortex (PMC) as
well as a bilateral activation of SMA and second-
ary sensory areas (S2) [11] (Fig. 3.1).

Similar findings were obtained in hemiplegic
patients as well. Using fMRI, functional stimula-
tion increased bilateral activation of the somato-
sensory cortex, which remained consistent over
time [9]. The more the exercise set-up corre-
sponded to functional training (EMG-triggered
stimulation), the more changes in cortical activa-
tion patterns shifted from ipsilateral (contrale-
sional) to contralateral (ipsilesional) SMC [20].

P> Functional improvement may be due to
different cortical mechanisms. Commonly a
shift to the ipsilesional side is referred to as
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. supplementary motor area (SMA)

premotor cortex (PMC)
primary motor cortex (M1)
primary somatosensory cortex (51)

secondary sensory areas (52)

Fig. 3.1 Motor (M1, PMC, SMA) and sensory (S1, S2) cortex areas with increased activation through training with

FES

objective improvement, whereas increased
activation of contralesional structures is
referred to as compensation.

A study by Shin et al. [20] showed the pres-
ence of a cortical shift to the ipsilesional side in
association with a significant improvement in all
clinical tests after EMG triggered neuromuscular
stimulation of the wrist extensors. However, as
we know from rehabilitation, this shift is rather
rare in patients with large lesions and severe
paresis [21]. This was also confirmed for training
with FES. Severely affected patients tended to
have an increased activation of the contralesional
side, whereas activation of ipsilesional regions
could only be shown in less severely affected
patients [22].

In order to visualize plastic changes in the
motor and sensory cortex, different imaging tech-
niques can be used. In addition to fMRI and
BOLD-fMRI  (blood oxygenation level-
dependent, BOLD), which focuses on the blood
flow in individual areas (higher spatial resolu-
tion), single-photon emission computed tomog-
raphy (SPECT) or positron emission tomography
(PET) can be used (temporal resolution). These
two imaging techniques are associated with radi-
ation exposure (albeit low) to the patient and are
therefore rarely performed in studies unless they
are absolutely necessary.

Unfortunately, there appear to be difficulties in
performing imaging while doing an FES training
with either of the abovementioned imaging tech-
niques. Apparently, the magnetic field makes it
difficult to bring the stimulation device into the
area of the tomograph and it is unclear if the mag-
netic field alters the sensation of current or if the
electrical stimulation influences the imaging
results [18]. Although there have been studies that
have attempted to demonstrate that electrical
stimulation during such imaging techniques does
not cause any problems [11], most studies prefer-
ably conduct fMRI or BOLD-fMRI imaging not
during, but rather before and after FES treatment.

However, near-infrared spectroscopy (NIRS)
can be performed during FES training without
any problems, as there are no interactions with
the stimulation device. Another major advantage
of NIRS is that patients can be in a sitting or
standing position during imaging. The basic prin-
ciple of NIRS is the detection of differences in
oxygenated and deoxygenated hemoglobin
depending on the absorption of infrared light.
The change in oxygenation correlates with the
cerebral blood flow [23], which in turn provides
information about cortical activation. Thus, Hara
et al. [14] were able to demonstrate by using
NIRS that cortical blood flow is increased in
ipsilesional SMC already during EMG-triggered
FES in moderately affected patients. Further
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studies using NIRS showed increased activity in
S2 bilaterally [8]. Consequently, we can observe
that these study results correlate with those
obtained by fMRI imaging post-treatment.

Improvement in motor function through FES
is not only associated with cortical activation, but
also with changes in synaptic activity, gene
expression, and an increase in neurotransmitter,
receptor, and neurotrophin levels [24].

This seems highly plausible, as FES maxi-
mized sensory input and motor output. An
increased proprioceptive feedback combined with
a high frequency of repetitive movement stimu-
lates pre- and postsynaptic activity along motor
and sensory pathways. This mechanism, follow-
ing the principle of Hebbian plasticity, is known
to enhance synaptic and neuronal functioning and
causes training-induced plasticity [18, 25].

The knowledge of neuroplastic changes along
the sensorimotor system through FES gives a
good explanation for the superior functional out-
comes in EMG-triggered FES approaches. EMG-
triggered FES enhances the connection of central
activation, i.e., the intention to perform a move-
ment, and peripheral activation through electrical
stimulation. Thus, this form of FES corresponds
more to the complexity of a motor learning pro-
cess. This hypothesis has already been supported
by studies showing that volitionally initiated
(EMG-triggered) functional stimulation has sig-
nificantly greater effects on motor evoked poten-
tials (MEP) [26] and on activation of the
ipsilesional cortex [14] than non-EMG-triggered
stimulation or active movement alone. These
changes in cortical excitation also correlated with
an enhanced improvement of function [14].

Since, as described, the involvement of voli-
tional initiation and prior movement planning
plays an essential role in the motor learning pro-
cess, it becomes understandable why Mental
Imagery combined with EMG-triggered FES
showed better results than FES alone. Hong et al.
showed a significant change in metabolic pro-
cesses in the cortex (contralesional SMC),
accompanied by a significant improvement in the
Fugl-Meyer test [27].

Since optimal timing of these two inputs (cor-
tical and peripheral) is critical [28], EEG
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(electroencephalography)-derived motor imag-
ery was used as a trigger for the electrical stimu-
lation. This form of “motor imagery-based
brain-computer interface (MI- BCI) controlling
FES” was successfully conducted to induce an
optimal temporal match, in terms of a “physio-
logical” arousal [29, 30].

Achieving these physiological excitation pat-
terns is not only important for the central, but
also for the peripheral nervous system.
Consequently, the movement that is “mimicked”
and supported by FES should correspond as
closely as possible to the actual movement. To
achieve a physiological movement, multiple
stimulation channels should be used. Studies that
have investigated the use of different numbers of
channels have shown that 4-channel stimulation
significantly improved motor function and corti-
cal plasticity compared to 2-channel stimulation
in stroke patients (5).

Depending on the type of stimulation, effects
on the cortex are different. The closer the FES
training gets to a physiological movement
planning/execution process, the more likely
cortical ~ reorganization  occurs.  Thus,
multichannel EMG-triggered FES with a task-
oriented approach should be preferred in any
case (provided it is adequate for the patient’s
motor level).

Summary
Effects of FES on:

— Primary somatosensory cortex and sec-
ondary sensory areas (S1, S2).

— Premotor cortex (PMC).

— Primary motor cortex (M1).

— Supplementary motor area (SMA).

3.2.2 Effects of FES on the
Corticospinal Tract

Even after 2 weeks of functional electrical
stimulation of the finger extensors healthy
subjects showed an increased activation of the
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corticospinal tract (CST), which correlated with
an improvement in function on the perdue peg-
board test (PPT) [31]. In addition to the focal
effects at the target muscle, Mang et al. were
also able to find global effects on corticospinal
excitability in healthy subjects, as demonstrated
by MEP (motor evoked potentials) using tran-
scranial magnetic stimulation (TMS) [32].
Although no imaging was performed here, at
least a meaningful statement about the func-
tional outcome can be made with the help of
TMS [33].

Wei et al. [34] investigated the effects of FES
training in subacute stroke patients and showed
an improvement in motor function and a change
in FA (fractional anisotropy) values of CST in the
internal capsule region in diffusion tensor imag-
ing (DTI). This effect has also been demonstrated
in other studies investigating the effects of FES
on CST [35].

Regarding neuroplastic changes of the CST a
multichannel stimulation is also superior. Four-
channel FES inducing a cycling movement of the
lower extremities based on a gait pattern showed
an increase in fibers and an enlargement of fiber
bundles in the ipsilateral CST (Fig. 3.2) in trac-
tography using DTI (fMRI) and may therefore be
even more effective in promoting motor recovery
and plastic changes compared with a two-channel
stimulation [5].

Since effects of FES are shown on a cortical
level and in the CST, the question arises, if there
are effects of FES training even on a spinal cord
level. This question will be addressed in Sect.
3.2.3.

Summary
Effects of FES on:

— Activation of CST.
— Number of fibers in CST.

3.2.3 Effects of FES on Spinal Cord
Structures

In clinical practice, we see that FES has a posi-
tive effect on spasticity. Electrical stimulation
leads to a reduction in muscle tone and improved
mobility and function [36, 37]. Also in the case of
spasticity the superiority of functional stimula-
tion (FES) over conventional electrical stimula-
tion (NMES) is clearly apparent [38]. Thus, it
must be assumed that FES intervenes in the
mechanism of spasticity and induces changes in
spinal neural circuits. Different hypotheses have
been put forward in this regard.

Based on the suppositions that spasticity,
increased tendon reflexes and the increased mus-

Fig.3.2 FES training shows an increased activation and proliferation of fibers of the CST
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cle tone result from a reduced cortical input with
simultaneous increased occupation of the ante-
rior horn cell by sensitive afferent fibers (espe-
cially Ia fibers) of the same segment [39],
Rushton [7] seems to have put forward a good
hypothesis:

If therapy with FES results in increased corti-
cal activation (Sects. 3.2.1 and 3.2.2), the alpha
motor neuron in the anterior horn is again increas-
ingly “needed” by efferent (cortical) pathways,
which re-establishes segmental cortico-spinal
connections in the sense of a physiological
restructuring. In combination with an antidromic
excitation of the alpha motor neuron, which is
induced by electrical stimulation (Sect. 3.1),
motor pathways can be functionally reconnected
(Fig. 3.3). This theory seems quite plausible con-
sidering that the anterior horn cell responds like a
“Hebb synapse” to LTP [40].

However, a clinical change in spasticity could
also be induced by other mechanisms since FES
influences several structures of the spinal cord
and its afferent pathways. Depending on the stim-
ulation frequency and the stimulation protocol
(to be investigated), FES could lead to a promo-
tion of reciprocal inhibition (Ia afferent) and/or
autogenic inhibition (Ib afferent) by the increased
sensory afferent input (muscle spindle, Golgi ten-
don organ). FES could as well influence a resto-
ration of the recurrent inhibition (Renshaw cell)
by antidromic excitation of the alpha motor neu-
ron (Fig. 3.4) and thus cause a reduction of spas-
ticity [41].

Unfortunately, there are yet not so many stud-
ies concerning the influence of FES on the under-
lying neuroplastic changes in the spinal cord,
probably because the development of spasticity is
a multifactorial and yet not fully understood pro-
cess and peripheral measurements are more com-
plicated than cortical imaging. Most studies are
still conducted in rats and mice, and until now,
there are only a few papers published where
humans were examined [42].

However, Stowe et al. [43] were able to show
a change in the H-reflex after neuromuscular
electrical stimulation of the upper extremity in
stroke patients. The measurement was made via
an EMG signal, whereby an increase of the

corticospinal tract (CST)
afferent sensory fibers
alpha motor neuron

muscle

spindle

Fig. 3.3 Hypothesis of FES effects on a spinal cord level:
FES promotes the restoration of physiological connectiv-
ity of cortical pathways (upper motor neurons) with alpha
motor neurons in the anterior horn [7]

autogenic inhibition

recurrent inhibition

reciprocal inhibition

alpha motor neuron

golgi
tendon
organ

muscle

spindle

Fig. 3.4 Hypothesis on neuronal influences of FES at
spinal cord level: FES influences spasticity by modulating
segmental inhibition of the alpha motor neuron [41]
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H-reflex in the paretic wrist extensors and no
increase of the H-reflex in the spastic flexors was
observed due to electrical stimulation, whereas in
the control group the values of the extensors
increased less and those of the flexors more. The
change in H-reflex due to electrical stimulation
even correlated with improved motor function of
the upper extremity in the box-and-block test
(BBT) [43].

Because of the small study population, the
interpretation of the results must be made with
caution, but it is a first confirmation of the estab-
lished hypotheses [41].

The H-reflex (named after the physiologist
Paul Hoffmann) corresponds to a muscles
intrinsic reflex. It is defined as a reflectory
contraction of a muscle due to excitation of
the spindle afferents, when a motor or mixed
nerve is electrically stimulated [44]. Excitation
of Ia fibers (spindle afferents) leads to an
activation of alpha motor neurons of the same
muscle and its synergists, and to an inhibition
of alpha motor neurons of antagonistic
muscles via la inhibitory interneurons.

Although the process of restructuring neuro-
nal circuits and thus the modulation of spastic-
ity due to FES has not yet been clearly
elucidated, having demonstrated plastic
changes in the brain and CST and functional
changes in spastic skeletal muscles, plasticity
on a spinal cord level (alpha motor neuron and
its synaptic connections) definitely seems plau-
sible [41].

However, although neuronal effects on spas-
ticity from FES are likely, not all studies can
show functional improvement of movement or a
change in spasticity [45]. This is probably
because the development of spasticity is multi-
factorial, and the progression of spasticity affects
movements and bodily structures on different
levels. If spasticity is present, not only the muscle
properties and neuronal circuits change, but also
stiffness and joint contractures occur [22], which
are often more difficult to influence therapeuti-
cally, particularly when they persist for a longer
period of time.

Summary
The effect of FES on the following struc-
tures should be further investigated:

— Alpha motor neuron.
Ia afferents.

— Ib afferents.
Renshaw cell.

3.2.4 Effects of FES on Peripheral
Nerves

With regard to peripheral nerves, FES plays an
important role especially before and after surgery
or after peripheral nerve injury. Most studies are
currently conducted in animals, primarily rats.
After surgical transection of the nerve, acceler-
ated axonal growth was shown, especially by
low-frequency stimulation. In humans, similar
results were shown by electrical stimulation after
damage of sensory and mixed nerves and after
peripheral nerve surgery. Electrical stimulation
led to an accelerated and increased axonal
growth, which resulted in earlier innervation of
the target muscles in both humans and animals
[42, 46, 47].

Patients with median nerve compression in the
carpal tunnel underwent carpel tunnel release sur-
gery (CTRS) followed by electrical stimulation of
the median nerve. Even though the stimulation
had no functional context and was performed
directly on the nerve, once, immediately after sur-
gery, brief low-frequency electrical stimulation
showed enhanced axonal regeneration 6—8 months
after CTRS. In comparison to the control group
motor units increased significantly and sensory
nerve conduction values improved [42].

Wong et al. [47] demonstrated enhanced axo-
nal growth and sensory reinnervation as well as
accelerated functional recovery by electrical
stimulation even in patients who sustained com-
plete digital nerve transection. Daily electrical
stimulation after peroneal repair was as well
associated with accelerated reinnervation of the
denervated muscle, but so far only in animal
experiments [48].
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The mechanism of electrical stimulation on
peripheral nerves is supposed to occur by
influencing the cell body. Stimulation results in
an increased calcium ion (Ca®*) influx, leading to
an increase in cyclic adenosine monophosphate
(cAMP), which can promote regeneration by
increasing the amount of neurotrophic factors
[49]. Consequently, nerve regeneration occurs
depending on retrograde transmission of action
potentials to the cell body [50].

The cause of accelerated axonal regeneration
induced by electrical stimulation is therefore an
increased release of BDNF (brain-derived neuro-
trophic factor) or an enhanced expression of
mRNA (messenger ribonucleic acid) for BDNF
and its receptor trkB (tropomyosin receptor
kinase) [51, 52] in sensory and motor nerves
(Fig. 3.5).

Electrical stimulation of Schwann cells also
caused an increase in BDNF as well as NGF
(nerve growth factor), GDNF (glial cell line-
derived neurotrophic factor), and myelin protein

Fig. 3.5 Explanatory model for the accelerated axonal
growth due to electrical stimulation: retrograde transmis-
sion of action potentials to the cell body result in the open-
ing of voltage-dependent calcium ion channels. The influx
of calcium ions (Ca**) leads, through an increase of cAMP

22 at both the mRNA and protein levels. The
increase of neurotrophic factors in the cell,
induced by electrical stimulation, thus leads to
increased axonal growth, which could already be
demonstrated in vivo, in rats [53]. Similar stimu-
lation protocols were also able to show effects on
myelination mediated via enhanced BDNF sig-
nals, indicating an accelerated remyelination of
Schwann cells as a result of electrical stimulation
[54].

In any case, further studies are needed to
explain the underlying processes of FES in
peripheral nerves in detail.

Summary
Effects of FES on:

Neurotrophic factors and its receptors.
Axonal growth.

Schwann cell myelination.
Reinnervation of denervated muscles.

lesion site/nerve transection

microtubule

and thus through an activation of protein kinase A (PKA),
to the phosphorylation (P) of the transcription factor
CREB (cAMP response element-binding protein), thereby
starting the process to produce neurotrophic factors (e.g.,
brain-derived neurotrophic factor, BDNF)
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Role of Electrical Parameters
in Functional Electrical Stimulation

Winfried Mayr

4.1  Introduction

Functional electrical stimulation (FES) is a pow-
erful tool in the hands of capable therapists, but
by far underrepresented in clinical use yet, far
beneath exploiting the evident opportunities. On
the one hand the necessary technical and physio-
logical basic education is not considered enough
in curricula for neurorehabilitation professionals,
which would be crucial for building up confi-
dence for safe and effective application. On the
other hand, the vast multiplicity of positive, nega-
tive and sometimes contradictory application
reports in scientific literature, public media and
even in manufacturers’ documents can provoke
uncertainty and doubts, or else, exaggerated
expectations and disappointment. A main goal of
this chapter is to support a low-threshold entry in
the use of stimulation equipment and guide
towards qualified selection and alignment of
electrical parameters for useful, effective and
safe therapeutic intervention.

P> Functional electrical stimulation (FES) is a
powerful and versatile tool for rehabilitation,
provided that adequate basic understanding of
physiological mechanisms, capabilities and
limits, as well as principles of application
safety are given.

W. Mayr (<)
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4.1.1 Selection and Evaluation

of Stimulators

Stimulators are available in numerous variations
and in vastly different cost segments. Stimulators
offered as certified medical products are usually
more expensive as they undergo strict and com-
plex approval procedures, and need to comply
with mandatory quality management processes in
production and sales, which are associated with
increased internal costs and fee-based monitoring
by governmental authorities. These are the tools
of choice for clinical practice for ensuring best
possible patient safety and scientifically vali-
dated efficacy. Unfortunately, costs are often an
impregnable obstacle for availability for patients,
in case health insurance refuses to cover costs
and devices are not affordable for purchase at
their own expense.

The market segment “sports and fitness” offers
rather similar devices with comparable technical
specifications but for substantially lower prices,
due to sparing costs for requirements of medical
product regulations. Regarding applicability, a
distinction is often difficult. FES-supported neu-
romuscular training is a topic of interest in neuro-
rehabilitation as well as in sports. Finally,
therapeutic responsibility and legal standards are
to be weighted as decisive factors for the choice
of appropriate devices. Additionally, there is a
third, hardly controllable source for stimulators:
internet shops. Unvalidated promises and low
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prices can appear attractive, but product and doc-
umentation quality can turn out to be question-
able, unfiltered recommendations and unverified
technical properties can even get health-
endangering. Anyhow, stimulation technology
should only be applied under competent medical
advice to ensure safe and effective conditions.

4.1.2 What Really Matters

Despite all diversity of offered devices, stimula-
tors remain pulse sources that interact with an
organism via various electrode configurations,
generally non-invasive with electrodes attached
to the intact skin surface, in special applications
invasive via implanted electrodes.

4.2 Monophasic/Biphasic Pulses/

DC Component

Even though the marked offers stimulators with
alternative voltage or current output waveforms,
the vast majority relies on monophasic or bipha-
sic rectangular pulses delivered in various pulse
trains via bipolar electrode configurations.
Therefore, we focus on such pulse forms and dis-
cuss how they interact with the organism. Further,
we will discuss, how we can systematically influ-
ence this interaction, what limits we face and
how far safety-relevant aspects need to be
considered.

P> Essential requirement: charge balance!

For the classical monophasic rectangular
pulses there are three basic parameters that can
be varied: pulse amplitude, pulse width and pulse
frequency respectively the associated period
between the leading edges of subsequent pulses.
In the meantime, the majority of stimulators
relies on biphasic rectangular pulses, where
immediately after a monophasic pulse (first
phase) an equal pulse of opposite polarity (sec-
ond phase) follows. Adjustable parameters are
the same, only pulse width becomes a pulse
phase width, which is to be defined for positive

and negative phase. Usually, both pulse phases
are equal, but occasionally there are reasons for
using asymmetric ones (Fig. 4.1).

4.2.1 Monophasic and Biphasic
Pulse Forms and Parameter
Definitions for Nerve

and Muscle Stimulation

It is a matter of decisive relevance to—except for
a few special applications, which have to be han-
dled with great care—avoid DC components in
stimulation wave forms. This can be ensured by
appropriate design of the output stage of the stim-
ulator electronics and is usually considered by the
device manufacturers. Still, we can find even cer-
tified medical devices on the market, that have a
potentially critical DC component in their output
pattern. Therefore, it remains important to care-
fully check for this feature whenever purchase,
recommendations or prescriptions are undertaken.
Charge balance without DC component is reliably
ensured, if each stimulus, shifting a certain
amount of electrical charge across the electrode
contact into an organism, is followed by a recharge
pulse of opposite polarity with a compensatory
backflow of an equal amount of charge. A simple,
safe and cost-effective solution is insertion of a
capacitor in the output lead between stimulator
output stage and electrode connector. A capacitor
is a passive component that blocks DC and forces
continuous charge balance of traversing alternat-
ing currents, even if the shape is complex like in
variable sequences of stimuli.

In symmetric biphasic rectangular stimuli, the
two subsequently delivered pulse phases of oppo-
site polarity directly compensate residual charge
to zero. The influence of an inserted coupling
capacitor on pulse shape is minimal. In case of
monophasic stimuli capacitive coupling leads to
a strong deformation of the wave form, as every
pulse is followed by an asymmetric forced
recharge phase, usually a spike with exponential
decay with dependence on the given electrode
tissue impedance—safe in the application, but
with some disadvantages regarding control char-
acteristics and efficiency of stimulation, in com-
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muscle stimulation
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Fig. 4.1 Monophasic and biphasic pulse forms and parameter definitions for nerve and muscle stimulation

parison to symmetric biphasic stimuli. As
DC-decoupled monophasic stimuli are often
named “biphasic” in the technical device specifi-
cations it is important to specially scrutinize this
essential feature, to judge on suitability of an
electrical stimulator.

b Note Caution: DC or
component in a pulse pattern!

“hidden” DC

An alternative to forced DC-decoupling with
capacitors is active control of flow and backflow
of electrical charge within a biphasic stimulus via
electronic provisions for continuously maintain-
ing charge balance. Monophasic stimuli deliv-
ered without DC-decoupling are always
associated with a DC-component which varies
with adjustment of pulse parameters (Fig. 4.2.).

4.3 Monopolar/Bipolar

Electrode Configurations

A potential source of misunderstanding is the dif-
ference between application of “mono- or bipha-
sic stimuli” and “mono- or bipolar stimulation.”
The latter relates to an electrode configuration,
which is the first to be optimized for an applica-
tion setup. The decision on the suitable pulse
form and allocation of anode and cathode are of
high importance.

A bipolar electrode configuration of two iden-
tical electrodes, placed over an anatomical target
area, is the classical and most common approach.
The locally concentrated electrical impulse field
elicits action potentials in sensory and motor
neurons as soon as the specific threshold inten-
sity is exceeded. In case of peripheral denerva-
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Cave: without DC decoupling a train of monophasic stimuli is superimposed by a DC component!

DC
direct current
component

DC decoupling forces charge balance in stimulus and avoids an overlayed DC component!

| | am !itude - mA | | |

Fig. 4.2 Monophasic pulse forms undergo some defor-
mation, when delivered through safety-relevant
DC-decoupling means, usually capacitors in the output
lines, differently for controlled current (CC) or controlled
voltage (CV) modes. DC-decoupling respectively charge

tion, and only in this condition, appropriate
stimuli can also elicit action potentials directly
on muscle fibres. Usually this is the arrangement
of choice for smooth and efficient activation of
neurons or muscle fibres under and in-between
the electrodes.

For application of monophasic stimuli, we
observe a significantly lower threshold for neural
structures close to the cathodic electrode in com-
parison to the anodic one. If biphasic stimuli are
applied, we have the lowest threshold in neurons
close to the anode of the first pulse phase (“anode
first” polarity).

CcC
controlled current
can provide balance
of positive and
negative charge

voltage shape
(DC decoupling)

CV

controlled voltage

current flow with
forced charge
balance
(DC decoupling)

balance is given, if the area below the trace of the positive
pulse phase is exactly counterbalanced by the one
enclosed by the negative phase, in relation to the zero line

P> Note For monophasic stimuli nerve structures
close to the cathode respond at a significantly
lower threshold than structures near the anode.

For biphasic stimuli this polarity rule
reverses with reference to the first pulse phase:
the lower threshold appears near the anodic
electrode (“anode first™).

For selective activation of a locally restricted
area a monopolar electrode arrangement can be
the best choice. This can be necessary for diag-
nostic tests as well as for therapeutic intervention,
when small target areas should be activated
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without co-activating anatomically adjacent
structures. Examples are local denervation with
intact sensory-motor nerve structures around,
local hypersensitivity, selective activation of ago-
nist and antagonistic in the treatment of muscles
imbalances, or for avoiding electrical field induc-
tion in implants or wounds close to therapeutic
targets. Preferential electrode arrangements rely
on a smaller active cathode in combination with a
larger anodic reference. A pronounced depth
effect can be accomplished, when the reference
electrode is placed anatomically opposite to the
active cathode, e.g., when placing electrodes at
the trunk or the extremities. Regarding polarity
the same rules apply as for bipolar electrode
arrangements.

Conclusion

The best possible selectivity in activating
nerve structures can be accomplished using
a small size active electrode, which is cho-
sen as cathode for monopolar stimuli or as
anode of the first phase of a biphasic
stimulus.

Controlled Current
(CC)/Controlled Voltage (CV)
Stimulus Delivery

4.4

A further important device-related question is the
electronic control mode of the stimulation out-
put. It can either be based on controlled current
(CC) or controlled voltage (CV) . CC means that
the desired pulse shape is exactly followed by the
current flow, whereas the voltage appears
deformed under influence of the electrical resis-
tance properties at the electrode/tissue interfaces
and the traversed tissue in the current path (load
impedance). CV delivers an exact voltage shape,
whereas the current is adapting to the generally
non-linear impedance properties (Fig. 4.2).
Basically, the effect of both operation modes
is equal if the transverse resistance of the elec-

trode to skin interface and the anatomical contour
in the application area remain unaltered during
stimulus delivery.

But there is an important safety aspect to be
considered, when long-duration pulses with high
charge transfer per pulse are applied for direct
stimulation of denervated muscles, or in nerve
stimulation with very small electrodes: especially
in CC a locally excessive current density may
occur, which, in a worst case, can lead to irrevers-
ible electrochemical processes in the electrode-
skin interface with some risk of tissue damage.

In case the load impedance of a stimulator out-
put varies during stimulus delivery, CC mode
forces unchanged current flow in the default shape
by continuous re-adjustment of the driving volt-
age source. This provides the advantage that the
induced electrical field in the tissue interaction
with nerves and muscles remains more or less
unaltered. At the same time a risk emerges if
worsening of the electrode to skin resistance
properties occurs, for example, by partial contact
loss of self-adhesive hydrogel electrodes or dry-
ing out of contact media between conductive rub-
ber electrodes and skin surface. In such case CC
mode ensures unaltered current delivery and
forces flow of the entire current through an even-
tually significantly reduced contact area, with the
consequence of a potential risk of electrochemical
skin damage. Also, excessive local current density
can occur at spots of locally increased mechanical
contact pressure like at electrode edges under ten-
sion of elastic fixation means. This needs special
attention in particular in conjunction with direct
stimulation of denervated muscles.

Similar changes of contact properties are far
less critical in CV mode, as an increase of load
impedance results in concurrent reduction of cur-
rent. The user notices a decline in stimulation
response, but risks of skin damage are
neglectable.

Most, but not all the commercially available
stimulators rely on CC mode. Preference for
choosing CC or CV finally depends on application
scenarios and a critical assessment of functional
expectations versus tolerable risks.
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Role of the Parameter’s
Amplitude and Pulse Width

4.5

Most stimulators offer possibilities for pre-
adjustment of pulse width and frequency within a
certain range, whereas variation of amplitude is
freely variable for intensity adjustments in test
procedures and  therapeutic  application.
Occasionally, devices rely on constant pre-
adjusted amplitude and modulation of pulse
width for control of intensity. For nerve respec-
tively neuromuscular stimulation useful ampli-
tude ranges cover 0—120 mA or 0-120 V, a pulse
width range between 100 ps and 1 ms, both
related to a pulse phase, and a frequency range
between 1 and 120 Hz.

The role of intensity adjustment is a variation
of recruitment of neurons, usually situated in
bundled form in a neural structure. Regardless of
using amplitude or pulse width for recruitment
modulation there is always a low-intensity range
without any neuron activation, meaning that no
action potentials are elicited. Gradual increase
first results in reaching a sensory threshold, at
least if sensory perception is intact, and with fur-
ther increase a motor threshold with first signs of

typical recruitment curve,
stimulation from threshold
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Fig. 4.3 An increase of stimulation intensity, beginning
with “0” leads first to reaching of a threshold, followed by
a linear increase of recruitment of nerve or muscle fibres
until a saturation plateau is reached and most sensitive

typical recruitment curve,
amplitude variation,
fixed pulse widths

increasing amplitude

muscle activation. With further growing intensity
increasing sensory perception and enforced mus-
cle contraction are induced. High intensity satu-
rates the responses and can even lead to blocking
phenomena that suppress propagation of action
potentials in neurons (Fig. 4.3).

If and at what intensity an action potential is
elicited in a neuron depends on the distance to the
electrodes respectively the electrical field con-
figuration acting on the neuron, and the diameter
of the neuron. The larger a neuron is, the lower is
the threshold for an action potential. This has
multiple implications for the impact electrical
stimulation can have on neural functions.

The largest neurons, with diameters up to
20 pm, are “proprioceptive afferents,” which are
responsible for feedback on body image, muscle
lengths and joint angles. So-called ‘“‘cutaneous
afferents,” associated with skin sensor informa-
tion, have a size spectrum from approximately
14 pm down to 5 pm. Further there is a pool of
even smaller fibres in the size range around 1 pm
which are mainly related to deep pain feedback.

These afferent sensory neurons proceed in
bundles, together with efferent motor fibres, with
their diameter range between 18 and 8 pm. Larger

typical recruitment curve,
pulse width variation,
fixed amplitudes

stimulation response

increasing pulse width

fibres can even get hyperpolarised with block of propaga-
tion of action potentials. Recruitment can be controlled by
either modulating amplitude or pulse width
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motor neurons control groups of fast and strong
contracting, but fast fatiguing muscle fibres (Type
2, glycolytic metabolism), smaller ones activate
fatigue resistent but slower and weaker muscle
fibres (Type 1, aerobic metabolism). The combi-
nation of a motor neuron cell, situated as integral
part in spinal interneuron networks, the associ-
ated peripheral motor neuron, its peripheral
branching and all connected muscle fibres are
called a “motor unit” (MU). In relation to con-
duction speed, contraction speed and endurance
MU are often classified as “fast” versus “fatigue
resistant.” Physiological recruitment of MUs
relies predominantly on fatigue-resistant ones
and co-recruits fast ones only for special demands
in force and movement speed (Henneman prin-
ciple, natural recruitment).

In the size spectrum of neurons, we also find
smaller efferent neurons, which interact with
muscle spindles, and finally, with diameters
below 1 pm, neurons related to the autonomous
nerve system and reacting only to electrical stim-
uli of very high intensity.

Another important consideration is the fact
that the number of sensory neurons in a mixed
nerve is far higher than that of motor neurons.
For the entire nerve supply of the upper extremity
with all emerging spinal nerve roots the relation
is 90—-10%:; in anatomical branches this relation
can vary considerably.

In summary, we need to be aware of limita-
tions in selectivity of reaching specific or even
single neurons by electrical stimulation and must
scrutinize  interpretation of  physiological
responses. We need to respect that due to the size
depending excitation threshold of nerve fibres
fast, rapidly fatiguing MUs are primarily
recruited at low stimulation intensities and
fatigue-resistant MUs can only be co-recruited
with growing stimulus strength (“inverse recruit-
ment” in comparison to natural recruitment). On
the other hand, this should not discourage us
from taking advantage of the many positive
opportunities FES is offering. With some back-
ground knowledge and smart handling of elec-
trodes, parameters and intervention strategies,
superb therapeutic and functional results can be
accomplished.

> Note In neuromuscular electrical
stimulation with growing intensity first only
fast, rapidly fatiguing motor units are
activated, at higher intensities fatigue-resistant
MUs are co-recruited—inverse recruitment.

Role of the Parameter
Frequency

4.6

A fundamentally different role than amplitude
and pulse width, which control fibre recruitment,
has the parameter frequency, or to be more pre-
cise, two quite different roles. On one hand, if
afferent sensory nerve stimulation is addressed,
frequency has a strong influence on spinal and
supraspinal interneuron processing with its
essential involvement in movement control as
well as sensory perception. On the other hand, in
neuromuscular electrical stimulation, frequency
has strong influence in contraction dynamics and
fatigue behaviour of the activated muscles.

As the recruitment order with increasing
intensity starts with selectively activating the
largest neurons at lowest threshold, initially only
large sensory neurons are reached. This offers
effective opportunities for reducing neuropathic
pain, modifying spasticity and augment move-
ment functions. For these applications, meticu-
lous assessment of altered neural functions and
individually optimized intensity and frequency
values and appropriate electrode setups need to
be configured.

If stimulation intensity is increased beyond
the motor threshold, obvious responses are mus-
cular contractions, though in the background sen-
sory neurons are unavoidably co-activated at the
same time. This can add positive, disturbing, or
unobtrusive side effects, that may require some
attention. For example, in patients with spinal
cord injury in some cases neuromuscular FES
training can be accompanied by undesirable
increase of spasticity, whereas in other patients
the same neuromuscular FES is accompanied by
even a reduction of spasticity. But, with individ-
ual optimization of the application protocol it is
possible to find satisfactory solutions in the
majority of cases.
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For neuromuscular FES the role of frequency
is twofold:

1. The co-activation of afferent (sensory) neu-
rons has a frequency-dependent influence on
central interneuron processing.

2. The frequency of motor neuron activation
strongly influences biomechanical and meta-
bolic properties in the activated muscle.

For neuromuscular training or neuromuscular
activation of paralyzed or weakened musculature
so-called phasic stimulation patterns are applied,
meaning that contraction is induced for limited
time intervals followed by inactivation pauses.
Consequently, additional parameters, as well as
intensity and frequency, become relevant: activa-
tion and pause intervals (on/off time) and in gen-
eral also ramp times for on-off-transitions, which
make onset of muscle contractions and muscle
deactivation smoother and more comfortable.
Appropriate selection of the parameter sets for
muscle building and maintenance has decisive
influence on effectiveness of the training.

Specific parameter sets and application man-
agement are required for direct muscle stimulation
that have lost their nerve supply. Differences to neu-
romuscular FES are addressed later in Sect. 4.7.

4.6.1 Application of Single Stimuli
Single stimuli or repetitive stimuli delivered with
very slow repetition rate play an important role in
neuromuscular testing procedures, e.g., recruit-
ment threshold detection, but can also have rele-
vance for fostering muscular perfusion or
rebuilding of excitability of denervated muscle
fibres.

A typically useful test frequency is 1 Hz, which
is slow enough to rule out influence of most neu-
rophysiological post-activation activities. It is
useful for finding sensory and motor thresholds,
as for example needed for proper adjustment of
intensity for tonic afferent nerve stimulation.
Motor threshold and saturation intensity define
the control range for neuromuscular or muscle
stimulation, both can be comfortably determined

with slowly repeated single stimuli and intensity
variation. Further, slowly repeated single stimuli
are useful for tests on innervation respectively
denervation status of muscles and excitability of
denervated muscle fibres.

There is one aspect that needs some attention:
single stimuli usually do not cause sensible dis-
comfort even if delivered with very high inten-
sity, but as soon as trains of stimuli with usual
application frequencies are delivered discomfort
is perceived at much lower intensity levels.
Therefore, if sensory perception is intact it is not
possible to determine a tolerable intensity maxi-
mum with single stimuli. It is strongly recom-
mended to start with low intensity and determine
the individual discomfort threshold with the
intended application parameter set and slowly
increased intensity.

4.6.2 Application of Low
Frequencies

Pulse frequencies below 10 Hz are often applied
for a warmup period ahead to neuromuscular
FES training, in so-called “active relaxation”
pauses between contractions or in a terminal
active regeneration periods after exercise.
Stimulation evokes no fused muscle contraction,
but a shaking movement that can enhance muscle
perfusion and support washout of metabolites.

4.6.3 Frequencies Eliciting Fused
Contractions

Shortening the time between subsequent stimuli,
which is equal to increasing frequency, conflates
muscle responses from single twitches to
unsteady compound “shaking contractions.” With
further increased frequency to a so-called “fusion
frequency” a burst of stimuli induces a smooth
tetanic contraction. Further growing frequency
leads to gain in contraction force and onset speed,
but at the same time rapid muscular fatigue phe-
nomena, which cause problems in functional
applications and can lead to metabolic overuse
and even muscle damage (Fig. 4.4).
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muscle response

Fig. 4.4 The muscle response to one stimulus is a com-
pound twitch of all recruited muscle fibres. Growing rep-
etition rate of stimuli results in merging twitches to

For most applications, a cautious start of train-
ing is recommended. Frequency should be
selected for just starting to fuse in contraction,
eventually with a residual minimal unsteadiness.
Fusion frequency is not a sharp absolute value
and influenced by metabolic factors in the mus-
cle. Subjective perception of contraction smooth-
ness usually starts in the range of 25-30 Hz and
gets more pronounced with further increase. The
recommendation of a cautious start of training
also relates to strength and duration of contrac-
tions, relaxation pauses between contractions and
strict avoidance of excessive fatigue. In the fur-
ther course, length of training sessions, stimula-
tion intensity, frequency and on-off timing can be
adapted to a more intense training load in order to
build muscles and gain in force and endurance.

4,7 Special Case FES

of Denervated Muscles

Maintenance of denervated muscles is less for
immediate functional restoration but rather for
longer term improvements in quality of life and
preserving health of utmost importance. Effective
validated methods and instrumentation have not
been available till the recent past, as outcome
from the European R & D project RISE [1, 2].
The applicable parameters and intervention proto-

unsteady (“shaking”) and beyond “fusion frequency”
tetanic contractions. The displayed curves stand for iso-
metric contractions against a firm resistance

cols differ substantially from those for neuromus-
cular muscle training, mainly due to differences in
the electrically excitable membrane properties of
nerve and muscle cells: action potentials travel
along motor neurons with 50-100 m/s, whereas
along healthy muscle fibres with only 2-5 m/s, in
atrophied and degenerated muscle fibres far
slower. This refers directly to suitable pulse
parameters for eliciting action potentials on the
respective membranes, for neurons pulses with a
phase width of 100—1000 ps (0.1 to bis 1 ms) are
most efficient. Longer pulses do not increase fibre
recruitment in relation to intensity but lead to
growing charge transfer across the electrode-tis-
sue interface with unnecessary increase of safety
risks. In direct comparison, even completely
intact and well trained denervated muscles are not
excitable with pulses below 15-20 ms per phase.
With growing atrophy respectively, after longer
denervation, degeneration of muscles the required
pulse phase length increases towards 250 ms, in
extreme case up to even 500 ms. It is strongly rec-
ommended to start stimulation of denervated
muscles as early as possible after denervation on a
regular basis, which is of vital importance for best
possible maintenance of muscle in quantity and
function. If excitability is high enough for shortest
pulse length and inter-pulse pauses stimulation
bursts with 25-30 Hz can elicit fused tetanic con-
tractions [3] which is in turn essential for efficient
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training and functional use. Analogous principles
like for neuromuscular FES training remain appli-
cable (Fig. 4.5).

Main objective of training is maintenance of
muscles for an anticipated re-innervation or,
provided regular long-term application, com-
prehensive tissue preservation [4], mainly for
effective decubitus prophylaxis. If atrophy, in
the first year after denervation, or muscle degen-
eration, as usually beginning in the second year,
are progressing longer, a longer minimal pulse
width gets necessary for eliciting muscle twitch
contractions, which make fused tetanic contrac-
tions impossible [4, 6]. There is a feasible option
to recondition excitability of muscle fibres and
reach a reduction of the necessary minimal
pulse duration to an extend that re-enables
stimulation-induced fused contractions and teta-
nizing rebuilding of muscle mass, force, and
endurance, at least in part (Fig. 4.6). But there
are limitations, which can be minimized with an
early start and consequent compliance: the lon-
ger disuse is persisting the longer rebuilding
will last and the severer limitations in achiev-
able results get.

As a specific requirement for FES of dener-
vated muscles, specific adaptations of stimulation

parameters for test procedures and therapy proto-
cols are of vital importance. Primarily, rectangu-
lar biphasic long-duration pulses above 15 ms per
phase are necessary. For testing of the degree of
denervation in incompletely denervated muscles
and neuromuscular activation of residual motor
units also short duration pulses with phase length
below 1 ms can get relevant as complementary
modality. There are important alternative pulse
forms, biphasic long ramp shaped (exponential)
pulses with phase length above 80-100 ms,
which feature elevation of thresholds for nerve
activation above those for denervated muscle
fibres, based on an effect called “accommoda-
tion” (Fig. 4.7). Accommodation means that the
fast-reacting electrical properties of neurons
maintain an equilibrium of diffusion currents,
when exposed to slowly raising electrical field
strength, whereas the same field conditions
induce electrical discharge in the less sensitive
membrane of denervated muscle fibre.

> Note Long ramp shaped pulses with a
phase length above 80-100 ms open the
opportunity for activating denervated muscle
fibres without co-activating near sensory or
motor neurons.

typical parameter ranges - biphasic pulses

pulse width: < 0.5 ms per phase
frequency (fusing): > 25 Hz
amplitude range: < £100V / < £300 mA

Fig. 4.5 Parameter ranges for nerve and neuromuscular
stimulation in comparison to those for direct stimulation
of denervated muscles: the main difference is given in the

muscle stimulation

pulse width: > 15 ms (- 250 ms) per phase
frequency (fusing): > 25 Hz
amplitude range < = 100 V/ < = 300 mA

> 10 ms

——

> 30 ms

necessary pulse width, with strong implication to training
strategies and safety provisions



4 Role of Electrical Parameters in Functional Electrical Stimulation 39

500 ms

conditioning of excitability:
pulse phase > 20 ms
period =15s-50ms/frequency =1Hz-20 Hz

single twitch

—

Fig. 4.6 In electrical stimulation of denervated muscles
it is challenging to accomplish fused tetanic muscle con-
tractions, due to the required long stimulus duration. In

Ramp shaped pulses can also be applied with
shorter phase duration, though accommodation
effects can appear clearly reduced. Nevertheless, it
is always worth trying if at least gradually reduced
co-activation of sensory or motor neurons can be
accomplished. Not to be underestimated: this pulse
form can also reduce charge transfer per pulse,
which is to some extend safety relevant (Fig. 4.8).

4.8 Electrode and Parameter
Management for Testing

and Treatment of Completely
or in Part Denervated

Muscles

The start of the first assessment should be as soon
as possible after denervation, the earlier the bet-
ter status of and the lower efforts for muscle
maintenance will get. Electrode configuration

unfused tetanus

| 15 ms

| 40 ms

functional contraction:
pulse phase = 15 - 20 ms
period 50 - 40 ms / 20 - 25 Hz

—

fused tetanus

dependence of inactivity time after denervation a pro-
longed period for rebuilding of muscle excitability, begin-
ning with single twitch conditioning, is necessary

should as far as possible cover the entire derma-
tome above the target muscle, as eliciting action
potentials in each single muscle fibre are neces-
sary for complete activation.

For the first test single pulses, or slow trains
with 1 Hz, should be chosen for identifying intact
MUs and estimating to what extend partly or
complete denervation is given. If a considerable
response appears, neuromuscular training of the
still nerve supplied part can be considered with
the goal of hypertrophy in innervated motor units
and eventual promotion of reinnervation pro-
cesses in other muscle parts.

In case the muscle is not reacting to short
pulses, next tests with longer pulses should be
undertaken, phase length chosen depending on
the time since denervation, for acute cases in a
range of 15-30 ms, for less recent cases gradu-
ally more, typically above 100 ms. Initially a
maximal twitch contraction is to be searched by
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Fig. 4.7 For testing and training of denervated muscles
(completely or in part) short pulses for eventual residual
MU activation, and long-duration rectangular and ramp
shaped pulses for muscle fibre activation are needed.

increasing intensity and eventual lengthening of
pulse width, next a stepwise reduction of pulse
length is applied to find a threshold where a drop
of reachable twitch strength occurs. For condi-
tioning respectively training the shortest pulse
width eliciting a substantial twitch is the best
choice. For beginning therapy slow repetitive
stimuli with contant intensity should be applied
first for a period until visible weakening of
responses is noticed. Later, based on regular fol-
low-up tests, improvements in excitability and
endurance should be noticeable, in time period
dimensions of weeks.

threshold characteristic,
denervated muscle

10 ms

muscle stimulation

cave: DC

/\ direct current

/ \ component
associated with
monophasic pulses

100 ms

muscle stimulation,
attenuated nerve co-stimulation

Ramp shaped pulse with phase lengths above 80-100 ms
can provide an elevation of the threshold for neurons
above threshold for denervated muscle fibres

As soon as excitability allows application of
phase durations of 15-20 ms, a transition to teta-
nizing contractions and classical muscle build-
ing, but with special attendance to avoiding
excessive fatigue and metabolic overload, can be
considered [2, 5, 6].

If intact sensibility or disturbing co-activation
of neighbouring innervated muscles limit the
applicable stimulation intensity too much, ramp
shaped long duration pulses can be considered as
an alternative for the above outlined test and
application procedures.
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stimulation parameters — muscle stimulation

30 ms

unfused tetanus —’

Fig. 4.8 Ramp shaped pulses can provide advantages
regarding reduction of coactivation of sensory and motor
neurons in the same anatomical region. Charge transfer
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ICF-Based Goals in FES

Klemens Fheodoroff

5.1 Goal Setting

Theory—Essentials

Goals and goal setting have become standard inter-
ventions in neurorehabilitation [1]. Goals affect the
rehabilitation process on several levels, both for
service recipients (patients) and for service
providers (therapists). In various reviews, it has
been demonstrated that goal setting and goal agree-
ments positively affect self-efficacy, health-related
quality of life and the emotional state. Furthermore,
goal agreements lead to a feeling of being actively
involved in the rehabilitation process [2, 3].

Goals strengthen the work relationship
between cooperating therapists and their patients,
ensure that progresses achieved are measurable,
help patients cope with anxiety and promote
insight into and acceptance of limited restitution
if necessary [4, 5]. Already in 2009, Wade postu-
lated that goal setting should be a core compe-
tency of any member in a rehabilitation team [6].

5.1.1 Goal Sources

and Comprehensibility of Goals

Goals can be set by the affected individuals
themselves or by their significant others. They
can be suggested by therapists and physicians or

K. Fheodoroff (D)
Gailtal Klinik Hermagor, Hermagor, Austria
e-mail: klemens.fheodoroff @kabeg.at
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participatively set and agreed within a shared
decision-making approach. All three of these
methods seem to be equally effective [7].
Research has shown that, contrary to the self-
determination theory, goals chosen by the patients
themselves are not superior in enhancing the
patients’ performance than goals set by experts or
set participatively [8]. If the reasoning behind
expert goals is understandable and rational for
the affected individuals, patients are ready to take
necessary efforts to reach difficult goals as long
as these goals do not interfere with the self-con-
cept of the individual or the self-concept of the
team [9, 10]. Consequently, specificity of goals
positively correlates with the degree of goal com-
mitment [11]. Understandable and straightfor-
ward goals are more likely to be followed than
vague, unspecific goals. Mastery-type goals (“to
achieve something”) stimulate self-efficacy and
the search for solutions more than avoidance-
type goals (“fo avoid something”) both, for learn-
ing goals (“develop strategies”) and for
performance goals (“become better”) [12].

P> Goals that are incomprehensible to the
affected persons cannot be pursued by them.
Therefore, comprehensibility of goals to the
individuals/significant others is a key factor
for success.

To assess goal comprehensibility, the acro-
nyms SMART and RUMBA have proven to be
useful.
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Table 5.1 Goal quality indicators: the RUMBA rule

relevant

understandable

measurable

behaviourable

achievable

The term SMART has been derived from proj-
ect management [13] but has since been used in
many other areas, such as employee management
and in rehabilitation [14]. The acronym stands for:

S: Specific

M:Measurable

A: Achievable

R: Relevant

T: Timed (typically refers to the current treat-
ment cycle)

One example for a SMART goal is: “(To be
able to) open/close/hold a bottle with the paretic
hand—within 14 days.” (For more examples see
Table 5.2.)

The RUMBA rule additionally emphasises
the comprehensibility of goals, also for lay per-
sons [15] (Table 5.1).

Especially in the early stages of a disease,
patients long to ‘“become the same person as
before” or to “be able to walk normally again.” In
goal setting theory, such goals are labelled as
“stretch goals.” Stretch goals are (on purpose or
unintentionally) set at a very high level—practi-
cally out of reach with current resources. From
the practitioner’s point of view, it is useful to clas-
sify such stretch goals as “very important to the
patient, but very difficult/challenging from the

comment

Relevant to the problem and meaningful for the
affected person.

The goal is phrased in a comprehensible way.

The starting level and the final result can be
measured easily with high reliability and validity.

The goal can be achieved through proactive
behaviour.

The goal is achievable within existing barriers/
resources.

experts view to be reached with current resources.”
This allows introducing milestone goals that are
more likely to be reached within given timeframes
and resources. Stretch goals should always be
accompanied by goals such as “(being able to)
realize internal barriers (i.e., body function
impairments) for individual task performance.”

5.1.2 Self-Evaluation, Self-Efficacy,
Self-Management and Goals

Goals that are deemed unimportant by the
affected person will consequently not be pursued
[16]. Therefore, goals should be meaningful and
challenging. The following components were
found to increase goal commitment in general
and in patients in particular:

 Significance (= factors that make goal attain-
ment important and desirable).

e Achievability (= factors that make a person
confident that the goal can be attained with the
available resources).

e Complexity of goals (= the difficulty to
develop strategies for goal attainment).

e Self-efficacy (= one’s confidence that one can
do what is required to perform a given task /
an activity and to reach a goal) [8, 17, 18].



5 ICF-Based Goals in FES

45

The degree of self-efficacy particularly influ-
ences whether people stay committed to a course
of action, especially when difficulties and set-
backs occur. The optimum level of self-efficacy
is slightly above the actual ability; if this is the
case, people are most readily prepared to take on
tasks and gain experience—in other words: to
learn [18].

Furthermore, self-efficacy substantially influ-
ences self-regulation (= the ability to influence
and control one’s own feelings and moods
through inner dialogue) as well as self-
management [19, 20].

Self-management consists of four key pro-
cesses [21]:

1. Goal setting: developing, prioritising, rank-
ing, adopting, adapting or rejecting goals.

2. Planning: internal processes involved in pre-
paring to pursue a goal.

3. Striving/acting: implementing measures to
move toward or maintain a goal.

4. Revision: changing or disengaging from a goal.

5.1.3 Goals and Feedback

Feedback refers to the countless reactions (ges-
tures, emotional vocal utterances, verbal or
machine-supported feedback) that allow the person
undergoing rehabilitation to draw conclusions
about their current performance with regard to
goal-directed behaviour. Feedback, hence, influ-
ences the learning process and/or the degree of goal
attainment and also has affective consequences:
People feel joy or disappointment depending on the
feedback they receive on their performance—espe-
cially if said feedback is provided by accepted ref-
erence persons or experts. The mere fact that
someone is observing the individual progress
seems to reinforce performance [22].

Goals can be  “achieved”—*partially
achieved”—"“not achieved” or “overachieved.”
Not all goals must be achieved. A “partially
achieved” goal can justify the further need for
treatment. Stretch goals (i.e., goals that can
barely or not all be achieved within the given
time frame or with the available resources) will
frequently have to be evaluated as “not achieved.”

113

However, evaluating a stretch goal as ‘“not
achieved” does not necessarily have to lead to
disappointment and frustration but can contribute
to accepting one’s own limits and to letting go of
unachievable goals [23-25].

5.2 International Classification
of Functioning, Disability

and Health (ICF)

In order to meet the complexity of neurological
rehabilitation, a holistic perspective is needed
that goes beyond purely medical (impairment-
oriented) problem assessment. With the
International Classification of Functioning,
Disability and Health (ICF) [26], the World
Health Organisation (WHO) has created a clas-
sification allowing to describe the influence of
body function impairments (usually serving as
internal barriers) as well as the influence of con-
textual factors (external barriers or facilitators)
on capacity (what one can do under certain cir-
cumstances) and performance (what one does in
his or her individual environment).

5.2.1 The Structure of ICF)
ICF) consists of two parts with two components
each:

Part 1: Functioning and Disability with the two
components: Body Functions/Structures and
Activities/Participation.

Part 2: Contextual Factors with the two compo-
nents: Personal Factors and Environmental
Factors.

Alphanumeric codes are assigned to the indi-
vidual elements to allow international compari-
son if used in different languages. The codes for
body functions are indexed with the letter “b,” the
codes for body structures with the letter “s”’; the
codes for contextual factors with the letter “e”
(for environmental factors); the codes for the
component Activities/Participation with the letter
“d” (for domains). If a construct is deemed to be
an activity, the letter “d” is replaced by the letter
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classification
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functioning &
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—

environmental

personal
factors
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—

change
(impairment)

constructs/
qualifiers

Fig. 5.1 Structure of the ICF

“a” (activity); if a construct is classified as par-
ticipation, the letter “d” is replaced by the letter
“p” (participation) (Fig.5.1).

In total, the classification consists of 1424
constructs structured hierarchically on up to four
item levels. Depending on the clinical situation,
an adequate level of detailing must be chosen. As
a rule of thumb, the more severe the disability,
the more general the construct can be chosen; the
less severe, the more specific and detailed must
the construct be to capture the level of disability.
Thus, for a patient with severe paresis, the con-
struct “d520 Caring for Body Parts” will suffi-
ciently describe the situation and need for
assistance/help, whereas for a Parkinson’s patient
with Parkinson’s disease, the constructs: “d5203/
d5204 Caring for Fingernails/Toenails” may still
not be specific enough to describe tremor-related
difficulties when cutting nails.

5.2.2 Capacity and Performance

To assess activity limitations (which is about
“performing tasks/actions”) and participation
restrictions (“being involved in a life situation”),
the constructs for capacity and performance are
used.

capacity

facilitator/

erformance ;
P barrier

Capacity refers to the (highest) level of abil-
ity of a person to execute a task or an action in a
standard environment (e.g., a test environment).
By varying the test environment, capacity can
be assessed with or without support (qualifier 2
or 3, Fig. 5.2.). This approach corresponds to
every standard examination and test situation in
clinical routine. It allows to describe the out-
comes of all kinds of interventions (with/with-
out assistance/aids/adaptions) in a standardised
way.

Performance refers to what a person does in
his or her current environment. Because the cur-
rent environment includes a societal context, per-
formance can also be understood as “involvement
in a life situation” or “the lived experience” [26].
Assessing performance requires observing a per-
son’s behaviour in different life situations as neu-
tral/uninfluenced  as  possible—with  all
methodological difficulties associated with such
an approach. However, the “lived experience,”
the subjective experience of involvement (the
“sense of belonging”), which is a central aspect
in the definition of Participation, can only be
measured by directly conferring with the affected
person (using patient-reported outcome mea-
sures, PROMs or health-related quality-of-life
instruments, HR-QoL). Information that reflects
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d4500 walking short distances

performance qualifier
(first qualifier)

capacity qualifier without assistance
(second qualifier)

capacity qualifier with assistance

(third qualifier)

performance qualifier without assistance
(fourth qualifier)

additional qualifier, such as a qualifier for
involvement or subjective satisfaction
(fifth qualifier)

Fig. 5.2 Coding activities (capacity) and participation (performance)

the feeling of individuals of involvement or satis-
faction with their level of functioning is currently
not coded in the ICF [26].

5.2.3 Contextual Factors

Personal factors, as one component of contextual
factors, refer to the specific background and life-
style of a person and include internal influences of
the person that are not part of their health problem
or condition. Examples for personal factors are
age, gender, education, occupation, hobbies and
(life) experience as well as individual attitudes and
values (e.g., a high-performance expectation or a
low readiness to learn). Some of these information
are part of personal data; others should be recorded
as part of individual history. Often, these narratives
also include references to rehabilitation goals and
promote cues for developing a new self-image.

Personal factors are not classified in the ICF
because of the large social and cultural variance
associated with them. One may use “Temperament
and Personality Functions” (b126), “Energy and
Drive Functions” (b130) and other mental func-
tions if they impact on individual capacity and
performance and if these factors affect the course
of disease.

Environmental factors refer to the physical,
social and attitudinal environment in which peo-
ple live and conduct their lives. These factors can
act as facilitators or barriers.

Environmental factors are of particular impor-
tance for scaling the severity of any disability.
Whenever a person is able to get along with gen-
eral products and technologies, he/she will be
less impaired in his/her ability to act than if in
need special products and technologies. For the
description of clinical findings and goals, envi-
ronmental factors (especially: facilitators) serve
as modifiers (syntax: what is possible—under
which circumstances?).

5.2.4 Top-Down or Bottom-Up?

In bottom-up approaches, the focus lies on detect-
ing impaired body functions (muscle strength,
muscle tone, movement control)—with the inher-
ent assumption that disability develops linearly
from these impairments (“internal barriers”). Here
it is worth noticing that affected individuals them-
selves have only few possibilities to directly influ-
ence body function impairments. This is the domain
of medical treatment (medication, brain and mus-
cle stimulation or surgical interventions).
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bottom-up

interventions relate only marginally
to participation

?

only with sufficient stability of body
functions, interventions on the activity
level are set

communication, mobility, self-care; use of aids

f

interventions focus on impairments
of body functions/structures

restitution/substitution/medication/surgical
procedures/neuromodulation

Fig.5.3

In contrast, the top-down model promotes a
participatory approach in medical history tak-
ing, evaluation of clinical findings and for treat-
ment planning. The overarching goal is to
achieve maximum self-determination and par-
ticipation of the individuals affected. Starting
with exploring the most important life areas an
individual wants to actively participate in the
near or distant future, current activity limita-
tions and body function impairments are
recorded as internal barriers. Based on this
analysis, specific action goals focussing on
individual behaviour and taking into account all
inhibiting and facilitating factors can be set and
agreed on with the team and the patients. Part
of this process might be developing and practis-
ing strategies how to deal with body function
impairments not likely to disappear in a given
timeframe (Fig. 5.3).

top-down

interventions focus on
maximum participation

interactions/relationships (social roles);
recreation and leisure/social and domestic life/
self-determination

+

interventions focus on activities
which enable participation

task-oriented training; performing daily routines;
stress coping; decision making

4

impairment of body functions/structures
are perceived as internal barrier to
participation

compensating through aids/
environmental facilitators

Bottom-up and top-down approaches in neurorehabilitation

5.2.5 ICF-Based Clinical Findings

and Goals

For multi-/interdisciplinary evaluation and docu-
mentation of clinical findings and for goal set-
ting/evaluation, the ICF is a natural choice for
describing individual functioning in a given con-
text at different timepoints. The classification
enables the description of all consequences of
disease. In a shared documentation, redundancy
and fuzziness in scaling can be avoided easily.
However, to be able to use the ICF to its full
extent, the team needs an agreement on the num-
ber and measurability of relevant items to be
recorded (and documented) in different clinical
situations. Furthermore, constructs and items
should be assigned to specific experts within a
multidisciplinary team. Here, the choice of a
discipline-specific mini core sets, i.e., the
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selection of mandatory items to be assessed by
different team members, might be helpful in
avoiding redundancies and overlaps. A brief core
set can be found in Annex 9 [26].

Especially the Classification of Activities
(capacity) is very useful for goal setting. [27, 28].
Considering the Guidelines for coding of envi-
ronmental factors in Annex 2.3 [26], we recom-
mend the following syntax for goal formulation:

e What: denominate action/task (using a verb
phrase; including the relevant ICF codes if
required).

* How/under which circumstances: denomi-
nate facilitators (aids, assistance).

* By when: Time frame up until the degree of
goal achievement is evaluated, usually by the
end of the current treatment cycle.

The examples in Table 5.2 exemplify this
further.

5.2.6 Examples for ICF-Based Goals
and Functional Electrical
Stimulation (FES)

The following two patient examples illustrate
how FES interventions can be incorporated in an
ICF-based goal setting.

5.2.6.1 Patient Example 1
A 72-year-old married retired teacher (personal
context factors) suffering from the sequelae of an
ischemic left middle cerebral brain artery stroke
(structure level) shall return to her home and
social environment after in-patient neurorehabili-
tation (participation). The stroke has caused a
moderate hemiparesis of her right arm and leg
(body functions) with limitations in grasping and
releasing and in walking and climbing stairs
(tasks/actions). Self-care and domestic life activi-
ties are limited with a need for assistance/support
(environmental contextual factor) when dressing
herself and when preparing meals/housekeeping.
To improve control of voluntary movements
of the right arm (b760), an EMG-triggered multi-
channel electrical stimulation (EMG-MES)

under expert supervision has been established for
a 2-4 weeks period (see also Chap. 6). After this
treatment, the individual should be able to fix a
bottle with the paretic hand while opening/clos-
ing the bottle cap with the left hand. To continue
FES treatment at home—if necessary—the
patient should be able to independently apply
self-adhesive electrodes (d220) and arrange for
assistance if needed (d730).

5.2.6.2 Patient Example 2

A 61-year-old farmer suffering from a hyperten-
sive right basal ganglia haemorrhage (structure
level) developed a spastic plegia of the left arm
and hand (body functions). He lives in a rural
region and is well-integrated into social and fam-
ily life (environmental factors). Due to the severe
spasticity of left finger and hand flexors, wash-
ing and caring for the left hand is a difficult,
nearly impossible task (tasks/actions). Moreover,
the patient experiences moderate to severe pain
in the affected hand. After inpatient rehabilita-
tion, ongoing treatment is planned in the patient’s
home environment with support of his family.
Currently, the patient’s family members consider
themselves unable to take care for the paretic
arm due to severe pain when stretching the fin-
gers and when cleaning the palm. To reduce
forearm flexor spasticity, Botulinum toxin A
(BoNT-A) injections in the forearm and finger
flexors were delivered/applied. Immediately
after the injections, cyclical electrical stimula-
tion (ES) of the agonists (injected muscle group)
was performed for 20-30 min. In the following
days and weeks, FES of the antagonistic wrist
and finger extensors was performed (for detailed
information see Chap. 14, Sect. 14.3 of this
book). Goals for these interventions were: to
enable the patient to take care for the paretic arm
(d570), to stretch the fingers against mild resis-
tance (d210) and to fix objects in place with the
paretic hand on a table (d440). The patient
should also be able to independently wash and
towel the left hand (d520). The patient and his
family members agreed on these goals and inter-
ventions. The family members have been trained
to continue FES therapy as part of daily routine
at home (home therapy).
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Table 5.2 Examples for goal syntax

focus attention

make decisions (on ... matter)

perform stretching/movement/
strengthening exercises

attach electrodes;
activate the stimulator; ...

plan/comply with breaks

stand up from a lying/sitting
position

grasp/let go of a bottle

secure in place a piece of paper

walk short distances
(inside/outside the house)

climb stairs

hold the shower gel bottle
when showering

apply lotion to your hands

take care for the paretic arm

make/keep eye contact

signal discomfort in care
(or in any other situation if relevant)

adhere to rules/agreements when
changing position (or any other
action if relevant)

call for assistance to attach the
electrodes (or any other action
if relevant)

context (how)

up to ... minutes in a quiet/busy environment

spontaneously/instructed/with assistance

independently/prompted/instructed ...

independently/prompted/instructed/
supervised/with assistance

spontaneously/prompted/instructed ...
in time before exhaustion/pain sets in ...

independently/holding onto sth./supervised/
instructed/with guidance/with assistance ...

spontaneously/with preparation/using a
dynamic splint ...

spontaneously/with preparation/instructed ...

self-supported with/without splint/cane
with (continuous/intermittent) support/with
(professional/lay) assistance

self-supported/using the handrail/alternating/
step by step/with/without splint/stimulator/

cane with (continuous/intermittent) support/with
(professional/lay) assistance

spontaneously/with preparation/instructed ...

spontaneously/with preparation/instructed ...

spontaneously/prompted/controlled/
instructed/with guidance ...

up to (duration)/in a quiet/busy environment/
with preparation/initial touch etc.

spontaneously/prompted/
skilled — familiar — unfamiliar persons

spontaneously/prompted/
skilled — familiar — unfamiliar persons

using call bell, beeper, mobile phone, ...
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5.3 Summary

Using the ICF for evaluating clinical findings and
for goal planning allows patients and practitio-
ners to choose adequate intervention strategies
and to evaluate the effectiveness of these inter-
ventions. In accordance with shared decision
making, patients and their significant others are
included in the goal decision. As functional
electrical stimulation requires a high degree of
self-initiative and/or initiative of family mem-
bers, aspects of self-management are important
for goal setting. Ideally, progress should always
be evaluated using SMART goal statements.
Finally, it is important to highlight that reaching
a goal is not a clinical endpoint (except for a cur-
rent treatment cycle), but rather a starting point
for a higher level of independence and self-
determination for the affected persons and their
significant others.
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Functional Electrical Stimulation
for Motor Function Disorders
due to Damage to the Central
Nervous System

Thomas Schick

Within central damages of the nervous system,
stroke is one of the most common diseases of the
brain and the second most common cause of
death worldwide [1-3]. Out of 160,000 people
affected every year in Germany, 100,000 survive
the first year. These figures are comparable with
other industrialized countries. About 80% are
ischemic strokes. Twenty five percent of all
patients are severely impaired and require assis-
tance or care. In Germany, out of all patients who
survive the acute phase in hospital, between one-
third and one-half are admitted to a post-inpatient
rehabilitation program [4]. Apart from ischemic
strokes, people are diagnosed with hemorrhagic
strokes, traumatic brain injuries, multiple sclero-
sis, spinal cord injuries, and neurodegenerative
diseases such as Parkinson’s disease and many
others. The treatment of patients with damage of
the first motor neuron, also known as upper motor
neuron syndrome (UMNS), is a therapeutic focus
in neurorehabilitation. Upper motor neuron
(UMN) refers to the neuronal cell bodies together
with the efferent nerve fibers that are responsible
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for innervation of skeletal muscles. The tasks of
the UMN include the initiation of voluntary
movement and body control. The nuclei of the
UMN are located in the motor cortex of the brain.
The axons travel predominantly as pyramidal
tracts (tractus corticospinalis, TCS) to the spinal
cord where they are switched into the anterior
horn cell to the second motor neuron or “lower
motor neuron” (LMN). The cell bodies of the
LMN) are located in the gray matter of the spinal
cord where the switching sites, the synapses, are
located [5]. From there, the efferent tracts as spi-
nal nerves are divided into Aa- and Ay-fibers to
the extra- and intrafusal muscle fibers which are
responsible for muscle contraction and receptor
sensitivity.

The involuntary movements and the support-
ing and holding motor functions are mainly
determined by the extrapyramidal system which
is functionally different from the pyramidal sys-
tem. The afferent and efferent nerve pathways
run separately from those of the pyramidal path-
ways. It is not a coherent, closed system and is
not uniformly defined in the literature. The fol-
lowing functions assigned to the extrapyramidal
system are also referred to as the striatal system
denoted: Striatum, globus pallidus, nucleus sub-
thalamicus, nucleus ruber, and substantia nigra.
In an extended sense, the cerebellum, the tha-
lamic nuclei, the formatio reticularis, and the
vestibular nuclei are assigned to the striatal sys-
tem [6].
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The consequences of damages to the UMN are
very diverse and are described as UMNS with
plus syndromes or minus syndromes, ipsilateral
syndromes, and adaptive phenomena:

The plus syndromes are assigned to the affer-
ent disorders, such as spasticity, relexifications,
Babinski reflex, clonus, and spasms of the flex-
ors/extensors, efferent disorders, such as tonic
patterns, mass tendence, cocontraction, spastic
patterns, and spastic dystonia.

Minus syndromes include force reduction. The
patient is characterized by reduced speed of decon-
traction, reduced speed of force development, dis-
turbance of dexterity, and high fatigability.

The adaptive phenomena are followed by
effects to the musculature. These include atrophy,
change in muscle fiber type, viscosity change,
sarcomere loss, and shortening of the muscle-
tendon unit. Impairment of dexterity is also com-
mon on the less affected side and is referred to as
ipsilateral syndrome.

Table 6.1 summarizes the UMNS and shows
the complexity of the possible effects in motor-
disordered neurological patients [7].

The adaptive phenomena with dysfunctional
muscle physiology, symptoms of spasticity,
paresis/plegia, and ataxia are discussed in the fol-
lowing sections (Sects. 6.1.1, 6.1.2, 6.1.3, and
6.1.4) in particular.

The possible deficits can affect in an activity-
oriented classification in particular:

e Postural control.

e Locomotion.

e Grasping and manipulation.

* Gestures and facial expressions.
e Speaking and swallowing.

The therapeutic treatment approach is thus
multi-layered and can include a structure- and
function-oriented as well as activity- and action-
oriented approach. In addition, it is particularly
important to improve the patient’s motivation [7].
Stroke patients with accompanying neurological
symptoms in addition to the motor disorder such
as anosognosia, apraxia, neglect, or somatosen-
sory deficits have a less favorable prognosis. The

therapy approaches with FES for neglect or
somatosensory deficits are presented in Chap. 9.

6.1 Introduction to Symptom-
Related Functional Electrical

Stimulation

In the previous section, the potential conse-
quences of UMNS were presented. The use of
FES can effectively treat many of these deficits
when used in a targeted therapeutic manner. A
prerequisite, however, is background knowledge
on its effective problem-centered use. In addition
to a differentiation of the existing damage pat-
terns, it requires the resulting objective of the
therapy in rehabilitation.

The therapeutic use of FES can extend from
the structural and functional level to the execu-
tion of actions at the activity level. Structural
aspects of treatment, such as improved blood cir-
culation, improved trophism, or pain reduction of
affected body regions, etc., represent a desirable
side effect of the repeated electrical stimulation,
but are rarely seen as the primary therapeutic
focus of neurorehabilitation in UMNS. Rather,
under the aspects of neuromodulation and motor
learning with the resulting possible changes in
cortical plasticity, active, goal- and task-oriented
training contents with a high degree of problem-
solving strategies are necessary.

Summary

FES combined with task-oriented training
promotes problem-solving strategies and
thus supports motor learning in patients
with upper motor neuron damage.

Recent reviews and meta-analyses indicate
strong evidence that FES combined with task-
oriented training improves upper extremity vol-
untary activity in acute and subacute stroke
patients [8] and shows a greater therapeutic effect
on upper extremity activity than training without
FES [9]. A recent guideline from the American
Stroke Association (ASA) recommends FES in
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Table 6.1 Summary of
upper motor neuron
syndrome (UMNS) and
illustration of the
complexity of its potential
implications in motor-
disordered neurological
patients

plus
symptoms

AFFERENT
1 bisoroers

disinhibited spinal
reflexes

HYPERREFLEXIA
increased sensitivity of
phasic muscle stretch
reflexes

CLONUS

increased sensitivity of
phasic muscle stretch
reflexes

SPASTICITY

increased sensitivitﬁ of
tonic muscle stretc
reflexes

FLEXORS-EXTENSORS
SPASMS

increased sensitivity of
cutaneous and
nociceptive reflexes

BABINSKI

increased sensitivity
of cutaneous and
nociceptive reflexes

minus
symptoms

ipsilateral
symptoms

adaptive
symptoms

change
in the muscle

decreased dexterity

power reduction of the ipsilateral hand

atrophies

change
muscle fiber

type

decreased power
development
speed

decreased
decentraction
speed

change of
viscosity

decreased

dexterity loss of sarcoma

muscle
tendon unit
shortening

high
fatigability

EFFERENTE
DISORDERS

modified supraspinal

output due to damaged
pyramidal tracts

TONIC PATTERNS

disinhibition of vestibular

spinal activity

MASS TENDENCY
lack of power is
compensated by
mass activation
COCONTRACTION

lack of movement
control is compensated
by cocontraction

SYNKINESIA
compensatory activation

of ipsilateral tract systems

SPASTIC DYSTONIA

tonic muscle contraction
at rest

combination with task-oriented training in stroke
rehabilitation [10].

Functional improvements after stroke have
been shown to depend on both the number of
daily therapy hours and the number of weekly

change of
elasticity of the
muscle fascia

therapy days [11, 12]. The therapy density of sev-
eral hours with daily repetition appropriate for
motor learning can be effectively supported and
implemented with FES. In suitable cases and
with good compliance of the patient or, if
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applicable, his relatives, the method can be con-
tinued by the patient at home or therapeutically
accompanied in the context of outpatient therapy
beyond the course of rehabilitation. A compre-
hensive description of home therapy can be found
in Chap. 17.

The appropriate choice of FES procedure from
the patient’s point of view depends on the desired
and necessary level of treatment and, in particular,
on the severity of the disorder. The Fugl-Meyer
Assessment (FMA; 0-66 points) is regularly used
in studies, but less so in routine clinical practice,
to assess the degree of impairment to the upper
extremity after a stroke., In addition to its function
to measure the impairment after a stroke, this
assessment allows to classify the severity degree
of the upper extremity impairment. The latter is
divided into four categories: “severe”, “severe to
moderate”, “moderate to mild”, and “mild” [13].
Table 6.2 describes the classification of a patient’s
severity based on the FMA and the associated
impairments.

In order to ensure the desired effective use of
FES for the patient, the various forms of FES
treatment should be adapted to the severity of the

Table 6.2 describes the
classification of a patient's
severity based on the FMA
and the associated

impairments points 0-66

severe

severe to
moderate

moderate
to mild

severity

patient’s impairment. Table 6.3 compares the
main areas of application of the different FES
methods on the basis of the severity classification
and the therapeutic objective. Of course, there is
a smooth transition between categories.

The goal of all interventions is to achieve the
most constant neuronal networking possible
through intensive practice. This results in skilled
motor actions under changing contextual condi-
tions [14]. Independent, active, repetitive move-
ments are of central importance in these modern
therapy concepts under aspects of motor learning
and the neuroplastic changes to be aimed at [7]
and are thus to be preferred to purely passive,
mostly cyclical forms of stimulation.

Thus, the stimulation forms of transcutane-
ous electrical nerve stimulation (TENS), neuro-
muscular electrical stimulation (NMES) [15],
and cyclic functional electrical stimulation
(cFES) [16] are frequently used as primarily
repetitive, but passive stimulation methods for
the motorically more severely affected patients
in the subacute and chronic phase after a stroke.
In the latter described therapy methods, the
focus is not on the respective voluntary

FUGL-MEYER ASSESSMENT

impairment

Severe impairment with no hand, wrist, or
multi-joint movement. Minimal movement
limited to single joint extensor and flexor

muscle synergies.

Severe impairment without movement due
to synergies and movement restrictions of
individual joint extensor and flexor synergies,
hand, wrist or multi-joint movements.

Moderate impairment with limited movements
due to synergies and partial impairment due to
synergies of single joint extensors and flexors
and hand, wrist and multi-joint movements.

Minimal impairment with the ability to perform
movements from synergy with full movement of
the arm.
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Table 6.3 Compares the
main uses of the different
FES methods based on
severity classification
(FMA) and treatment goal

moderate
to mild

activity
level

functional and
structural level

FUGL-MEYER
ASSESSMENT (FMA)

severe to
moderate

sFES
sensor-triggered
functional electrical stimulation

&
@

EMG-ES

EMG-triggered electrical stimulation

ccFES

EMG-MES+MT

movement initiation and execution, but increas-
ingly on structural and only partly functional
deficits. Peripheral or afferent electrical stimu-
lation (PES/AES) has been studied in the past
and shows at least short-term changes in hand-
grip strength after intervention [17]. Authors
describe the benefit as preparatory or adjuvant
to other active rehabilitation procedures [18].
This topic and the influence on neuropsycho-
logical symptoms such as neglect are discussed
in Chap. 9.

In recent years, there has been an increasing
demand for the combination of functional stimu-
lation and task-oriented therapy methods to
improve motor outcome [15]. In moderately to
severely affected hemiparetic patients, therapeu-
tic methods such as contralateral controlled func-
tional electrical stimulation (ccFES) use the less
affected side via motion sensors integrated into
cuffs to trigger simultaneous movement on the
affected side of the body [19].

To optimize the necessary active cooperation
of the patient in modern FES, EMG signals are

NMES

nevromuscular electrical stimulation

TENS

transcuta

used to pulse an initial movement triggered by
the patient (Fig. 6.1).

P> Motor learning requires the active participation
of the patient. EMG-triggered stimulation
promotes patient-triggered impulse and
movement initiation and thus decisively
supports the motor learning process.

Here, the movement effects can be strength-
ened if they are performed in combination with a
patient-adapted, clear, functional, and problem-
solving task with electrical support of individual
muscle groups required for this action.

The combination of EMG-triggered multi-
channel electrical stimulation (EMG-MES) with
optimized visual motion feedback using mirror
therapy (ST) (EMG-MES+ST) achieved signifi-
cant, clinically relevant motor improvements in
subacute stroke patients [20]. This therapy-
relevant treatment approach for mostly severely
affected stroke patients is discussed in Sect. 14.2
and elaborated in detail in Sect. 6.3.3.
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functional principle of EMG-triggered electrical stimulation

EMG
signal

reference electrode for EMG-signal

threshold

electrical
stimulation

motion effect

stimulation electrodes

Fig. 6.1 Illustrates the operating principle of EMG-triggered electrical stimulation (EMG-ES)

Stimulation forms triggered with switches or
motion sensors (sFES) are often used therapeu-
tically to support mobility during walking, also
in the sense of a myoelectric orthosis.
Depending on the number of stimulation chan-
nels, functions to improve the stance or free leg
phase during walking are possible. Severely
affected patients, on the other hand, usually
benefit from multichannel electrical stimulation
(MES) or contralateral EMG or sensory trigger-
ing via the less affected leg, Sensory triggering
over the less affected limb or unilaterally over
less severely affected limb segments. Thus,
multichannel electrical stimulation can also be
usefully applied in these patients. If the reha-
bilitative objective is specifically to improve
activities of daily living such as the grasping,
manipulation and transport of objects, or the
mobility of the patient, the EMG-triggered
electrical stimulation (EMG-ES), the contralat-
eral controlled functional electrical stimulation
(ccFES), and the EMG-MES procedures are
used clinically. This is also true for ipsilateral
symptoms like disturbance of dexterity, reduc-
tion of plus symptoms like spasticity, cocon-
traction or mass tendency on the affected side
or minus symptoms like paresis, strength reduc-

tion, strength endurance, and coordination defi-
cits. A review of EMG-triggered stimulation
after stroke [21], which included 26 studies
with 782 patients, described robust significant
effects in follow-up after EMG-ES interven-
tion, both at the level of damage and function,
especially in the chronic phase. This was
defined here as more than 3 months after stroke
occurrence. According to the authors, it is a
good option for the treatment of severely to
moderately affected stroke patients.

The enormous biomechanical complexity of
the hand is reflected in its distinct cortical repre-
sentation in the motor cortex and requires an intact
corticospinal tract for fine motor control [22]. If
this tract is massively destroyed by a stroke, con-
tralesional motor-cortical recreation becomes
more important. Depending on the severity, from
moderately to severely affected patients, the con-
tralesional cortex takes over the main motor com-
pensation [23]. Stroke affects hand motor function
more than elbow or shoulder motor function, and
only less than half of patients achieve adequate
hand function after 6 months [24].

Positive effects on activities of daily living
(ATL) that persisted 2 months after the interven-
tion were described in a review [25]. Evidence is
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found that EMG-ES in combination with reha-
bilitative interventions is superior in terms of
upper extremity limitations. This is true for the
post-acute rehabilitation phase after stroke and
for the chronic phase [26].

EMG-MES is regularly used in rehabilitation of
severely to moderately [27] to mildly affected
patients to improve functions with task-oriented
training of the upper extremity after stroke. It is
also well suited for use in the home setting as a
post-inpatient rehabilitation measure [28]. The res-
toration of lost functions with the goal of an
improved activity level is focused. Of course,
EMG-MES is not limited to the upper extremities
but offers a variety of useful therapeutic interven-
tions including the trunk and the lower extremities
to improve postural stability, control, and mobility.

In summary, the FES procedures with patient-
intended triggering, the following can be
achieved, e.g., by EMG or sensor triggering with
several stimulation channels, mostly severely to
moderately affected, but also mildly affected
patients benefit greatly.

Summary
Patients who are severely to mildly motor-
impaired benefit from EMG-MES.

Due to the complexity of movement-
synchronous multichannel stimulation during
walking with the aid of functional multichannel
electrical stimulation (FMES)), this therapy method
is regularly used primarily in the clinical setting
[29]. The 1- to 2-channel mobile electrical stimula-
tion devices with different sensor technology for
movement triggering or control have proven to be
suitable as myoelectric orthoses for the care of neu-
rological patients with UMNS and foot lift and
knee joint control deficits. Electrical stimulation is
also used for stroke patients. The sole of the foot of
the affected leg is used successfully in the early gait
rehabilitation to trigger the withdrawal reflex, in
conjunction with an increase of stance stability on
the non-affected leg, in walking speed and distance
and to initiate movement [30].

The therapeutic interventions of FES are not
exclusively dependent on the severity, but also on the
symptom expression. Therapeutic treatment options
with FES for the plus and minus symptoms described

in Sect. 6.1, the adaptive and ipsilateral symptoms,
but also rehabilitation-relevant symptoms such as
pain or swelling can be found in Table 6.4. This
shows an overview of the different electrical stimu-
lation approaches and their symptom-dependent
areas of application. The therapeutic focus of the
individual stimulation methods differs considerably.

6.1.1 Adaptive Phenomena with
Dysfunctional Muscle

Physiology

There is literature on muscle physiology that
describes adaptive phenomena and the structural
consequences after a central brain damage, e.g.,
stroke. The changes range from decreased oxida-
tive capacity [31], an increased prevalence for
sarcopenia [32] to increased fatigable muscle
fibers [33] weakness, such as muscle-fiber length,
decrease of pennation angle, muscle atrophy, and
tendon compliance [34].

Other authors describe the greatly reduced
muscle mass compared to the unaffected side and
the resulting muscle weakness with an increase
of intramuscular fat [35]. For structural deficits
such as swelling or functional deficits due to
adaptive symptoms, in particular, NMES includ-
ing TENS or cFES can also be used sensibly.

A meta-analysis investigated different therapy
methods to improve strength in chronic stroke
patients [36]. Here, other therapy methods such as
forced resistance training for strengthening the knee
joint extensors were shown to be more effective
than electrical stimulation. This is not surprising,
since the focus by means of FES in neurorehabilita-
tion should not be primarily on the structural but
rather on the functional and, even better, on the
activity-related level. The principles of motor learn-
ing and thus the influence on neuronal plasticity
should clearly be focused and not the purely struc-
tural approach with a pure improvement of strength.

Therapeutically relevant motor target sets,
EMG-MES in particular, serve this purpose. This
is because under the aspects of motor learning, in
addition to, e.g., repetition, above all task- and
problem-solving-oriented approaches are thera-
peutically very well implemented and can be com-
bined well. The importance and the advantage of a
task-oriented treatment with EMG-ES compared
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Table 6.4 Functional
electrical stimulation
procedures for upper motor
neuron syndrome

spasticity

plus

symptoms cocontraction

mass tendency

eyclic functional electrical stimulation

power reduction

power
endurance

paresis
minus
SYIMPLOMS R power
evelopement

decontraction
speed

coordination

deficit

AAAA0

atrophy

adaptive
symptoms

muscle tendon
unit shortening

loss of sarcoma

ipsilateral

symptoms

dexterity

swelling
other

symptoms [
pain

to cFES for the improvement of shoulder function
was shown in a randomized controlled trial [37].

6.1.2 Paresis and Plegia

Paralysis of the musculature, also referred to as
paresis if incomplete and as plegia if complete,
usually means a considerable restriction for neu-
rological patients with UMNS. The effects on
functionality and activity allow only very limited
freedom of action and activity.
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Participatory competence. Paresis is much
more common in UMNS than complete plegia,
which is more common in LMNS, i.e., peripheral
nerve damage. Muscular weakness causes
patients to fail at everyday movements.
Depending on the degree of severity, they then
compensate for the loss of function more on the
less affected side. In addition to achieving the
best possible functional competence on the
paretic side of the body, the therapy goal can also
be to improve dexterity on the less affected ipsile-
sional side of the body.
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Patients with residual functions are particu-
larly suitable for EMG-ES and EMG-MES in
rehabilitation and outpatient therapy, as they can
still initiate a movement independently and the
electrical stimulation provides an additional posi-
tive incentive for the possible execution of the
movement. A successfully performed action on
the activity level and thus a successful problem-
solving approach increases the patient’s motiva-
tion level considerably.

Summary

Successful handling of patients with pare-
sis in UMNS by means of individual and
targeted EMG-MES can have a marked
motivational effect and support them in
developing further task-specific problem-
solving approaches.

If several stimulation channels can be used
therapeutically, not only simple joint movements
but also complex, relevant movement sequences
are electrically stimulated and thus supported.
Sections 6.3 and 6.4 contain a variety of practical
therapy suggestions for EMG-MES and explain
the special features and the usefulness of the pre-
cise and individual use of modern electrical stim-
ulation devices.

6.1.3 Spastic Movement Disorder

A spastic movement disorder is defined as an
increase in muscle tension due to rapid stretching
of the muscle. The symptom, which occurs in the
context of UMNS, usually shows up with a time
lag a few weeks after the event. Spasticity devel-
ops in 38% of stroke patients. A spastic movement
disorder occurs when the activation of the descend-
ing extrapyramidal pathways predominates over
the inhibitory control functions. In addition, the
following phenomena often occur [7]:

* Reflex irradiation: spreading of the excita-
tion on adjacent muscle groups,

* Reduced reciprocal inhibition: reduced
decontraction of antagonistic muscle groups,

e Clonus: muscular activation and deactivation
caused by a stretch stimulus.

The treatment of spastic movement disorders in
UMNS with the aid of FES pursues different thera-
peutic approaches. On the one hand, stimulation of
the antagonist or antagonistic functional chains, on
the other hand, stimulation of the spastic muscle
itself. In many cases, it is more effective in the
medium term to select equipment and forms of
stimulation in such a way that a patient is supported,
for example, in performing movements from a flex-
ion synergy through either active or electrical stim-
ulation in an assistive and repetitive way.

In preparation for such a treatment approach,
selected stimulation frequencies can also be applied
to the tonic agonist (i.e., the affected) muscles to
detonate them, which in certain cases makes the
antagonistic movement possible in the first place.
Proven frequencies for muscular fatigue are “low-
frequency fatigue” (LFF < 10 Hz) [38, 39] or
“high-frequency fatigue” (HFF > 50 Hz) [40] In
the treatment of spastic movement disorders of
extremities, the functional aspect is not always the
primary goal. Rather, in selected cases, a structural
approach is initiated, which can then progressively
transition to a treatment emphasizing function and
improvement of activity. A review and meta-analy-
sis of NMES in stroke patients with 27 randomized
trials and nearly 940 cases showed an improvement
in spasticity and an increase in range of motion
[41]. The authors concluded that targeted electrical
stimulation, also in combination with other inter-
ventions, is a good rehabilitative therapy option.
Pronounced forms can additionally be treated with
botulinum neurotoxin (BoNT) (Sect. 14.3).

Summary

The treatment of spastic movement disor-
ders focuses on the functional aspect. In the
longer term, functional changes can be
achieved by targeted activation of antago-
nistic movement patterns using FES. Due
to the rather short-term therapy effects, the
direct stimulation of spastic muscles with
suitable frequencies should ideally be used
as a precursor to therapy.
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6.1.4 Ataxia

Ataxia is an impairment of movement coordina-
tion (fine tuning of movements; Greek:
“a-taxis”—disorder) [42]. The cause can be
hereditary, acquired, or idiopathic.

The prerequisite for coordinated movements
is the complex interaction of the cerebrum and
cerebellum, the brain stem, the spinal cord, the
afferent and efferent nerve structures and the
musculature.

If there is a malfunction in one of these func-
tional areas, this may lead to uncontrolled, over-
shooting, or erratic movements. Structures such
as the cerebellum, the pons, or the capsula interna
can lead to overshooting and uncontrolled move-
ments when damaged. Patients with multiple scle-
rosis or after craniocerebral trauma are frequently
affected by ataxia. Cerebral infarctions may also
lead to ataxic hemiparesis [43]. These can affect
arms or legs with limb ataxia or manifest within
the trunk. If the ataxia manifests primarily in
stance or gait function, it is referred to as stance or
gait ataxia. Depending on the site of damage, a
distinction is made between cerebellar ataxia
with cause in the cerebellum that can also lead to
ipsilateral dysmetria and intention tremor [43],
and spinal ataxia, where the cause originates from
the spinal cord. In addition, damage to sensitive
nerve structures, such as polyneuropathy, may
also occur. The consequence is sensory ataxia.

Not only the intermuscular coordination
between different muscle groups, but also the intra-
muscular coordination in the muscles themselves
may be impaired. Ataxia in cerebellar damage can
have a negative effect on vocal articulation like
ataxic dysarthria or on eye-gaze coordination [43].

As a treatment, the focus is on regular profes-
sional counseling. Rehabilitation interventions
such as physiotherapy, occupational therapy, or
speech therapy focus on active measures to pro-
mote coordination.

A study including patients with spinocerebel-
lar ataxia (SCA, a neurodegenerative disease) in
direct comparison with healthy subjects docu-
mented an increase in cortical excitability after
30 min of electrical stimulation of the median
nerve. The authors conclude that their findings are
relevant to the use of electrical stimulation to

increase cortical motor excitability in motor reha-
bilitation of cerebellar dysfunction [44]. Thus, it
is plausible to assume that targeted FES can also
promote coordinative control functions. EMG-
MES supports coordinative movements relevant
in everyday life. In this case, EMG triggering for
movement initiation by the patient should also be
used if possible, in order to improve voluntary and
thus patient-directed movement control.

By using multichannel electrical stimulation, the
muscular coordination of agonists and antagonists
in functional chains can be improved in a way that
controlled movement can be performed and the
relearning of coordinative functions is supported.

Summary

EMG-MES supports movements relevant
in everyday life and the muscular coordina-
tion of agonists and antagonists in their
functional chains. Thus, movement control
in ataxia can be improved.

6.2 Symptom-Related
Functional Parameter

Setting

In the following practice section (Sects. 6.3 and
6.4), examples of EMG-MES are presented and the
possible parameter settings are discussed in detail.
The importance of parameter adaptations for the
performance of activities and movements will be
explained (Fig. 6.1). The following parameter set-
tings will be discussed in particular (Fig. 6.2):

* Intensity.

* Frequency.

e Pulse width.

* Plateau-pause Times.

e Rise time of the pulses.
e Fall time of the pulses.
e Second contractions.

* EMG trigger threshold.
e Intensity.

Intensity: The intensity or amplitude of the cur-
rent pulse determines the desired motor response.
In order to achieve an adequate motor response for
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functional movement execution, it is essential in
most cases to choose an intensity that is not only
sensory, but also motor-sensitive. If a patient reacts
very sensitively to the electrical stimuli, it is possi-
ble to start with lower intensities and then adjust
them step by step to the therapeutic needs. Reducing
the pulse width can also reduce the sensitive load
and consequently increase the required intensity. It
should be noted that once the motor threshold has
been reached, the sensitive load due to the current
stimulus no longer increases to the same extent.

Frequency: The frequency describes the num-
ber of individual current pulses per second and is
expressed in the unit Hertz (Hz). In addition to the
intensity, it is the decisive factor in determining
whether a complete contraction of the muscles is
achieved. A complete or tetanic contraction is
achieved at more than 20 Hz. Frequencies around
30-35 Hz are commonly used in FES and EMG-
MES. However, higher frequencies of up to 50 Hz
are also useful without causing excessive fatigue.
Higher frequencies can lead to more intensive
contraction due to increased recruitment of mus-
cle fibers and thus to a stronger training effect
directly on the muscle.

Pulse width: FES including the EMG-MES in
UMNS regularly uses short pulse widths in the
microsecond range (<1000 ps = 1 ms) to stimulate
the motor unit. The muscular responses occur
through electrical stimulation of the efferent nerve
structures and not the muscle itself. The pulse
widths most commonly used in therapy and in
studies with FES and EMG-MES are usually
between 250 and 400 ps.

Plateau and pause times: An important role is
given to the individual setting of the stimulation
times, referred to as plateau times and pause times
represent the most important aspect of the therapy.
In order to simulate a function or activity with the
support of electrical stimulation in a way that is
suitable for everyday life, the therapist should set
the required stimulation times. The sequence of the
muscle groups or functional chains involved in this
movement can be mapped accordingly in the suit-
able electrical stimulation device. Thus, during a
planned movement, different muscle groups can be
stimulated in a staggered or overlapping sequence.

Rise/fall times: Modern and suitable electrical
stimulation devices not only allow individual adjust-
ment of the plateau-pause times among the different

stimulation channels, but also different rise and fall
times for each individual channel. The rise and fall
times to be set for the stimulations differ according
to the required movements. In many cases, a longer
rise time leads to a more coordinated and less
chopped execution of movements. This option can
also be useful in the treatment of spasticity to avoid
unwanted reflex responses. The individual parame-
ter adaption offers immense possibilities for experi-
enced therapists and their patients. If one plans to
perform a movement against or with the force of
gravity (e.g., when lifting an object above shoulder
level), a significant extension of the drop time pre-
vents a sudden, uncontrolled drop of the arm.

Second contractions: For some activities, it
may be necessary or advantageous to perform a
stimulation a second time within a stimulation
cycle in mostly reciprocal movement sequences.
For this purpose, a second contraction can be set
on up to four channels in modern electrical stim-
ulation devices.

EMG trigger threshold: Patient-specified
pulse triggering with automatic determination of
the trigger threshold should be the standard for
electrical stimulation devices in neurorehabilita-
tion. This means that during movement initiation,
the patient has to exert a certain amount of self-
activity in order to start the movement and to
receive electrical stimulation to support task per-
formance. Since the activity level of patients var-
ies greatly, this requires an individual and adapted
determination of the trigger threshold. The activ-
ity level of a patient changes regularly during
ongoing electrical stimulation therapy. In some
cases, this can manifest itself in an increase in
activity during therapy. Here an adaption and
thus an increase in the trigger threshold value are
reasonable. Fatigue effects can also make it nec-
essary to lower the trigger threshold. Depending
on the type of device, this readjustment can be
performed automatically or manually by the ther-
apist or patient. The movement triggering can
also be carried out on the less affected limb or in
a less affected proximal or distal limb section, if
this makes sense from a therapeutic point of view.

P It may be crucial for the therapy success to
select and adjust suitable stimulation
parameters on an individual basis, such as:

P> Intensity.
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Frequency.

Pulse width.

Plateau and pause times.
Trigger threshold.

Rise and fall times.
Second contraction.
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In the modern and contemporary form of EMG-
MES, the focus is not on current-induced muscular
contractions to improve muscle strength, but on the
successful execution of an individual task or prob-
lem. The positive feedback of a successfully per-
formed action on the activity level can have a strong
emotional and motivational aspect in addition to the
motor aspect. Therefore, EMG-MES is an impor-
tant component in the neurorehabilitative care of
patients with various neurological disorders.

The fear occasionally expressed by critics
that parameter adjustment takes up too much
therapy time can be contradicted both by practi-
cal experience and by scientific work. In a con-
trolled study, therapeutically relevant effects
were documented on the basis of the documented
net treatment time or stimulation time of the
patients on an average of almost 20 min in a 30
minutes session with a bilateral four-channel
system of the upper extremities [20]. The remain-
ing treatment time comprised set-up times,
including preparation and post-processing and
patient positioning, and was only partly used for
parameter adaption. Another RCT on EMG-

MES compared to cNMES, published in 2022,
showed even longer net treatment times of
almost 24 min on average out of a total treatment
time of 30 minutes [45].

The practical examples of the listed parameter
adaptations are prepared in detail in the following
two sections. It is explicitly emphasized that the
listed stimulation patterns are only therapy exam-
ples and can be adapted variably, individually, and
flexibly to the patient. Electrical stimulation
devices, which allow an individualizable and very
versatile parameter adaptation to the patient’s
needs and have a simple operator guidance, have
become established in therapy. It is advisable to
use only high-quality self-adhesive electrodes for
functional programs involving movements and
sequences of movements. These are characterized
by a very thin and flexible surface and good adhe-
sion even after several therapy sessions. With
appropriate care and cool storage, they can usually
be used many times on the same patient. Depending
on the region to be stimulated, the appropriate
electrode size needs to be selected. In many cases,
unsuitable electrodes have a direct negative effect
on the patient and an influence on the treatment
process and the result. It should also be noted that
the skin surface is free of moisture and grease and
hair in the stimulation area should be removed at
an early stage in advance if necessary.

Table 6.5 provides an overview of the options
for symptom-dependent therapy.

cycle time

rise time fall time

—

L |

delay plateau time

contraction 1

pause 1

rise time fall time
contraction 2 contraction 2

—

\—I\—J;J

plateau time
contraction 2

pause 2

contraction 2

Fig. 6.2 Describes the different stimulation phases within a stimulation cycle, as illustrated by practical examples in

the following practical sections
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Table 6.5 provides an
overview of the options for
symptom-dependent therapy

maove object to mouth

grasp and release object

grasp bilateral with mirror

wipe unilateral

arm support unilateral

grasp and move an object

shoulder stabilization
with subluxation

grasp and lift the arm
more than 90°

forearm supination/pronation

key grip

triped grip

spherical grip
opposition grip
bridging

ankle joint coordination
stand up unilateral
stand up and step
stand up bilateral

single leg stance

lunge from standing position

walk with rollator

6.3 EMG-MES to Improve

Arm/Hand Function

To increase comprehensibility, practical exam-
ples of EMG-MES for the upper extremities to
improve arm/hand functions (in this section) are
separated from those for the lower extremities for
therapy and improvement of postural control and
mobility (Sect. 6.4). FES appears to be a promis-
ing tool for improving UL function in post-stroke

spastic
syndrome

@
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V]
V]
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V]
V]
V]
V]
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V)
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V]
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patients, according to a recent narrative review
[46]. The activities presented represent selected
examples of therapy, are highly variable depend-
ing on the needs of the patient, and in many cases
require individualization. Furthermore, countless
of the therapy options are conceivable and appli-
cable in everyday therapy.

EMG-MES is excellent for improving
motor function of the upper extremities and
trunk muscles and the activity levels in the
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clinical setting, which leads to an innovative
approach in numerous neurorehabilitation
facilities.

The stimulation parameters adapted to the
respective activities are explained in detail.

6.3.1 Move Object to Mouth

The aim of this activity is to enable the patient
to grasp objects such as a glass, a cup or food
such as an apple and move them to the mouth
so that they can be put down again in a con-
trolled manner. The wrist extensor (extensor
carpi radialis longus muscle) is chosen to initi-
ate the movement to ensure hand function con-
trol. The finger flexors (flexor digitorum
superficialis muscle) follow with a delay of 1 s
and the elbow flexors (biceps brachii muscle)
and the flexors of the shoulder joint (deltoideus
muscle, pars clavicularis) with a further delay
of 1 s. The prolonged drop time allows the
eccentric and controlled release of the elbow
and shoulder joint flexors with the force of
gravity for safer object placement. The selected
frequency and pulse width is suitable for mus-
cular activation and prevents premature fatigue
of the paretic muscles (Table 6.6, Fig. 6.3 and
Video 6.1).

6.3.2 Grasp and Release Object

The therapeutic focus of this activity is on the acti-
vated stretching of the fingers I-V (extensor digi-
torum muscle; extensor pollicis longus muscle) to
open the hand. Subsequently, the object is grasped
by the flexor muscles (flexor digitorum superficia-
lis muscle; flexor pollicis longus muscle), and a
second contraction again activates the extension of
the thumb and fingers II-V for release. The length
of the pause time depends on the task. If the focus
is on the repetitive approach and the patient is able
to grasp a big number of objects while function is
already present or beginning, the pause time can
be reduced accordingly. Several affected patients
usually require longer pause times. A longer rise

time for the finger extensors is useful in cases of
severe spasticity or reflex tendency of the flexors.
The selected frequency and pulse width are suit-
able for muscular activation and prevent prema-
ture fatigue of the paretic muscles (Table 6.7,
Fig. 6.4 and Video 6.2).

6.3.3 Grasp Bilateral with Mirror

This activity has been shown to improve arm/hand
function in stroke patients with high motor impair-
ment [20]. A bilateral grasping movement is per-
formed. Using the wrist extensors (extensor carpi
radialis longus muscle) and the finger flexors
(flexor digitorum superficialis muscle), which fol-
low with a 1-s delay, the desired movement is per-
formed. EMG triggering takes place via the less
affected side. The mirror is directed toward the
less affected side and thus mirrors the grasping
movement of this hand. Both the use of the mirror
illusion and a low EMG trigger threshold that
allows synchronous movement of the affected
hand to match the visual feedback are crucial. The
therapist positions the affected hand in an appro-
priate starting position and does not provide tactile
support during the movement. The intensity of the
current should be selected to make the tactile-kin-
esthetic information as comparable as possible on
both sides. In severely impaired patients, the fre-
quency and pulse width are selected in a way that
premature fatigue of the paretic musculature is
mostly avoided (Table 6.8, Fig. 6.5 and Video 6.3).

6.3.4 Wipe Unilateral

Wiping is a very practical everyday activity with a
synergistic and antagonistic sequence of move-
ments. The patient sits at the table with the affected
arm resting on it. He/She grasps, e.g., a cloth or
towel, and performs a wiping movement during
stimulation. The cloth or towel prevents additional
friction effects and thus allows the wiping move-
ment in a simplified manner. The prolonged rise
and fall times overlap and thus lead to a coordi-
nated movement. In this example, the infraspina-
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Table 6.6 Stimulation parameters for the activity “Move object to mouth”

MOVE OBJECT TO MOUTH

objective: grasp and hold an object, then move it to the mouth and put it down again

contraction 1

cy: 35 Hz
idth: 300 ps

rise time plateau time fall time

nel2 N
‘M. flexor digitorum superficialis -
channel 3

M. biceps brachii

channel 4
M.deltoideus, Pars clavicularis

Fig. 6.3 Movement sequence of the activity “Move object to mouth”
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Table 6.7 Stimulation parameters for the activity “Grasp and release object”

GRASP AND RELEASE OBJECT (with 2nd contraction)
objective: grasping an object after active finger ing, holding and
subseguent reopening of the hand for

frequency: 35 Hz

pulse width: 300 ps plateau
time

channel 3
M. flexor digitorum superficialis

channel 4
M. flexor pollicis longus

Fig. 6.4 Movement sequence of the activity “Grasp and release object”
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Table 6.8 Stimulation parameters for the activity “Grasp bilateral with mirror”

GRASP BILATERAL (with mirror)
objective: movement initiation of the affected hand using a bila rasping movement,
additional use of the mirror illusion of the less aff

contraction 1

frequency: 35 Hz
pulse width: 300 ps

plateau time fall time

channel 3
M. extensor carpi radialis longus

channel 4
M. flexor digitorum superficialis

Fig. 6.5 Movement sequence of the activity “Grasp bilateral with mirror”
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tus muscle functions as the shoulder joint external
rotator. Alternatively, the teres minor muscle can
also be used here. This is followed by an exten-
sion, internal rotation in the shoulder joint (latis-
simus dorsi muscle) or, alternatively, the teres
major muscle followed by an adduction movement
through the chest muscles (pectoralis major mus-
cle). The movement is completed by an extension
in the elbow joint (triceps brachii muscle). If the
pause times are reduced to a minimum and the
EMG trigger threshold is selected low, almost con-
tinuous alternating and superimposed stimulations
and thus the wiping movement can be produced
(Table 6.9, Fig. 6.6 and Video 6.4).

6.3.5 Support Arm Unilateral

This activity has a high everyday relevance for a
large number of patients with a wide range of
complaints. When standing up from a seated
position, for example, extension of the wrist
(extensor digitorum muscle) with simultaneous
optimal finger extension ensures the necessary
ventral weight shift. Alternatively, in the absence
of finger joint extension, the wrist extensor
(extensor carpi radialis longus muscle) can be
selected. If the symptoms are bilateral, the finger
or wrist extensors can be dispensed with the
elbow extensors (triceps brachii muscles) and the
shoulder joint extensors (deltoidei muscles, pars
spinalis) can also be used and stimulated bilater-
ally with a short delay of 1 s. Shorter stimulation
cycles should rather be selected when standing
up than when supporting on a treatment table.
Short rise times can be helpful to facilitate sup-
port to standing in a timely manner. If the arms
are to bear more body weight, the frequency can
be increased to 50 Hz to increase muscle recruit-
ment (Table 6.10, Fig. 6.7 and Video 6.5).

6.3.6 Grasp and Move an Object

In addition to the grasping activity, the seated
patient should move the object spatially on the
table surface before releasing it again. This stimu-
lation pattern is suitable for guiding a patient out

of his flexion synergy into an antagonistic move-
ment. The movement is initiated with the wrist
extensor (extensor carpi radialis longus muscle).
With a delay of 1 s, the finger flexors (flexor digi-
torum superficialis muscle) come into action.
After that, the elbow extensor (biceps brachii
muscle) and the shoulder joint flexor (deltoideus
muscle, pars clavicularis) are activated for a fur-
ther second. In this movement, the focus could
also be placed on finger extension for active
grasping and late release, which would be empha-
sized by a second contraction. The selected fre-
quency and pulse width is well suited for muscular
activation and prevents early fatigue of the paretic
muscles (Table 6.11, Fig. 6.8 and Video 6.6).

6.3.7 Shoulder Stabilization (with
Shoulder Subluxation)

Patients with hemiplegia or hemiparesis some-
times suffer from complications such as shoulder
subluxation, which in many cases is accompa-
nied by a significant pain syndrome. Since move-
ment is often painful in the early phase, activity
can be performed in a sitting position with weight
bearing of the arm by resting the forearm. From
this position, smaller movements in the shoulder
joint can be trained, especially in the direction of
external rotation. The success of this EMG-
triggered MES has already been demonstrated
[37]. In this study, the degree of pain improved in
addition to function, so the following parameters
follow up based on this experience. This explains
the long rise and fall times and the plateau and
pause times. The delay for the external rotator
can be used for a stroke-free external rotatory
movement like pushing away a balloon. It should
still be possible to select a low trigger threshold.
Suitable muscle groups for stabilization in the
shoulder joint are the shoulder joint extensors
(deltoid muscle, pars spinalis), the scapula
adductor (rhomboideus major muscle), the ini-
tial shoulder joint abductor (supraspinatus mus-
cle), and the shoulder joint external rotator
(infraspinatus muscle). To avoid movement-
induced pain, a prolonged rise time can be used
with the arm in an adapted position. A reduction
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Table 6.9 Stimulation parameters for the activity “Wipe unilateral”

WIPE UNILATERAL

tive: wiping movement with the affected arm while sitting at the table

contraction 1

rise time plateau time fall time

M. latissimus dorsi

channel 3
M. pe lis major

channel 4
M triceps brachii

4

altern g hannel 2: M

Fig. 6.6 Movement sequence of the activity “Wipe unilateral”
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Table 6.10 Stimulation parameters for the activity “Support arm unilateral”

ARM SUPPORT UNILATERAL

objective: safe use of the affected arm and hand when standing up from sitting position

frequency: 35 Hz contraction 1

pulse width: 300 ps plateau time fall time

channel 3
M. deltoideus, Pars spinalis

Fig. 6.7 Movement sequence of the activity “Support arm unilateral”
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Table 6.11 Stimulation parameters for the activity “Grasp and move an object”

GRASP AND MOVE AN OBJECT

grasping an object and moving it on a tabletop

contraction 1

plateau time fall time

channel 2 :
M. flexor digitorum superficialis
channel 3

M triceps brachii

channel 4
M. deltoideus, Pars clavicularis

Fig. 6.8 Movement sequence of the activity “Grasp and move an object”
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of the pulse width can reduce the sensory load
caused by the stimulation in an existing pain
situation and, if necessary, allows a higher inten-
sity for a better motor response (Table 6.12,
Fig. 6.9, and Video 6.7).

6.3.8 Grasp and Lift Arm More
Than 90°

For patients with moderate to mild shoulder func-
tion deficits, this activity can be used to train
reaching a level with the arm or hand above
shoulder girdle level. Task-oriented objects
should be used to clarify the task and the degree
of goal achievement. The anterior shoulder joint
flexor (deltoideus muscle, pars clavicularis) starts
the movement by flexing the arm in the shoulder
joint. The scapula muscle (rhomboideus major
muscle) stabilizes the scapula, while the external
rotator (infraspinatus muscle) supports the exter-
nal rotation necessary for elevation. Alternatively,
to the rhomboideus major muscle, the serratus
anterior muscle has also proven to be effective
and additionally emphasizes scapular rotation.
With a further delay, the elbow extension (triceps
brachii muscle) takes place to enable the target-
ing of the hand. Since this movement involves
long levers against the force of gravity, the fall
time should be chosen long enough to prevent the
arm from falling prematurely (Table 6.13,
Fig. 6.10 and Video 6.8).

6.3.9 Forearm Supination/
Pronation

The activity allows alternating pronation and
supination of the forearm like for screw turning.
For the supinating movement, the most suitable
supinator is the biceps brachii muscle. The arm
should be positioned in elbow joint with less than
90° flexion and the electrodes positioned more
distally on the biceps brachii muscle. This
emphasizes less the flexion and more the supina-
tor component. Alternatively, the supinator mus-
cle can be selected. However, since it is located
deeper, it is usually more difficult to localize and

more challenging to reach for successful elec-
trode position. As a result, unwanted movements
of other muscle groups, such as the elbow flexors,
can often be stimulated as well. Slightly
prolonged and partially overlapping rise and fall
times for a short time reduce the possibility of
increasing muscle tension of the reflex-enhanced
musculature. The pronator (pronator teres mus-
cle) is located in the proximal quarter of the ven-
tral forearm and, although low-lying, can be
stimulated well and specifically. If the EMG
threshold is low, continuous sequences of
movements are chosen, and a stimulation close to
the action can be achieved (Table 6.14, Fig. 6.11
and Video 6.9).

6.3.10 Key Grip

This gripping function can be used in everyday
life to pick up and hold an object such as a key.
The thumb adductor (adductor pollicis muscle)
fixes the object with only a short delay (1 s) by
exerting pressure on the loosely fisted hand. The
wrist extensor (extensor carpi radialis longus
muscle) stabilizes the wrist, and the long finger
flexor (flexor digitorum superficialis muscle)
ensures the slightly fisted hand position and thus
enables simultaneously bringing the thumb and
index finger together. Extended rise times allow
the patient to arbitrarily adapt his grip to the
required grasping function. The duration of stim-
ulation and pause times depend on the task
(Table 6.15, Fig. 6.12 and Video 6.10).

6.3.11 Tripod Grip

The tripod grip is well suited to the purposeful
grasping of small objects in everyday life. In
addition to the fine motor skills of the fingers 1-3
(opponens pollicis muscle; lumbricalis manus
muscles, Digiti II-III), the stabilization in the
wrist (extensor carpi radialis longus muscle) is a
prerequisite. A short delay of 1 s is sufficient for
the flexor muscles in the metacarpophalangeal
joints in many cases. The electrode position can
be chosen exclusively on the dorsal side distally
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Table 6.12 Stimulation parameters for the activity “Shoulder stabilization (with shoulder subluxation)”

SHOULDER STABILIZATION (with subluxation)

tabilization of the plegic shoulder joint in subluxation with or without pain

contraction 1

rise time plateau time fall time pause 1

channel 2
M. rhomboideus major

channel 3
M. supraspinatus

channel 4
M. infraspinatus

Fig. 6.9 Movement sequence of the activity “Shoulder Stabilization with shoulder subluxation”
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Table 6.13 Stimulation parameters for the activity “Grasp and lift arm more than 90°”

GRASP AND LIFT THE ARM MORE THAN 90°

objective: lift the object and move it to a higher level

contraction 1

rise time plateau time fall time

pause 1

channel 2
M. rhomboideus major

channel 3
M. infraspinatus

channel 4
M. triceps brachii

Fig.6.10 Movement sequence of the activity “Grasp and lift arm more than 90°”
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Table 6.14 Stimulation parameters for the activity “Forearm supination/pronation”

FOREARM SUPINATION/PRONATION (screwdriving)
objective: grasping an object such as a screwdriver to enable alternate supination and pronation.

frequency: 35 Hz
pulse width: 300 ps

contraction 1

plateau time

Fig.6.11 Movement sequence of the activity “Forearm supination/pronation”

on the hand or alternatively dorsally on the back
of the hand and at the same time palmar of the
hand. The rise time is 1 s in order not to provoke
an excessive tonus of the flexors in case of reflex-
increased finger and wrist flexors. The activity

can be very well integrated into task-oriented
training if the patient is able to grasp and trans-
port objects. In this case, a shorter pause time can
be selected accordingly (Table 6.16, Fig. 6.13,
and Video 6.11).
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Table 6.15 Stimulation parameters for the activity “Key grip”

KEY GRIP

objective: holding objects between thumb and hand

frequency: 35 Hz ezt

pulse width: 300 ps

rise time plateau time fall time

channel 3
M. flexor digitorum superficialis

Fig. 6.12 Movement sequence of the activity “Key grip”
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Table 6.16 Stimulation parameters for the activity “Tripod grip”

TRIPOD GRIP

objective: merging the thumb with the index and middle finger to grasp small objects

frequency: 35 Hz contraction 1

plateau time

channel 3
M. oppenens pollicis

Fig.6.13 Movement sequence of the activity “Tripod grip”
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6.3.12 Spherical Grip

The spherical grip is used, for example, to
grasp and lift an object from above. It differs
from the tripod grip because all fingers are
used when grasping a larger object, such as a
ball. The current intensity of the wrist exten-
sor (extensor carpi radialis longus muscle)
should be selected only high enough to stabi-
lize the wrist, but not to achieve a dorsiflexion
above 0 degrees. Typically, the wrist is slightly
flexed. The lumbrical muscles adduct and flex
in the base joint with simultaneous extension
in the middle and end joints of the fingers. The
electrode position can be chosen exclusively
on the dorsal side distally on the hand or alter-
natively dorsally on the dorsum of the hand
and simultaneously palmar of the hand. An
application of the electrodes exclusively on
the palmar side of the hand is usually inferior
to the dorsal application technique in practice.
Stimulation of the lumbrical muscles on the
dorsal side of the hand has proven to be suc-
cessful in many cases (Table 6.17, Fig. 6.14
and Video 6.12).

6.3.13 Opposition Grip

Depending on the shape and form of the object
to be grasped, the anatomy of the human hand
allows the thumb to be positioned in relation to
the fingers II-V. In the form of finger insertion
shown here, the tips of the thumb should be
brought together at the same time as the tip of
the little finger. The opposition grip is used as
an alternative grip movement for picking up
very small objects. Depending on the length of
the pause following the stimulation phase, the
activity can be used for repetitive picking up of
small objects in therapy. After triggering and
subsequent stabilization of the wrist by the
wrist extensor (extensor carpi radialis longus
muscle), the two digiti I (opponens pollicis
muscle) and V (opponens digiti minimi muscle)
are opposed with a delay of 1 s (Table 6.18,
Fig. 6.15 and Video 6.13).

6.4 EMG-MES to Improve
Postural Control

and Mobility

Postural control and mobility are key motor goals
in neurorehabilitation at the functional and activ-
ity level. The EMG-MES-supported activities
described in the following are clinically relevant
and have already proven themselves in practice
many times.

In some of the exercise examples described
here, a higher frequency was deliberately chosen
to achieve a higher degree of recruitment of the
muscle fibers. This is necessitated by the fact that
activities such as standing up require greater force
development against the force of gravity. The
application of EMG-MES to the lower extremities
and trunk allows the use of larger stimulation
electrodes. This leads to an increase in the stimu-
lation area and thus to an increased recruitment of
muscle fibers to overcome gravity.

6.4.1 Bridging

This activity is designed to improve the range of
motion from the supine position in preparation
for a transfer in bed or from bed to a seat. The
legs are ankled during this activity. The move-
ment is initiated via a posterior tilt of the pelvis
by EMG-triggered electrical bilateral stimulation
of the gluteus maximus muscle. With a very short
delay of 0.5 s, bilateral stimulation of the quadri-
ceps femoris muscles occurs for additional over-
coming of gravity. When lowering the pelvis, a
fall time extended to 2 s can be selected for better
eccentric control. In this example, a higher fre-
quency (50 Hz) was chosen to recruit more mus-
cle fiber portions during electrical stimulation
(Table 6.19, Fig. 6.16 and Video 6.14).

6.4.2 Ankle Joint Coordination

Training of active ankle dorsiflexion (tibialis
anterior muscle) and plantar flexion (gastrocne-
mius muscle) by patient-initiated impulse trig-
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Table 6.17 Stimulation parameters for the activity “Spherical grip”

SPHERICAL GRIP
objective: grasping an object from above with all fingers with slightly bent,
but stabilized wristk

contraction 1

frequency: 35 Hz
pulse width: 300 ps

plateau time

channel 3
M. oppenens pollicis

1.5

Fig.6.14 Movement sequence of the activity “Spherical grip”
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Table 6.18 Stimulation parameters for the activity “Opposition grip”

OPPOSITION GRIP

objective: merging the thumb with the little finger to optionally pick up small objects

frequency: 35 Hz contraction 1

pulse width: 300 ps Blstestatiia

channel 3
M. oppeonens digiti minimi

Fig.6.15 Movement sequence of the activity “Opposition grip”

gering in a sitting position or optionally in a Long rise and fall times allow dynamic move-
standing position with a standing leg phase onthe ment through superimposition and avoid an
affected side and the side that should be trained. unwanted increase in tone in hypertonic or reflex
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Table 6.19 Stimulation parameters for the activity “Bridging”

: lifting the p

contraction 1

rise time plateau time fall time pause 1

channel 2
M. gluteus maximus

channel 3
M. quadriceps femoris

channel 4
M. quadriceps femoris

Fig.6.16 Movement sequence of the activity “Bridging”
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enhanced muscle groups. Multichannel stimula-
tion allows not only the dorsal extensor and
plantar flexor components, but also inversion and
eversion (extensor digitorum longus muscle; per-
onaeus longus muscle) to be specifically included
in the movement sequence and trained alternately
(Table 6.20, Fig. 6.17 and Video 6.15).

6.4.3 Stand Up Unilateral

The patient sits on a chair or stool with the feet
in a walking position and the affected leg placed
backward. This leads to weight transfer to this
side when standing up. After active triggering
of the dorsal extensor (tibialis anterior muscle),
the body’s center of gravity is moved over the
ankle joint as an axis of rotation while the
punctum fixum of the affected foot is present.
This is followed by the antigravitational work-
ing muscle groups (quadriceps muscle; gastroc-
nemius muscle). To prevent unwanted knee
joint recurvature on the affected side, the biceps
femoris muscle from the ischiocrural muscle
group is additionally activated with a time delay
of 1 s to stabilize the knee joint. In order not to
trigger the activity immediately after reaching
the stance, a longer pause time can be selected
as shown. Furthermore, a higher frequency
(50 Hz) has been selected here for improved
muscle recruitment (Table 6.21, Fig. 6.18 and
Video 6.16).

6.4.4 Stand Up and Step

The patient starts from a sitting position via a step-
ping position in which the affected leg is posi-
tioned backward. The activity of the tibialis
anterior muscle starts by triggering the EMG
threshold and supports the forward displacement
of the center of gravity over the ankle joint. The
quadriceps femoris muscle works antigravitatorily
and is supported by the biceps femoris muscle at
the end of the movement to prevent possible knee
joint recurvature. The second contractions for the
quadriceps femoris muscle and tibialis anterior
muscles on the affected side support the equilat-

eral play leg phase with active knee joint exten-
sion, active ankle joint dorsiflexion, and subsequent
holding and eccentric release of the foot lifts in the
“Initial Contact” to “Loading Response” phases.
In this example, a higher frequency (50 Hz) is also
selected for improved muscle recruitment
(Table 6.22, Fig. 6.19 and Video 6.17).

6.4.5 Stand Up Bilateral

Patients with a significant strength restriction of
the muscle groups in the thigh and trunk required
for standing up receive significant muscular sup-
port, but also sensory guidance during the move-
ment sequence. In this activity, the selection of
the largest possible electrode pairs for the thigh
muscles (quadriceps femoris muscles) on both
sides should be considered. In this way, the larg-
est possible proportion of contractile muscle
fibers can be recruited by the stimulation. It is
recommended to place the electrodes in the mid-
dle to lower third of the thoracic spine. Depending
on the position of the electrodes, stimulation of
the deep back extensors (erector spinae muscle)
also reaches superficial muscle groups of the tra-
pezius muscle, pars transversa or pars ascen-
dence, which are responsible for retraction of the
shoulder girdle and adduction of the two scapulae
(Table 6.23, Fig. 6.20 and Video 6.18).

6.4.6 Single Leg Stance

To initiate the stance leg, the patient shifts his
center of gravity toward the affected side. The
patient “experiences” the increased stability in
the stance leg during the electrical stimulation
after EMG triggering of the quadriceps femoris
muscle. The EMG trigger threshold must be
selected in a way that tensing the quadriceps
muscle while standing allows the threshold
value to be exceeded. To reach as many muscle
parts as possible, the largest possible elec-
trodes should be used on the gluteal and thigh
muscles. The plateau time can be selected
depending on the activity of the playing leg
phase. In this example, a time-delayed stimula-
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Table 6.20 Stimulation parameters for the activity “Ankle joint coordination”

ANKLE JOINT COORDINATION (for foot lift weakness)
objective: alternating dorsiflexion and plantarflexion of the ankle joint with simultaneous
inversion and eversion.

frequency: 35 Hz contraction 1

pulse width: 300 ps

rise time plateau time fall time

channel 2

M. extensor digitorum longus
channel 3

M. gastrocnemius

channel 4
M. peroneus longus

Fig.6.17 Movement sequence of the activity “Ankle joint coordination”
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Table 6.21 Stimulation parameters for the activity “Stand up unilateral”

STAND UP UNILATERAL (stlmulat:on of the affected side)
e: to stand up from th sing ] - activity of the tibiali
th fting of th f

contraction 1

width — : :
: rise time plateau time pause 1

channel 2
M. quadriceps femaris

channel 3
M. gastrocnemius

channel 4
M. biceps femoris

Fig.6.18 Movement sequence of the activity “Stand up unilateral”
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Table 6.22 Stimulation parameters for the activity “Stand up and step” on affected side with a second contraction

STAND UP AND STEP

ncy: 50 Hz

dth: 3 plateau plateau
time time c2

channel 2
M. quadriceps femoris

channel 3
M. biceps temoris

Fig. 6.19 Movement sequence of the activity “Stand up and step” with a second contraction
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Table 6.23 Stimulation parameters for the activity “Stand up bilateral”

STAND UP BILATE RAL (torso/leg)

t of the torso

contraction 1

rise time plateau time fall time pause 1

channel 2
M. quadriceps femoris

channel 3

M. erector spinae

channel 4
M. erector spinae

Fig. 6.20 Movement sequence of the activity “Stand up bilateral”
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tion is deliberately omitted in favor of an
immediate stimulation of all muscle groups
involved for the purpose of improved stability.
In this initial position, an additional activity
with the less affected upper extremity or lower
extremity is appropriate. The use of an external
focus of attention, for example, through the use
of a ball or balloon, can reinforce motor learn-
ing (Table 6.24, Fig. 6.21 and Video 6.19).

6.4.7 Lunge from Standing Position

The activity is initiated from a standing position.
The patient takes a step forward with the affected
leg, puts more weight on the anterior leg in a step-
ping position (quadriceps femoris muscle) in
order to then slow down the forward shift of the
center of gravity over the area of support with this
leg (gastrocnemius muscle; biceps femoris mus-
cle). The rise time is chosen to be short enough
(0.5 s) to allow a timely muscular response for
movement control. EMG triggering is provided
by the muscular responses of the quadriceps fem-
oris muscle. The appropriate height of the trigger
threshold must be observed. Attention must be
paid to an adapted size when selecting the elec-
trodes (Table 6.25, Fig. 6.22, and Video 6.20).

6.4.8 Walk with a Rollator

In this therapy sequence, involving the affected
arm and hand, a supporting and pushing activity
is performed as part of the activity “Walking with
a rollator”. In this way, the arm and hand are
meaningfully integrated into a support activity,
whereby the focus is primarily on the continua-
tion of the gait movement. The wrist extensor
(extensor carpi radialis muscle) and the finger
flexors (flexor digitorum superficialis muscle) can
be used to grasp the rollator handle. Support is
provided in the elbow joint by the extensor (tri-
ceps brachii muscle) and in the shoulder joint by
the shoulder flexor (deltoideus muscle, pars cla-
vicularis). In many cases of hemiparetic gait, this
function leads to a visible increase in gait sym-
metry with a simultaneous decrease in circum-
duction of the leg and a resulting increase in
walking speed. Short rise time (0.5 s) and fall
time (0 s) allow almost continuous stimulation of
the arm during walking. The low frequency
(35 Hz) prevents the muscles from fatiguing too
quickly. Furthermore, it should be noted that the
EMG trigger threshold is selected low in this case
so that the patient can be continuously mobile on
the rollator without a big effect on his hand func-
tion (Table 6.26, Fig. 6.23 and Video 6.21).
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Table 6.24 Stimulation parameters for the activity “Single leg stance”

SINGLE LEG STANCE

ve: securing the supporting leg on the affected side

contraction 1

plateau time fall time

pause 1

M. gluteus medius

channel 3
M. biceps femoris

channel 4
M. gastrocnemius

Fig. 6.21 Movement sequence of the activity “Single leg stance”
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Table 6.25 Stimulation parameters for the activity “Lunge from standing position”

LUNGE FROM STANDING POSITION

erforming a lunge from a standing

contraction 1

rise time plateau time fall time pause 1

channel 2
M. gastrocnemius

channel 3
M. biceps temoris

Fig. 6.22 Movement sequence of the activity “Lunge from standing position”
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Table 6.26 Stimulation parameters for the activity “Walk with rollator”

WALK WITH ROLLATOR

objective: to walk safely with the rollator, using the affected arm and hand

contraction 1

rise time plateau time fall time pause 1

M. flexor digitorum superficialis

channel 3
M. triceps brachii

channel 4
M. deltoideus, Pars clavicularis

®

da

|

T
m
i)

Fig. 6.23 Movement sequence of the activity “Walking with a rollator”
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Functional Electrical Stimulation
to Improve Mobility

Michaela M. Pinter

7.1  Introduction

Stroke is the most common cause of permanent
disability in adulthood. Every year, 15 million
people worldwide suffer a stroke, and about one-
third have consecutive residual motor deficits [1].
Regaining the ability to walk after a stroke is a
primary goal for many of those affected and thus
an essential aspect in stroke rehabilitation [2, 3].
A large proportion of stroke patients, about 50%,
have no walking function in the acute phase and
about 12% require assistance to walk in the acute
phase [4]. About 60% of initially non-ambulatory
stroke patients are able to walk independently
after 3 months of training in a rehabilitation facil-
ity, compared with only 39% of stroke patients
treated in an acute facility. This evidence empha-
sizes the need for specific rehabilitation after
stroke [5].

Gait deficits after stroke include a range of
spatial, temporal, and kinematic deviations from
normal gait, such as reduced speed, prolonged
stance phase on the unaffected leg, reduced hip,
knee, and ankle flexion during swing phase, and
reduced knee extension and ankle stability during
early stance on the affected leg [6]. Gait-oriented
training is often used after stroke and it has been
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shown that, above all, walking speed and walking
distance can be increased or enhanced by specific
training [7]. Training of lower limb paresis after
stroke typically consists of physiotherapy with
the aim of strengthening the muscles of the lower
limb, walking on different surfaces, walking on a
treadmill as well as balance and coordination
training [8—13].

About 10-20% of stroke patients who are able
to walk again suffer from insufficient forefoot
elevation in the swing phase on the affected leg —
a so-called drop-foot when walking — and are
consequently limited in their walking speed and
distance and thus in danger to fall. Affected by a
so-called “drop-foot“and the associated difficul-
ties in walking are not only stroke patients, but
also patients after brain injury, after spinal cord
injuries and with multiple sclerosis [14].

Supporting the gait-oriented training described
above, functional electrical stimulation (FES) of
the peroneal nerve has been increasingly fre-
quently used since its introduction by Liberson
et al. (1961) [15]. Several studies support the
motor remission of lower limb paresis after stroke
by daily use of FES of the peroneal nerve [16—
18]. FES is applied for weakness of forefoot ele-
vation after stroke, in multiple sclerosis, after
traumatic brain injury, and in traumatic paraple-
gic syndromes, among other conditions [19].

In the following chapter, in addition to the
application of the FES, the effect on functional
mobility induced by functional electrical stimula-
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tion of the peroneal nerve will be reflected on the
basis of both semiquantitative and quantitative
gait parameters. In the description of the effect of
the FES, the differentiation between the “orthotic”
effect and the “therapeutic” effect induced by
long-term use of functional electrical stimulation
of the peroneal nerve should be taken into
account.

7.2 Functional Electrical
Stimulation of the Peroneal

Nerve-Method

Compared to the beginning of FES of the pero-
neal nerve in the sixties, the indication is
unchanged. The clinical indications for which
FES is frequently used are listed in Table 7.1.

The FES of the peroneal nerve is used to
actively support the locomotor sequence in the
swing phase during walking. Single-channel
stimulators or dual-channel stimulators are used
depending on whether there is isolated or pre-
dominantly a weakness in dorsal extension of the
foot or additionally a weakness in hip flexion
during the swing phase.

The FES is triggered either by a foot switch
(placed on the heel) or by an accelerometer (inte-
grated into the cuff).

Table 7.1 Indications for functional electrical

stimulation

indications

stroke
multiple sclerosis
brain injury

spinal cord injury

infantile cerebral palsy

Lifting the heel off the ground activates elec-
trical stimulation of the peroneal nerve and tibi-
alis anterior muscle via the pressure-sensitive
foot switch (wired or wireless), and stops electri-
cal stimulation at the end of the swing phase
when the heel is placed on the ground via the
pressure-sensitive foot switch (Fig. 7.1).

The accelerometer acts in a similar way; elec-
trical stimulation is triggered by bending the
knee at the beginning of the swing phase and
stopped at the beginning of the stance phase
when the knee is extended (Fig. 7.2).

In order to achieve an optimal synchronization
of the gait pattern, the adaptation of the stimula-
tion parameters such as rising ramp, follow-up
time and falling ramp according to the walking
speed is important additionally to the pulse width
(Fig. 7.3). The following principles should be
applied: The higher the walking speed the lower
the rise ramp and extension time should be.
However, if there is spasticity at the initiation of
the swing phase, the rising ramp should be
lengthened. If there is instability in the affected
ankle joint, both the extension time and the fall-
ing ramp should be lengthened to support the
affected ankle joint in the stance phase.

The stimulation parameters commonly used
for FES of the peroneal nerve are listed in their
range in Table 7.2.

In all currently available stimulation devices,
the frequently applied stimulation parameters are
already preset — this simplifies the handling of the
stimulators during the testing phase. An essential
condition for long-term FES therapy is a positive
response in the testing of the FES of the peroneal
nerve.

Effect of Functional Electrical
Stimulation on Mobility

7.3

The efficiency of FES in improving mobility has
been repeatedly reported using gait parameters
such as walking speed, distance traveled, cadence,
and gait symmetry [20-22].

The effect of FES on walking speed and phys-
iological cost index was investigated in 26
patients with drop foot of different neurological
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Fig. 7.1 (1) Application of the electrode over the pero-
neal nerve and the anterior tibialis muscle, shown in the
initial swing phase (a), in the middle swing phase (b) and

etiologies: twelve stroke patients, six patients
with traumatic spinal cord injury, two patients
with traumatic brain injury, two patients with
multiple sclerosis, two patients with brain tumor,
one patient with hereditary spastic paraparesis,
and one patient with infantile cerebral palsy
(Stein et al. 2006). After a 3-month intervention
period, walking speed and physiological cost
index improved significantly both with and with-
out FES.

in the terminal swing phase (c); (2) foot switch is applied
to the heel of the affected leg

In another study [19], in addition to gait
parameters, the improvement in quality of life in
21 chronic stroke patients and 20 multiple scle-
rosis patients — induced by FES of the peroneal
nerve — was examined. To document changes in
quality of life, the Psychological Impact of
Assistive Devices Scale was used. After an
18-week intervention period, the following
results were obtained: in both intervention
groups — stroke patients and patients with mul-
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Fig. 7.2 A myoelectric orthosis-stimulates the peroneal
nerve to lift the foot during the swing phase, utilizing a tilt
sensor and accelerometer technology; shown in the stance

rising
ramp

pulse width

T heel rise

Fig. 7.3 Stimulation envelop for functional electrical
stimulation: pulse width determines the extent of muscle
contraction, the rising ramp allows the pulse width to
swell slowly, the extension time prevents the foot from

Table 7.2 Stimulation parameters: psec microseconds,
Hz Hertz

FES of the peroneal nerve

biphasic/rectangular

220-300 psec

20-60 Hz

phase (a), in the middle swing phase (b) and in the termi-
nal swing phase (c¢)

falling
ramp

extension

heel strike

falling abruptly after heel striking at the end of the swing
phase, and the falling ramp slowly reduces the pulse width
to zero

tiple sclerosis — there was a significant increase
in walking speed and a significant improvement
in the domains of competence, adaptability, and
self-esteem of the Psychological Impact of
Assistive Devices Scale. Interestingly, the
improvement in the domains of competence and
adaptability was significantly greater in stroke
patients compared with the multiple sclerosis
group. Although FES leads to a significant
improvement in quality of life, a correlation
between objectively measured gait parameters
and improvement in quality of life due to FES of
the peroneal nerve could not be demonstrated.
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The effect of FES combined with conven-
tional therapy in chronic stroke patients (more
than 3 months after acute event) was investigated
in a prospective controlled intervention study
[23]. Twenty-seven patients received the combi-
nation of FES with conventional therapy while
twenty-four patients received conventional ther-
apy without FES over an intervention period of
12 weeks. A significant improvement in spastic-
ity, muscle strength, and Fugl-Meyer score of the
affected leg could be observed after 12 weeks of
intervention in the FES group compared to the
control group. In addition to a significant increase
in walking speed, a significant reduction in falls
was further verified, which has a substantial rel-
evance for everyday life.

In arandomized controlled trial of 102 chronic
stroke patients (drop out of eight stroke patients),
gait training plus FES was compared to standard
therapy (ST) [18]. The primary aim of this study
was to identify possible mechanisms responsible
for the improvement in functional mobility. In
both the FES group (54 patients) and the ST
group (48 patients), the aforementioned
interventions were performed on an outpatient
clinic basis for 12 weeks. The 12-week interven-
tion period consisted of a 5-week functional
training phase (two 1-hour therapy sessions per
week) and a 7-week post functional training
phase (three additional one-hour therapy sessions
during the remaining 7 weeks). During the func-
tional training phase, patients were trained to use
their treatment devices (FES or orthosis) for
mobility at home, if necessarily with the pre-
scribed walking device such as walking stick, etc.
The content of the therapy sessions on device use
was standardized across treatment groups. The
effect of each condition, FES versus ST, was
compared using kinematic and kinetic parame-
ters of gait. Measurements were taken at the fol-
lowing time points: at the beginning of the
intervention (t1), at the end of the 12-week inter-
vention (t2), and at 12 weeks (t3) and 24 weeks
(t4) after the end of the intervention. For all
investigations including quantitative gait analysis
(QGA), patients in the FES group did not wear a
stimulator. In the ST treatment group, orthoses
were allowed if already prescribed. In principle,

orthoses were not prescribed for patients with
mild weakness in forefoot elevation, orthoses
were only prescribed for patients with significant
weakness in forefoot elevation. A total of 86% of
the 48 stroke patients in the ST group had ortho-
ses prescribed in advance. Major findings to be
stressed from this study are: both gait training
with FES of the peroneal nerve and standard ther-
apy resulted in improvements in hip flexion at the
onset of swing and plantar flexion at the ankle
during push-off, leading to significantly improved
gait speed, cadence, and stride length. However,
there were no differences between the two treat-
ment groups. Interestingly, both treatment groups
recorded a decrease in ankle dorsiflexion during
the swing phase. For the authors, the clinical
implications of this finding are unclear. A survey
of all cited studies with single-channel stimulator
is given in Table 7.3.

As mentioned above, in addition to dorsiflex-
ion of the foot, hip and knee flexion may also be
weakened during the swing phase. This will ulti-
mately lead to a circumduction of the affected
leg. In addition to the FES of the peroneal nerve,
the quadriceps or biceps femoris muscle is fur-
ther stimulated to support hip flexion and knee
flexion, thus actively supporting the swing phase
during walking. In this case, a dual-channel stim-
ulator has to be applied.

The “orthotic effect” is basically understood
as the prompt improvement of walking, directly
induced by the FES, compared to walking with-
out FES. A significantly higher walking speed
under dual-channel stimulation (peroneal nerve
plus biceps femoris or quadriceps muscles) com-
pared with single-channel stimulation (peroneal
nerve) was detectable objectively [24].

In another study, kinematic parameters of the
lower extremity were examined in 16 chronic
stroke patients after an intervention period of
6 weeks with dual-channel FES over the peroneal
nerve and biceps femoris muscle [25]. Kinematic
parameters were derived at baseline and after
6 weeks of intervention under the following con-
ditions: Single-channel FES of the peroneal
nerve versus dual-channel FES of the peroneal
nerve and biceps femoris versus no FES. In nine
patients with hip extension weakness, additional
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Table 7.3 Survey of the cited studies with single-channel stimulation

duration of
intervention

Stein

et al. 2006 Colinil

cohort

21 P-FES-S
20 P-FES MS

Barret and

Taylor20i0 | cohort

Sabut
etal. 2011

27 P-FES-S
24 KT

Scheffler
et al. 2015

54 P-FES-S

RCT study 48 ST

biceps stimulation improved hip extension dur-
ing the terminal stance phase. In seven patients
with hyperextension in the knee, additional
biceps stimulation resulted in a reduction of knee
hyperextension during the stance phase and thus
improved gait efficiency [25].

In a further study, 36 chronic stroke patients
were investigated to what extent stroke patients
with different walking speeds will benefit to the
same extent from dual-channel FES [26].
Depending on walking speed, stroke patients
were assigned to three different functional gait
categories. Walking speed was investigated in a
2-min walking test with and without dual-channel
FES. Testing was performed before the start of
the study and after 6 weeks of daily application
of the dual-channel FES application. Before ana-
lyzing the data, stroke patients were stratified
into three functional movement classes according
to their initial gait categories. It was found that
dual-channel FES enhanced walking speed in all
three functional gait categories. Stroke patients

3 months

18 weeks

secondary
otcome

primary
outcome

significant
increased
physiological
cost index

significant
increased walking
speed

stroke patients
superior to MS
patients

significant
improvement in all
domains of PIADS

significant

significant
increased walking
speed and
reduced falls

improvement of
spasticity, muscle
strength and of

12 weeks

FM-Scores

significant
improvement of
walking speed,
cadence & stride
length in both
groups

no difference
between the
groups

with limited ambulation at home improved their
walking speed by 63.3%. In contrast, stroke
patients with functional walking ability in the
public domain improved their walking speed by
only 25.5%. The authors concluded that dual-
channel FES positively affects walking speed in
stroke patients, regardless of initial walking
speed. Furthermore, increasing walking speed
with dual-channel FES may result in improving a
person’s walking status to a higher functional cat-
egory [26]. A survey of cited studies with dual-
channel stimulator is listed in Table 7.4.

Alternatively, the nociceptive withdrawal
reflex (NWR), elicited by electrical stimulation
on the sole of the foot can enhance dorsiflexion of
the foot and, in particular, hip and knee flexion
during the gait cycle and an improved stance
phase on the other leg (Fig. 7.4) and results in a
higher walking velocity.

Nociceptive withdrawal reflex-based FES
supports gait training in the subacute and chronic
post-stroke phase [27, 28].
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Table 7.4 Survey of the cited studies with dual-channel stimulation

Springer
etal. 2012

Springer
etal 2013

s& duration of

intervention

458
P-FES versus
P-BF-FES

cohort

1685
P-FES versus
P-BF-FES

cohort

primary
outcome

walking speed
with P-BF-FES
significantly higher
than with P-FES
alone

walking speed
with P-BF-FES
significantly higher
than with P-FES
alone

secondary
otcome

improved hip
extension in the
stance leg phase
& reduced knee
hyperextension
under P-BF-FES

365
P-BF-FES
3FGK

Springer
etal 2013

Although most of the FES studies have been
conducted in chronic stages of neurological dis-
ease, it has been shown that FES of the peroneal
nerve when applied in the acute stage leads to an
improvement in motor function [29]. In a ran-
domized controlled trial in 46 acute stroke
patients — an average of 9 days after the stroke
onset — daily 30-min FES was performed over a
period of 3 weeks compared with placebo stimu-
lation and a control group without stimulation. A
total of 84.6% of patients in the FES group were
able to walk after the intervention period,
compared with only 60% of the placebo-
stimulated group and 46.2% of the control group.
Against this background, per se FES should not
only be used in chronic stroke patients, but FES
of the peroneal nerve should be a fixed part of
early rehabilitation.

Recently, a systematic review of RCTs and
crossover trials was performed to verify whether
FES applied to the paretic peroneal nerve, com-
bined or not combined with conventional therapy,

vs. P-FES

walking speed
improved by 63%
in the case of
limited walking
ability when
walking outside
the home, the
walking speed
improved by 25.5%

could enhance gait speed in stroke individuals
with drop foot [30]. The meta-analysis showed
positive effects of FES on the peroneal nerve to
improve gait speed when combined with physio-
therapy while without physiotherapy no signifi-
cant effect on gait speed was obtained.
Nevertheless, the authors noted that because of
the high heterogeneity in their analysis, they
could not determine the benefits of FES com-
bined with regular activities at home for improv-
ing walking speed [30].

Orthotic Effect Versus
Therapeutic Effect

of Functional Electrical
Stimulation

7.4

FES of the peroneal nerve is intended to “normal-
ize” gait, increase walking speed, and extend
walking distance in patients with distally pro-
nounced leg paresis by activating dorsiflexion in
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Fig. 7.4 (1) Application of the electrode for eliciting the
nociceptive withdrawal reflex during the gait cycle, in the
stance phase (a), in the middle swing phase (b) and in the

the ankle during the swing phase. The “orthotic
effect“is basically understood as the prompt
improvement of walking, directly induced by the
FES, compared to walking without FES. The
“therapeutic effect” is understood as a long-term

terminal swing phase (c¢); (2) the stimulation electrode is
applied on the sole of the affected foot

improvement in walking without FES compared
to the initial examination without FES after the
application of FES for several weeks [31].

The long-term effect and therefore the therapeu-
tic effect of FES was already demonstrated in
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2009 in a total of 16 stroke patients or traumatic
brain injury patients [32]. After daily application of
FES — for 12 months — all 16 patients improved
significantly in walking speed compared to
2 months of daily application of FES and compared
to prior to the start of FES. Interestingly, after
12 months of FES, even without FES, there was a
significant improvement in all walking tests includ-
ing walking over obstacles and carpet compared to
testing prior to the start of 12 months of daily use of
FES —compared tobaseline without FES. Therefore,
in addition to the quasi “orthotic” effect of the FES,
the authors of the study postulate a therapeutic
effect and state that the FES per se is superior to the
peroneal orthosis in long-term use [32].

A recent study explored the presence of a long-
term therapy effect of FES of the peroneal nerve in
133 chronic stroke patients [31]. To objectify a
long-term therapy effect, the modified 10-minute-
walking-test (10 MWT) was collected before the
start of FES and on average after approximately
20 weeks of continuous use of FES. Twenty weeks
after the start of the study, FES was still used by
124 patients (93%), with complete data sets finally
available for analysis in 104 patients. The most
common reason for excluding as many as thirteen
patients from the analysis was insufficient length
of stay to be able to perform all outcome measures.
Nine participants had to be excluded because of
cognitive dysfunction, and two because of prob-
lems with FES funding. Another two patients
dropped out of the study because of pain while

walking and two patients because of “inconve-
nience” caused by the FES. Only one patient dis-
continued the study because of repeated occurrence
of leg spasms under FES. Skin irritation is one of
the most common side effects of FES. Thus, minor
transient skin irritation occurred in 12% of patients
during the study. In all cases, FES could be contin-
ued without interruption. As a major finding, the
study demonstrated a significant difference in
walking speed without FES at baseline compared
with walking speed without FES after 20 weeks of
daily use of FES, thus demonstrating a treatment
effect of FES with long-term use. An immediate
initial orthotic effect at baseline and a total orthotic
effect after 20 weeks of FES intervention were
also significant. The authors interpret the results
that the main benefit of FES of the peroneal nerve
is the orthotic effect. However, the authors also
note that a therapy effect is found with long-term
use of FES of the peroneal nerve-especially in
less-impaired stroke patients [31]. A survey of the
cited studies on the therapy effect is given in
Table 7.5.

The therapeutic effect of long-term use of FES
is supported by the study of [33]. It was shown on
the basis of neurophysiological parameters that
after 12 months of daily FES application the
maximum voluntary contraction of active dorsal
extension increased by 48% in patients after
stroke and by 17% in patients with multiple scle-
rosis, the amplitude of motor evoked potentials
over the motor cortex increased by 50% in

Table 7.5 Orthotic effect versus therapeutic effect of functional electrical stimulation

Laufer
et al. 2009

Street
etal. 2017

outcome -
therapeutic effect

walking speed without P-FES after
12 months of daily FES significantly
higher compared with walking speed
without P-FES at baseline

walking speed without P-FES after
20 weeks of daily FES significantly
higher compared with walking speed
without P-FES at baseline
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patients after stroke and by 27% in patients with
multiple sclerosis. On the basis of the described
results, the authors concluded: regular use of FES
induces activation of the areas of motor cortex
and residual descending corticospinal pathways.
This may also be the explanation for the fact that
after one year of daily FES, even without FES,
walking speed is higher — in terms of the therapy
effect — than before the start of FES [33].

7.5 Discussion

In conclusion, continuous single-channel and
dual-channel FES leads to an economization of
gait, a strengthening of the stimulated muscles, a
decrease in spasticity and fall frequency, and an
increase in stride length, walking speed, and
endurance during walking.

Furthermore, an improvement in quality of
life can be observed using long-term FES [19].
Moreover, daily use of FES leads to activation of
cortical motor areas and residual efferent neural
pathways [33].

Reflecting on the cited studies with single-
channel FES, the direct effect of FES of the pero-
neal nerve in terms of significant increase in
walking speed is always present when FES is
switched on during end-tests [17, 19, 23, 34].
Only in the study by Scheffler et al. (2015), where
the end-tests were performed without FES, a sig-
nificant improvement in walking speed is shown
in both the FES group and the standard therapy
group, but no difference in the training effect of
both groups [18]. The results found are related
exclusively to the study condition performed in
the study.

It must also be noted that dual-channel FES is
superior to single-channel FES in all studies cited
[24-26]. This effect is due to the fact that an iso-
lated distally pronounced leg paresis is rather
rarely present, but usually an additional weak-
ness in hip flexion and knee flexion is present.

The differentiation between orthotic effect
and therapeutic effect of FES should also be
briefly discussed. It should be noted that in order
to achieve a therapeutic effect and the associated
activation of motor cortex areas and residual

efferent corticospinal pathways, a daily long-
term use of FES of at least 6 months is conditio
sine qua non [31, 32].

Finally—reflecting the results of the applica-
tion of FES of the peroneal nerve in acute stroke
patients [29]—per se FES should not only be
applied in chronic stroke patients but should be a
part of early rehabilitation in acute stroke patients.

Summary

FES should not only be applied to chronic
stroke patients, but FES should be an inte-
gral part of early rehabilitation in acute
stroke patients.

References

1. Pinter MM, Brainin M. Rehabilitation after stroke in
older people. Maturitas. 2012;71(2):104-8.

2. Bohannon RW, Horton MG, Wikholm JB. Importance
of four variables of walking to patients with stroke. Int
J Rehabil Res. 1991;14:246-50.

3. Dobkin BH. Clinical practice. Rehabilitation after
stroke. N Engl J Med. 2005;352(16):1677-84.

4. Jorgensen HS, Nakayama H, Raaschou HO, Olsen
TS. Recovery of walking function in stroke patients:
the Copenhagen Stroke Study. Arch Phys Med
Rehabil. 1995;76(1):27-32.

5. Preston E, Ada L, Dean CM, Stanton R, Waddington
G. What is the probability of patients who are nonam-
bulatory after stroke regaining independent walking?
A systematic review. Int J Stroke. 2011;6:531-40.

6. Olney SJ, Richards C. Hemiparetic gait follow-
ing stroke. Part I: Characteristics. Gait Posture.
1996;4:136-48.

7. van de Port IG, Wood-Dauphinee S, Lindeman E,
Kwakkel G. Effects of exercise training programs on
walking competency after stroke: a systematic review.
Am J Phys Med Rehabil. 2007;86:935-51.

8. Dean CM, Richards CL, Malouin F. Task-related
circuit training improves performance of locomotor
tasks in chronic stroke: a randomized, controlled pilot
trial. Arch Phys Med Rehabil. 2000;81:409-17.

9. Laufer Y, Dickstein R, Chefez Y, Marcovitz E. The
effect of treadmill training on the ambulation of stroke
survivors in the early stages of rehabilitation: a ran-
domized study. J Rehabil Res Dev. 2001;38:69-78.

10. Ada L, Dean CM, Hall JM, Bampton J, Crompton
S. A treadmill and overground walking program
improves walking in persons residing in the commu-
nity after stroke: a placebo-controlled, randomized
trial. Arch Phys Med Rehabil. 2003;84:1486-91.



Functional Electrical Stimulation to Improve Mobility

105

11.

12.

13.

14.

15.

18.

19.

20.

21.

22.

. Sabut SK, Sikdar C, Mondal

Eich HJ, Mach H, Werner C, Hesse S. Aerobic tread-
mill plus Bobath walking training improves walking
in subacute stroke: a randomized controlled trial. Clin
Rehabil. 2004;18:640-51.

Salbach NM, Mayo NE, Wood-Dauphinee S, Hanley
JA, Richards CL, Cote R. A task-orientated interven-
tion enhances walking distance and speed in the first
year post stroke: a randomized controlled trial. Clin
Rehabil. 2004;18:509-19.

Pohl M, Werner C, Holzgraefe M, Kroczek G,
Mehrholz J, Wingendorf I, Hodlig G, Koch R, Hesse
S. Repetitive locomotor training and physiotherapy
improve walking and basic activities of daily living
after stroke: a single-blind, randomized multicentre
trial (DEutsche GAngtrainerStudie, DEGAS). Clin
Rehabil. 2007;21:17-27.

Martin CL, Phillips BA, Kilpatrick TJ, Butzkueven H,
Tubridy N, McDonald E, Galea MP. Gait and balance
impairment in early multiple sclerosis in the absence
of clinical disability. Mult Scler. 2006;12:620-8.
Liberson WT, Holmquest HJ, Scot D, Dow
M. Functional electrotherapy: stimulation of the pero-
neal nerve synchronized with the swing phase of the
gait of hemiplegic patients. Arch Phys Med Rehabil.
1961;42:101-5.

. Stein RB, Everaert DG, Thompson AK, Chong SL,

Whittaker M, Robertson J, Kuether G. Long-term
therapeutic and orthotic effects of a foot drop stim-
ulator on walking performance in progressive and
nonprogressive neurological disorders. Neurorehabil
Neural Repair. 2010;24:152-67.

R, Kumar R,
Mahadevappa M. Restoration of gait and motor recov-
ery by functional elektrical stimulation therapy in per-
sons with stroke. Disabil Rehabil. 2010;32:1594—603.
Sheffler LR, Taylor PN, Balley SN, Gunzler DD,
Burrke JH, Ijzermann MJ, Chae J. Surface peroneal
nerve stimulation in lower limb hemiparesis: effect on
quantitative gait parameters. Am J Phys Med Rehabil.
2015;94(5):341-57.

Barret C, Taylor P. The effect of the Odstock Drop
Foot Stimulator on perceived quality of life for people
with stroke and multiple sclerosis. Neuromodulation.
2010;13(1):58-64.

Burridge JH, Taylor PN, Hagan SA, Wood DE, Swain
ID. The effects of common peroneal stimulation on
the effort and speed of walking: a randomized con-
trolled trial with chronic hemiplegic patients. Clin
Rehabil. 1997;11(3):201-10.

Granat MH, Maxwell DJ, Ferguson AC, Lees KR,
Barbenel JC. Peroneal stimulator: evaluation for the
correction of spastic drop-foot in hemiplegia. Arch
Phys Med Rehabil. 1996;77:19-24.

Lamontagne A, Malouin F, Richards CL. Locomotor-
specific measure of spasticity of plantarflexor

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

muscles after stroke. Arch Phys Med Rehabil.
2001;82:1696-704.

Sabut SK, Sikdar C, Kumar R, Mahadevappa
M. Functional electrical stimulation of dorsiflexor
muscle: effect on dorsiflexor strength, plantarflexor
spasticity, and motor recovery in stroke patients.
NeuroRehabilitation. 2011;29:393-400.

Springer S, Vatine JJ, Lipson R, Wolf A, Laufer
Y. Effects of dual-channel functional electrical stimu-
lation on gait performance in patients with hemipare-
sis. Sci World J. 2012;2012:530906.

Springer S, Vatine JJ, Wolf A, Laufer Y. The effects
of dual-channel functional electrical stimulation on
stance phase sagital kinematic in patients with hemi-
paresis. J Electromyogr Kinesil. 2013;23(2):476-82.
Springer S, Laufer Y, Becher M, Vatine JJ. Dual-
channel functional electrical stimulation improve-
ments in speed-based gait classifications. Clin Interv
Aging. 2013;8:271-7.

Spaich EG, Svaneorg N, Jorgenson HRM, Andersen
OK. Rehabilitation of the hemiparetic gait by noci-
ceptive withdrawal reflex-based functional electri-
cal therapy: a randomized, a single-blinded study. J
NeuroEng Rehabil. 2014;11(81):1-10.

Salzmann C, Sehle A, Liepert J. Using the flexor
reflex in a chronic stroke patient for gait improve-

ment: a case report. Front Neurol. 2021;12:
691214.
Hausmann J, Sweeney-Reed C, Sobiaray U, Matzke

M, Heinze HJ, Voges J, Buentjen L. Functional elec-
trical stimulation through direct 4-channel nerve
stimulation to improve gait in multiple sclerosis: a
feasibility study. J Neuroeng Rehabil. 2015;12:100.
da Cunha MJ, Rech KD, Salazar AP, Pagnussat
AS. Functional electrical stimulation of the peroneal
nerve improves post-stroke gait speed when combined
with physiotherapy. A systematic review and meta-
analysis. Ann Phys Rehabil Med. 2021;64(1):101388.
Street T, Swain I, Taylor P. Training and orthotic
effects related to functional electrical stimula-
tion of the peroneal nerve in stroke. J Rehabil Med.
2017;49:113-9.

Laufer Y, Ring H, Sprecher E, Hausdorff JM. Gait in
individuals with chronic hemiparesis: one year fol-
low-up of the effect of a neuroprothesis that amelio-
rates foot drop. H Neurol Phys Ther. 2009;33:104—10.
Everaert DG, Thompson AK, Chong SL, Stein
RB. Does functional electrical stimulation for
foot drop strengthen corticospinal connections?
Neurorehabil Neural Repair. 2010;24(2):168-77.
Stein RB, Chong S, Everaert DG, Rolf R, Thompson
AK, Whittaker M, Robertson J, Fung J, Preuss R,
Momose K, Thashi K. A multicenter trial of a footdrop
stimulator controlled by a tilt sensor. Neurorehabil
Neural Repair. 2006;20:371-9.



®

Check for
updates

Electrical Stimulation

for Improvement of Function

and Muscle Architecture in Lower
Motor Neuron Lesions

Ines Bersch-Porada

In the last 20 years, electrical stimulation has
become increasingly important in cases of dam-
age to the second or lower motoneuron (LMN).).
In clinical practice, increased attention is paid to
the stimulation of denervated and partially dener-
vated muscles. This development is mainly due
to the promising results of the RISE (Research
and Innovation Staff Exchange) project. The EU
project showed that electrical stimulation of
denervated muscles in people with paraplegia
increases muscle mass and improves their trophic
in the lower extremities [1]. In addition, muscles
that had already been structurally altered into fat
and connective tissue could be reversed into con-
tractile muscle tissue through electrical stimula-
tion [2, 3]. However, a limiting factor of the
previously mentioned effects seems to be pro-
longed time after spinal cord injury (SCI) or after
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damage to the lower motoneuron [4-6]. In ani-
mal experiments on rats, the changes in muscle
fibre cross-section and the effect of electrical
stimulation were investigated depending on the
time of application after damage had occurred
[7]. It could be shown that the muscle fibre cross-
section increased with electrical stimulation due
to an immediate start of the stimulation after the
injury and that the structure could be normalized
again [7].

8.1 Denervation

The process of denervation of a muscle can be
described in four chronological steps. After a few
days, the first fibrillations occur, followed by a
loss in the electrically evoked tetanic contraction.
After a few months, there is then a dissolution of
the contractile structures in the muscle and
finally, after years, it ends in a transformation of
muscle fibres into fat and connective tissue [8]
(Fig. 8.1).

The best results in terms of structural conver-
sion to contractile muscle tissue through direct
muscle stimulation were observed in animal
studies within 3 years of the onset of spinal paral-
ysis [9]. Nevertheless, muscles could still be
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Fig. 8.1 Chronological sequence of the degeneration process in the muscle

partially converted into contractile structures
after 5 years of denervation in a period of 2 years
of daily direct muscle stimulation [10, 11].
Denervated muscles do not respond to short stim-
ulation pulses (ps-microseconds) as used for
innervated muscles. They require pulses with a
longer pulse duration (ms-milliseconds) to
achieve a muscle response in terms of a contrac-
tion (Table 8.1). 100 ms corresponds to 0.1 ps.

In a stimulation protocol [12], which consisted
only of single twitches for the first 12 weeks, a
training intensity of five to seven times per week
for 30 min was used. The 12 weeks were followed
by a short warm-up phase with single twitches,
followed by a training phase with tetanic contrac-
tions [13]. In chronic SCI, it usually takes several
months before a tetanic contraction can be
achieved [1]. A tetanic contraction can be elicited
with a pulse duration of 40 ms, a pulse pause of
10 ms and bursts (“pulse packages”) of 2 s. In
many studies, stimulation of the quadriceps mus-
cles, hamstring muscles and the gluteus maximus
muscles was performed to enable or train standing
and walking for people with low paraplegia. It
was found that early electrical stimulation
increased the cross-sectional area of denervated
muscle fibres and prevented structural degenera-
tive changes [7].

Targets and stimulation parameters are related
to the period of time after onset of damage to the

Table 8.1 Differences in stimulation parameters between
upper and lower motoneuron lesion

pulse
duration
(ms/ps)

frequency

(Hz) 0.25-22 Hz

amplitude
(mA)

20 -140 mA 10 - 160 mA

biphasic
rectangular

biphasic
triangular

biphasic
rectangular

biphasic
trapezoidal

LMN. Acute/subacute damage is referred to up to
2 years after the onset of the damage, and chronic
damage beyond 2 years (Fig. 8.2). This classifica-
tion depends on the chronological phases of the
denervation process.
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Fig. 8.2 Treatment goals for lower motoneuron damage
in the acute/subacute and chronic phases after SCI

Differentiation Between
Lower and Upper
Motoneuron Lesion

8.2

As a rule, electrical stimulation is carried out via
nerves (NMES-neuromuscular electrical stimula-
tion) to elicit action potentials. An electric field is
generated under the electrodes that depolarizes
the cell membrane of neighbouring nerve cells. If
the critical threshold is exceeded, action poten-
tials are transmitted via the neuromuscular junc-
tion and a muscle contraction is triggered.
Functional electrical stimulation or FES is based
on the physiological background that nerve fibres
can be excited with a shorter pulse duration than
muscle fibres. Thus, when stimulating via nerve,
the LMN from the anterior horn of the spinal
cord to the neuromuscular junctions in the mus-
cle must be intact in order to achieve a muscle
contraction [14].

Summary

If no muscle contraction occurs through
stimulation via nerve, the lower motoneu-
ron must accordingly be affected. In case of
partial innervation, no complete muscle
contraction is to be expected.

Therefore, electrical stimulation can be used
as a diagnostic tool to detect damage to the LMN
[15]. When examining muscles of the lower
extremities, conventional large to medium-sized
electrodes can be used, e.g., on the quadriceps
muscle or the calf muscles. Identifying motor
points or detecting partial or complete damage to
the LMN in the lower limbs is easy because of
the individual muscle layers and their only par-
tially overlapping arrangement. In contrast, the
muscles of the upper limbs, especially those of
the forearm muscles, are arranged in two layers.
If a muscle cannot be tested selectively at a motor
point due to overlapping muscle layers, a clear
statement about differentiation between damage
to the LMN and upper motoneuron (UMN) is not
possible. There are limitations in this clinical
reliable methodology.

The Medical Research Council Scale (MRC)
can be used to classify the muscle as innervated,
partially innervated and denervated. Here, the
MRC scale tests the range of motion through
electrical stimulation. A muscle is classified as
innervated in the case of >3 MRC under testing
with electrical stimulation, partially innervated/
denervated in the case of <3 MRC and dener-
vated if no muscle contraction can be provoked.

A conventional neurostimulator can be used
for testing (Fig. 8.3).

In addition, a pen electrode and a reference
electrode are needed. Depending on the size of
the target muscle, the head of the pen electrode
can be selected larger (Fig. 8.4) or smaller for
testing. The stimulation parameters for testing
are 250-300 ps pulse duration and 35 Hz. The
amplitude is between 20 and 100 mA depending
on the muscle architecture and size.
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Fig. 8.3 Neurostimulator with pen electrode (0.5 cm)

Fig. 8.4 Pen electrode with larger head (1 cm)

8.3  Clinical Appearance

The identification of a denervated muscle, in
addition to clinical and neurophysiological diag-
nostics, also requires knowledge of different neu-
rological diseases and their clinical appearance
regarding the motoneuron damage. In addition,
the treatment goal has to be defined. Furthermore,
appropriate assessments that evaluate the course

of treatment are part of this process. In clinical
practice, selective peripheral nerve lesions of the
lower and upper extremities, damage to the bra-
chial or lumbar plexus, Guillain Barré syndrome,
SCI, peripheral neuropathies and, more rarely,
Charcot Marie Tooth disease (CMT) occur. In
patients with SCI, it should be noted that often at
the level of injury and one segment above and/or
below, there might be damage to the LMN in
addition to damage to the UMN (Fig. 8.5a and
b). The distinction as to whether or not there is
damage to the LMN can only be made after
8-10 days, as acutely damaged axons can still
transmit action potentials until then [3, 16].

If the LMN is damaged, the reflex arches are
no longer intact. This results in areflexia of the
reflexes and flaccid paralysis with consequent
degenerative muscle atrophy.

8.4  Areas of Application

Stimulation has an effect on promoting axonal
regeneration and reinnervation after peripheral
nerve injury. There is scientific evidence that stim-
ulation after peripheral nerve injury has a positive
effect on nerve sprouting and plasticity. Electrical
stimulation of the nerve for 1 h postoperatively
after nerve suture could increase the release of
BDNF (brain-derived neurotrophic factor) and
pro-regenerative  associated  genes  [17].
Furthermore, it has been shown to promote the
growth rate of sensory and motor axons across the
junction [18]. It seems to have a positive influence
on the regenerative capacity of the axotomized
motor and sensory neurons. In postoperative fol-
low-up, the combination of functional movement
exercises in combination with electrical stimula-
tion is effective [19]. The combination of stimula-
tion and exercise showed better early reinnervation
than either exercise alone [20].
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Summary

Direct muscle stimulation of the target
muscle after surgical nerve transfer can be
performed to preserve muscle tissue and
contractility. To support reinnervation and
regeneration, this is recommended in com-
bination with functional exercises and
additional stimulation via nerve.

8.5 Decrease in the Cross-
Sectional Area of a Muscle in

Denervation Atrophy

If the LMN is affected, muscle fibre atrophy
occurs. The trophic, which is caused by muscle
contractions and chemical substances released at
the synapse that influence protein synthesis in the
muscle, is also disturbed. The muscle fibres that
lose innervation change structurally.

a-motoneuron

ventral roots

motor end plate

the anterior horn cell of the spinal cord via the ventral
roots of the spinal nerves into the peripheral nerves to the
motor end plates of a muscle

They lose 80% to 90% of their mass within a
few months. In the course of denervation, there is
a loss of muscle filaments, but there is no muscle
fibre necrosis. Muscle fibre atrophy is manifested
by a decrease in muscle cross-section.

Individuals with paraplegia below TH 12 gen-
erally have LMN damage in the skeletal muscles
of the lower extremities as a result of a lesion of
the cauda equina. The consequences of long-term
denervation are a decrease in muscle mass and
thickness of the epidermis [10, 21]. Either the
loss muscle mass and thickness of the epidermis
can be halted and/or restored through the use of
direct muscle stimulation, of the muscles affected
by the paralysis. The positive influence of muscle
stimulation on muscle structure and volume was
demonstrated in the RISE project mentioned in
the previous chapter. It was observed [13] that the
average increase in size of the muscle fibres in
the vastus lateralis muscle showed a significant
75% increase from 16.6 + 14.3 (n = 48) to
29.1 £ 23.3 (n = 35) mm after 2 years of regular
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stimulation. This means that stimulation of the
gluteal and ischiocrural muscles can be per-
formed as hypertrophy training. For people with
paraplegia below TH12, who have flaccid paraly-
sis and are prone to pronounced denervation atro-
phy, this type of stimulation is a prevention for
pressure injuries at the gluteal muscles. Due to
the cushioning effect that can be achieved, the
pressure is distributed over a larger area and pres-
sure peaks are reduced, especially under the tuber
ossis ischii [22]. The increase in thickness of the
epidermis over the course of 2 years of daily elec-
trical stimulation was studied. The effect was
seen in an increase from 47.6 pm + 8.8 pm to
60.8 pm + 12.7 um [21]. This observation can be
used in the prevention of pressure sores and other
skin defects in diabetics and in geriatric
treatment.

Denervation atrophies can affect joint mobil-
ity and promote contractures. This can be the
case when the synergistic interaction of a muscle
group is disturbed by damage to the LMN in the
antagonists. In the rehabilitation of people with
SCI, this can be seen in the clinical phenomenon
of the so-called hypertonic biceps brachii muscle
in tetraplegia lesion level C6. In this case, the tri-
ceps brachii muscle has suffered damage to the
LMN due to its segmental innervation level. The
biceps brachii muscle is innervated more or less
voluntarily. As a result, there is permanent activa-
tion of the agonist (biceps brachii muscle) with-
out corresponding reflex activity of the antagonist
(triceps brachii muscle), which could counteract
shortening of elbow flexors [23, 24]. A similar
situation is seen in the forearm with a denervated
pronator teres muscle and voluntarily innervated
supinator muscle in the form of a supination con-
tracture [15].

Thomas and colleagues studied the excitabil-
ity of motoneurons after SCI. They found that the
intrinsic excitability of the motoneurons can alter

the extent and strength of involuntary muscle
contractions. Furthermore, they mention that
excitability is lower in the centre of the lesion and
one to two segments below, and in contrast
increases further away from the centre of the
lesion [25, 26]. This observation correlates with
the explanation that around the centre of the
lesion the LMN is damaged and therefore the
excitability of the motoneurons is reduced.
Another study investigated the excitability in
muscle spindles in statically stretched muscles in
people with SCI [27]. According to this study,
muscle spindles have sensitive receptors that
respond to different tensions in skeletal muscles.
Activation induced in the longitudinal direction
leads to excitation of the Ia and II afferents in the
muscle spindle [28]. The excitation of the muscle
spindle afferents depends on the resting length of
a muscle. It can be increased by three factors.
These are pressure and/or traction on the muscle
belly, pressure and/or traction on the tendon or by
moving the joint in the direction that increases
muscle stretch [29].

The assumption is that excessive stretching,
e.g., through positioning splints or other thera-
peutic interventions, stimulates the afferents of
the agonist at least temporarily. This effect there-
fore counteracts the actual intention of maintain-
ing or even increasing mobility.

In the lower extremities, a similar situation
can be seen clinically in the development of a pes
equinus. Here, the triceps surae muscle as agonist
has damage to the UMN and the tibialis anterior
muscle as antagonist has damage to the LMN. So
far, the latter neuromuscular imbalance has not
been scientifically investigated.

The loss of reflex activity of the antagonist
supports the overactivity and thus the risk of con-
tracture of the agonist. The consequence would
be electrical stimulation of the antagonist to com-
pensate for the synergistic activity.
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Preservation of Contractile
Muscle Fibres

8.6

Direct muscle stimulation can stop the denerva-
tion process in the muscle. Furthermore, it is also
possible to convert muscle that has already been
converted into connective and fatty tissue back
into contractile muscle tissue [30]. Stimulation
can preserve the number and length of muscle
fibres, the cross-sectional area of a muscle, the
speed of contraction, and muscle strength [31].
The best results have been demonstrated within
the first 3 years after damage to the LMN [7].

Summary

Electrical stimulation results in a structural
and functional restoration of a muscle
without voluntary control. Whether this
makes sense as a therapeutic goal in treat-
ment depends on the question and pro-
posed treatment goal. There are reasons
that justify the procedure. One example
was the prevention of pressure injuries in
people with flaccid paralysis using stimu-
lation as hypertrophy training as described
above.

Another indication may be the structural pres-
ervation of a muscle before a planned nerve
transfer or suture. This includes the group of peo-
ple with brachial plexus damage or people with
tetraplegia who will receive improved functions
in the arm and/or hand by nerve transfer. In the
latter group, it is important that the recipient
muscle does not show a degeneration [32]. Often,
damage to the LMN in the recipient muscle is a
contraindication to the planned procedure.
However, if the recipient muscle is partially or
completely denervated, early stimulation of the
muscle can prevent the structural transformation
of the muscle into connective and adipose tissue
and thus ensure optimal conditions for gaining

function after surgery [15]. This could make
nerve transfer possible for a larger group of
affected individuals.

Structural preservation of muscle, or the rever-
sion of muscle that has been altered by connec-
tive and adipose tissue, also represents a change
in elasticity and can have a positive effect on
functions, even though there has been no
improvement in motor control. A clinical exam-
ple is the loss of voluntary motor control in the
calf muscles. As a compensation during walking
the muscles of the long and short toe flexors are
used to replace the missing force during terminal
stance. After some time, this leads to a clawed toe
position, which can present problems in shoe fit-
ting, among other things. Pressure points can
occur at the level of the interphalangeal joints of
the foot. If the calf muscles are stimulated so that
contractile muscle tissue develops, the elasticity
in the muscle changes and thus the terminal
stance in gait. Over time, the toes come into an
extended position and the risk of pressure points
decreases. Walking is described by those affected
as “more stable.” The prerequisite, however, is
that there have not already been capsular contrac-
tures in the toe joints. This described clinical
observation justifies stimulation even without
voluntary motor improvement. It requires good
compliance on the part of the affected person, as
it must be continued permanently in order to
maintain the result. This applies to any type of
stimulation where no neurological recovery is
expected.

8.7 Effect on the Bone Structure
The mechanical properties of a bone depend on
the mineral density of a bone, the trabecular
structure, and the organic composition.

The cortical areas of the bones of the lower
limbs are located in the medial part of the tibia
and femur, and the trabecular bone is located in
the distal femur and proximal tibia.
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Within the first few years after SCI, bone min-
eral density decreases by about 45% in the femur
and 56% in the tibia. In addition, the incidence of
fractures in people with SCI is twice as high as in
able-bodied. The most frequent fractures in SCI
population occur in the distal femur and proximal
tibia.

Mechanical bone loads as well as muscle con-
tractions are important factors for the mainte-
nance of bone density. Stimulation of denervated
muscles has a positive effect on bone stiffness
[33]. If possible, stimulation should take place in
a loaded position.

8.8  Stimulation of Denervated
Muscles to Support
Reinnervation During

Neurological Recovery

The effect of stimulation on reinnervation
regarding motor learning has not been proven
scientifically. However, clinical observations
indicate a positive effect. In a retrospective data
analysis, the AIS (ASIA Impairment Scale) was
collected at the beginning of the additive stimu-

Table 8.2 ASIA Impairment Scale (AIS)

lation to conventional treatment and at the end of
the treatment period (Table 8.2). The end of the
treatment period was determined by the desired
improvement, the “expected outcome,” and
explains the different treatment volumes of the
patients.

SCI is classified according to the American
Spinal Injury Association (ASIA). The ASIA
Impairment Scale (AIS) is divided into A-E. It is
used to categorize sensory and motor deficits in
people with spinal paralysis and consists of a
five-point scale and the classification of A-E.

All 15 patients shown in table (Table 8.3) had
a traumatic SCI and received stimulation in the
acute/subacute phase after injury. The data from
15 patients give a representative picture of stimu-
lation being used for motor learning and
reinnervation.

All stimulated patients improved by at least
one value in the AIS classification during the
time in which the stimulation was carried out. Of
course, it cannot be concluded here that the stim-
ulation alone is responsible for the improvement.
However, the clinical evidence shows that it
should be used as part of a complementary ther-
apy program.

No sensory or motor function is preserved in the sacral segments 54-55.

(complete)

Sensory but not motor function is preserved below the neurological level and includes
the sacral segments S4-55. (incomplete)

Motor function is preserved below the neurological level, and more than half of the key
muscles below the neurological level have a muscle grade less than 3
(grades 0-2Z motor exam guide). (incomplete)

Motor function is preserved below the neuerological level, and at least half of the key
muscles below the neurological level have a muscle grade greater than 3 or equal to 3
(motor exam guide). (incomplete)

Sensory and motor function are normal. (normal)
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Table 8.3 Unpublished data presented at the annual congress of the International Functional Electrical Stimulation

Society (IFESS) 2018 at the Swiss Paraplegic Centre

AlS AlS level of

age . .. : ?
9 initial  final lesion

L3

T10/L1

T12

T12/L2

T10/T12

T77

T/TN

L1

stimulated
muscles

gluteal muscles,
hamstrings

gluteal muscles,
hamstrings

gluteal muscles,
hamstrings

gluteal muscles,
hamstrings

gluteal muscles,
hamstrings

gluteal muscles,
hamstrings

gluteal muscles,
hamstrings

gluteal muscles,
hamstrings

tibialis anterior
delta muscle

quadriceps

finger, hand
extensors

gluteal muscles,
hamstrings

gluteal muscles,
hamstrings

finger, hand
extensors

time
between number
lesion and  of treat-
stimulation  ment
{month)

Abbreviations: AIS ASIA impairment scale, m male, w female, L lumbar, T thoracic, C cervical
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In contrast to the existing literature, in clini-
cal practice the quadriceps muscle is rarely
stimulated in AIS A patients [8, 13, 34, 35].
This could be the reason for the relatively poor
functional outcome in terms of standing or
walking ability of a motor-complete paraplegic
patient (T12-L1) when only the ventral located
muscle group is stimulated. The patient’s desire
to learn to walk or stand again is very often
based on the comparison of how it was before
injury. In addition, walking is often associated
with a certain walking speed and the require-
ment to use at least one hand to carry objects.
Clinical experience has shown that this group
of patients considers themselves less disabled
in daily activities with a wheelchair. Motor
incomplete patients (AIS C or D) or patients
with a lesion below L2 notice more stability in
standing and walking due to structural changes
[33] and in some cases an increase in voluntary
muscle activity [7] after stimulation of the ham-
strings and gluteal muscles.

8.9 Stimulation Parameters

and Stimulation Schedule

Depending on the time after damage to the LMN,
patients can be classified into the acute, subacute,
or chronic phase after lesion. The acute and sub-
acute phase covers the period from the damage to
2 years afterwards. After 2 years, the damage can
be described as chronic [1, 10, 36].

The schedule of the stimulation and the
choice of stimulation parameters depend on the
duration of the damage. At best, stimulation
begins in the acute and subacute phase after
lesion to the LMN. As a rule, a slight structural
change in the muscle can be expected here.
After a short stimulation warm-up phase, the
stimulation training phase can be started, and a

tetanic contraction provoked. The warm-up
phase consists of single twitches and serves to
increase the excitability of the muscle fibres. It
is also a good preparation for the skin for the
subsequent intense stimulation, which involves
a high current application. A warm-up phase of
3 min is recommended. This should be done
before each application and does not change in
time or parameters. The subsequent training
phase lasts 30 min (Table 8.4). It is not always
possible to start with the entire 30-min stimula-
tion time at the beginning. This depends on one
hand on the individual tolerance of the stimula-
tion and on the other hand on the fatigability of
the stimulated muscle. Both must be assessed
during the initial test. How and with which
intensity (amplitude) the stimulation is tolerated
varies individually. Both stimulation time and
stimulation intensity can be increased after
repeated application. Based on clinical experi-
ence, the stimulation time can be increased by
5 min every 2-3 days with daily application.
The intensity (amplitude) depends on the mus-
cle size. Clinically, the goal should be to see a
definite contraction of the entire muscle. If this
is not tolerated after repeated stimulation, the
pulse shape can be changed from rectangular to
triangular. Ultimately, a stimulation treatment
should last 33 min per muscle group. This con-
tains a 3-min warm-up program and a 30-min
training program.

A muscle response cannot be expected
directly in the chronic phase after damage to the
LMN. The warm-up program consists of single
twitches with an even lower frequency (0.86 Hz).
The subsequent training program also consists
of single twitches with a frequency of 2 Hz
(Table 8.5). The latter represents the training
until a tetanic muscle contraction is achieved.
When a tetanic contraction can be provoked,
varies individually and depends on the extent of
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muscle degeneration. Based on clinical experi-
ence, it can take up to 18 months before a tetanic
contraction can be seen (Fig. 8.6). Here, a high
compliance and discipline is required from both
the therapists and the affected person to carry
out the stimulation, at best daily, at least five
times a week. This should be done at home

under regular supervision and follow up visits
by the therapist. Often, an assistant is needed to
help to fix the electrodes and/or operate the
stimulation device. Depending on the number of
muscles to be stimulated (33 min per muscle), a
preparation and release time of 10—15 min must
be added.

Table 8.4 Recommended stimulation parameters for the acute/subacute phase after lower motoneuron damage

pause
(ms)

rectangular

rectangular

rectangular

burst on
(sec)

stimulation
time
(min)

burst off
(sec)

Abbreviations: ms milliseconds, sec seconds, min minutes, Hz hertz (frequency of stimulation)

Table 8.5 Recommended stimulation parameters for the chronic phase after lower motoneuron damage

pause
(ms)

rectangular

rectangular

rectangular

burst on
(sec)

stimulation
time
(min)

burst off
(sec)

Abbreviations: ms milliseconds, sec seconds, min minutes, Hz hertz (frequency of stimulation)
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single twitches

6 months

tetanic contraction

18 months

Fig. 8.6 Timeline of chronic lower motoneuron damage to achieve a tetanic contraction

8.10 Electrodes

With direct muscle stimulation, high current
intensities are applied due to the long pulse dura-
tion. It is mandatory to work either with safety
electrodes and salt-free gel or sponge pouches
with appropriate electrodes. When using gel, the
gel should be spread generously over the entire
electrode surface. It is critical to ensure that
there is also enough gel on the edges of the elec-
trode. The sponge pouches for the electrodes are
soaked with water and lightly squeezed. They
must be well wet but should not drip. Specially
approved self-adhesive electrodes may only be
used for pulse widths up to 200 ms. The subse-
quent skin check must be carried out in all cases.

8.11 Skin Irritations

A reddening of the area after stimulation, which
subsides after 2 h, is to be expected, as the stimu-
lation has a blood circulation-stimulating effect.
This is to be evaluated as positive regarding the
trophic properties of the skin. However, if red
spots appear under the electrodes after stimula-
tion or if only the edge of the electrode is sharply
marked, an undesirable skin irritation can be
assumed. If blisters form on the red spots after
1-2 h, a burn must be assumed. It is not allowed
to continue the stimulation. The reason for the
burn must be determined. Furthermore, it should

be noted that stimulation never should be applied
on skin defects.

Regular renewal of safety electrodes, sponge
pouches, and associated electrodes and self-
adhesive electrodes is necessary. The manufac-
turer’s recommendations and guidelines must be
observed.

P> Under the safety aspects mentioned above,
direct muscle stimulation can be carried out
without hesitation and poses no danger if used

properly.

8.12 Practical Examples
of Stimulation of Denervated
Muscles

The following examples are a selection of treat-
ment options and give an overview of how and
under which conditions denervated muscles can
be stimulated.

8.12.1 Stimulation of the Gluteal
Muscles

Indication:
Hypertrophy training.
Prevention of pressure sores and skin injuries.

Starting position:
Prone position.
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Electrodes:

Safety electrodes with salt-free gel or sponge
pouches of the same size with corresponding
electrodes for insertion.

Fixation:

For testing, it is recommended to hold the elec-
trodes manually. The stimulus response, if weak,
can be well assessed by palpation. Afterwards,

the electrodes can be fixed with fixation foil or
elastic bands. It is essential to ensure that the
electrode is in full contact and evenly covered
with gel.

Treatment volume:
Once a day, five to seven times a week 3045 min
(Fig. 8.7).

Stimulation parameters (Table 8.6).

Fig. 8.7 Stimulation of the gluteal muscles with safety
electrodes. (a) Manual fixation of the safety electrodes
during the test for stimulation. The correct position of the

electrodes is determined. (b) Securing the safety elec-
trodes with fixation foil, after determining the correct
position

Table 8.6 Stimulation protocol in acute and chronic phase after injury

acute/subacute
lesion

warm-up

treatment

chronic
lesion

warm-up

treatment

treatment

burst off
(sec)

burst off
(sec)

burst on
(sec)
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8.12.2 Stimulation of the Gluteal
and Hamstrings’ Muscles

Indication:

Hypertrophy training.
Prevention of pressure sores and skin injuries.
Support of reinnervation/motor learning.

Starting position:

Prone position.
Stand in, e.g., standing frame.
Parallel bars.

Electrodes:

Safety electrodes with salt-free gel or sponge
pouches of the same size with corresponding
electrodes for insertion. The size of the electrode
is chosen according to the patient’s constitution.
The proximal electrode is placed on the gluteal
muscles and the distal on the hamstrings.
Figure 8.8 shows the two possibilities. In prac-
tice, one electrode size is used bilaterally.

Switch:

If available, an external switch can be used to
trigger the stimulation in trained patients. This is
recommended when stimulation is used during
gait-specific exercises in the parallel bar.

Fixation:
Fixing foil or elastic bands can be used to
attach the electrodes. It is essential to ensure

Fig. 8.8 (a) Larger
sized electrodes to
stimulate the glutaeus
muscle and the
hamstrings; (b) Smaller
sized electrodes to
stimulate the glutaeus
muscle and the
hamstrings; the size of
the electrodes depends
on the anatomical shape
of the patient

that the electrode has full contact and is evenly
covered with gel.

Treatment volume:
Once a day, five to seven times a week
30-45 min.

Twice a day for 20 min for reinnervation/motor
learning.

Stimulation parameters (Table 8.7).

8.12.3 Stimulation of the Foot
Extensors

Indication:
Support of reinnervation/motor learning.
Preservation of contractile muscle fibres.

Starting position:
Seated, with leg hanging free.
Seated with foot placed on the floor.

Electrodes:

Sponge pockets with corresponding electrodes
to insert. The placement of the electrodes
depends on the muscles to be stimulated.
Placement towards the edge of the tibia reaches
the tibialis anterior muscle, further laterally the
peroneal muscles are reached. Placement in
between results in stimulation of both muscle

groups.




8 Electrical Stimulation for Improvement of Function and Muscle Architecture in Lower Motor Neuron... 121

Table 8.7 Stimulation protocol in acute and chronic phase after injury

acute/subacute
lesion

warm-up

treatment

chronic
lesion

warm-up

treatment

treatment

Fixation:

For testing, it is recommended to hold the elec-
trodes manually. The stimulus response, if weak,
can be well assessed by palpation. Afterwards,
the electrodes can be attached with fixation foil
or elastic bands. It is important to ensure that the
electrodes are in full contact with the skin.

Treatment volume:
Once a day, five to seven times a week for 30 min
to maintain contractility.

Twice a day for 20 min for reinnervation/motor
learning (Figs. 8.9 and 8.10).

Stimulation parameters (Table 8.8).

burst off
(sec)

burst on
(sec)

burst off
(sec)

burst on
(sec)

8.12.4 Stimulation of the Triceps
Surae Muscle

Indication:

Support of reinnervation/motor learning.
Preservation of contractile muscle fibres (e.g.,

to prevent and/or reduce claw toes in case of

weakness or paresis of the calf muscle).

Starting position:

Seated with foot placed on the floor; this starting
position is recommended in the chronic phase
when no tetanic contraction can yet be
provoked.
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Fig. 8.9 Stimulation of the tibialis anterior muscle. (a) without stimulation in the relaxed position (b) with stimulation,

anticipated stimulation response is illustrated

Fig. 8.10 Stimulation of the peroneal muscles. (a) without stimulation in the relaxed position (b) with stimulation,

anticipated stimulation response is illustrated

Stand:

During the terminal stance of gait-specific exer-
cises, if necessary, with switch to trigger stimula-
tion at the desired time.

Electrodes:
Sponge pouches with corresponding electrodes
for insertion.

Fixation:

The electrodes can be attached with fixing foil or
elastic bands. It is essential to ensure that the
electrodes are in full contact with the skin.

Treatment volume:
Once a day, five to seven times a week for 30 min
to maintain contractility.

Twice a day for 20 min for reinnervation/motor
Learning (Fig. 8.11).

Stimulation parameters (Table 8.9).

8.12.5 Stimulation of the Deltoid
Muscle

Indication:

Support of reinnervation/motor learning.
Preservation of contractile muscle fibres (e.g.,

for subluxation prophylaxis or preoperatively

before reconstructive surgery).

Starting position:
Seated with 30° abducted arm/arms and 90-100°
flexed elbow.

Electrodes:
Self-adhesive electrodes or sponge pouches
with corresponding electrodes for insertion.
The choice of adhesive electrodes or sponge
pouches depends on the stimulation
parameters.
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Table 8.8 Stimulation protocol in acute and chronic phase after injury

acute/subacute
lesion

warm-up

treatment

chronic
lesion

warm-up

treatment

treatment

burst on burst off
(sec) (sec)

burst on burst off
(sec) (sec)

Fig. 8.11 Stimulation of the triceps surae muscle in activity. (a) without stimulation in the relaxed position (b) with

stimulation, anticipated stimulation response is illustrated

Fixation:

When using sponge electrodes, fixation foil or
elastic bands can be used to attach the elec-
trodes. It is essential to ensure that the elec-
trodes are in full contact with the skin. In
practice, this is not easy in the area of the upper

arm. It is often advisable to work with adhesive
electrodes.

Treatment volume:
Once a day, five to seven times a week for 30 min
to maintain contractility.
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Table 8.9 Stimulation protocol in acute and chronic phase after injury

acute/subacute
lesion

warm-up

treatment

chronic
lesion

burst off
(sec)

burst on
(sec)

burst off
(sec)

burst on
(sec)

warm-up

treatment

treatment

Twice a day for 20 min for reinnervation/motor
learning (Fig. 8.12).
Stimulation parameters (Table 8.10).

P> Note The application with the parameters
described above includes a triangular pulse.
The treatment example mainly refers to the
acute/subacute phase after damage to the
LMN.

8.12.6 Stimulation of the Elbow
Flexors

Indication:

Support of reinnervation/motor learning.
Preservation of contractile muscle fibres (e.g.,

preoperatively before reconstructive surgery).

Starting position:
Seated with arm abducted 30° and elbow flexed
approx. 80°.

Depending on which of the flexors is to be pri-
marily stimulated, the position of the forearm and
the electrode placement changes. When stimulat-
ing the biceps brachii muscle, the forearm is
supinated, and the electrodes are placed on both
heads of the muscle. When stimulating the bra-
chialis muscle, the forearm is pronated, and the
electrodes are placed medial to the short head of
the biceps brachii muscle. Selective stimulation
of the brachialis muscle is difficult. The prona-
tory movement of the forearm during stimulation
serves as a clinical assessment of whether this is
largely successful. With constant pronation under
elbow flexion, a more or less selective excitation
of the brachialis muscle can be expected.
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Fig.8.12 Stimulation of the deltoid muscle in all parts. (a) without stimulation in the relaxed position (b) with stimula-

tion, anticipated stimulation response is illustrated

Table 8.10 Stimulation protocol in acute/subacute phase after injury

acute/subacute
lesion

Electrodes:

Self-adhesive electrodes or sponge pouches with
corresponding electrodes for insertion. The
choice of adhesive electrodes or sponge pouches
depends on the stimulation parameters.

Fixation:

When using sponge electrodes, fixation foil or
elastic bands can be used to attach the electrodes.
It is essential to ensure that the electrodes are in
full contact with the skin.

Treatment volume:
Once a day, five to seven times a week for 30 min
to maintain contractility.

Twice a day for 20 min for reinnervation/motor
learning (Fig. 8.13).

Stimulation parameters (Table 8.11).

P> Note The application with the parameters
described above includes a triangular pulse

shape. The treatment example mainly refers to
the acute/subacute phase after lesion to the
lower motoneuron.

8.12.7 Four-Channel Stimulation
of Denervated Arm Muscles

In the treatment example, all parts of the del-
toid muscle, the triceps brachii, and the bra-
chioradialis muscle are stimulated at the same
time.

Indication:

Support of reinnervation/motor learning.
Preservation of contractile muscle fibres (e.g.,

in brachial plexus lesions preoperatively).

Starting position:
Seated with arm abducted 30° and elbow flexed
approximate 80°.
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Fig.8.13 Stimulation of the biceps brachii. (a) without stimulation in the relaxed position (b) with stimulation, antici-

pated stimulation response is illustrated

Table 8.11 Stimulation protocol in acute/subacute phase after injury

acute/subacute
lesion

parameter

Electrodes:

Self-adhesive electrodes or sponge pouches with
corresponding electrodes. The choice of adhesive
electrodes or sponge pouches depends on the
stimulation parameters.

Fixation:

When using sponge electrodes, fixation foil or
elastic bands can be used to fix the electrodes. It
is essential to ensure that the electrodes are in full
contact with the skin. Here, attaching the sponge
electrodes in the area of the delta is a challenge so
that they do not lose contact under the resulting
movement due to the muscle contraction.

Treatment volume:
Once a day, five to seven times a week for 30 min
to maintain contractility.

Twice a day for 20 min for reinnervation/motor
learning (Fig. 8.14).

Stimulation parameters (Table 8.12).

P> Note The application with the parameters
described above includes a triangular pulse

shape. The treatment example mainly refers to
the acute/subacute phase after damage to the
LMN.

8.12.8 Stimulation of the Triceps
Brachii Muscle in Function

Indication:

Support of reinnervation/motor learning.
Preservation of contractile muscle fibres

(e.g., preoperatively before reconstructive

surgery).

Starting position:

Seated with arms extended. The hands are placed
next to the body so that the elbow extension can
be executed under stimulation.

Electrodes:

Self-adhesive electrodes or sponge pouches with
corresponding electrodes. The choice of self-
adhesive electrodes or sponge pouches depends
on the stimulation parameters.
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Fig. 8.14 Stimulation of the deltoid muscle in all parts, the triceps brachii and the brachioradialis muscle. (a) without
stimulation in the relaxed position (b) with stimulation, anticipated stimulation response is illustrated

Table 8.12 Stimulation protocol in acute/subacute phase after injury

acute/subacute
lesion

parameter

Fixation:

When using sponge electrodes, fixation foil or
elastic bands can be used to attach the electrodes.
It is essential to ensure that the electrodes are in
full contact with the skin.

Treatment volume:
Once a day, five to seven times a week for 30 min
to maintain contractility.

Twice a day for 20 min for reinnervation/motor
learning (Fig. 8.15).

Stimulation parameters (Table 8.13).

P> Note The application with the parameters
described above includes a triangular pulse

plateau (sec)

shape. The treatment example mainly refers
to the acute/subacute phase after damage to
the LMN.

8.12.9 Stimulation of the Intrinsic
Hand Muscles

Indication:
Support of reinnervation/motor learning.
Preservation of contractile muscle fibres
(e.g., in preparation for reconstructive hand
surgery).
The intrinsic hand muscles are crucial for
grasping. The group of dorsal Mm. interossei
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Fig.8.15 Stimulation of the triceps brachii muscle in function. (a) without stimulation in the relaxed position (b) with

stimulation, anticipated stimulation response is illustrated

Table 8.13 Stimulation protocol in acute/subacute phase after injury

acute/subacute
lesion

parameter

ensures the correct sequence of finger joint flex-
ion. Loss of elasticity or degeneration results in a
clawed hand during grasping. Sufficient mobility
in the metacarpophalangeal joints ensures a
closed fist.

Starting position:
Seated.

Electrodes:
Sponge pouches with corresponding electrodes.

Fixation:

When using sponge electrodes, fixation foil, or
elastic bands can be used to attach the electrodes.
It is essential to ensure that the electrodes are in
full contact with the skin.

plateau (sec)

Treatment volume:
Once a day, five to seven times a week for 30 min
to maintain contractility.

Twice a day for 20 min for reinnervation/motor
learning.

The following sequence of pictures shows
from different perspectives the application of the
electrodes as well as the possibility of fixation
with a foil (Figs. 8.16, 8.17, and 8.18).

Stimulation parameters (Table 8.14).

P> Note The primary indication for this treatment
is in the acute and subacute phase after damage
to the LMIN. Whether stimulation in the chronic
phase leads to a shortening of the intrinsic
muscles and an increase in mobility and
elasticity has not yet been scientifically proven.
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Fig.8.18 Stimulation of the intrinsic muscles (a) without stimulation (b) with stimulation

Table 8.14 Stimulation protocol in acute/subacute phase after injury

acute/subacute ause bursts on bursts off
lesion ) (sec) (sec)

warm-up

treatment
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8.12.10 Stimulation of the First
Dorsal Interosseous
Muscle

Indication:
Support of reinnervation/motor learning related
to the lateral grasp and positioning of the thumb
at the level of the interphalangeal joint of the
index finger.

Preservation of contractile muscle fibres
(e.g., in preparation for reconstructive hand
surgery).

Starting position:
Seated.

Electrodes:
Sponge pouches with corresponding electrodes.

Fixation:

When using sponge electrodes, fixation foil or
elastic bands can be used to attach the electrodes.
It is essential to ensure that the electrodes are in
full contact with the skin.

Treatment volume:
Once a day, five to seven times a week for 30 min
to maintain contractility.

Twice a day for 20 min for reinnervation/motor
learning (Fig. 8.19).

Stimulation parameters (Table 8.15).

P> Note The primary indication of this treatment
is in the acute and subacute phase after damage
to the lower motoneuron. Whether stimulation
in the chronic phase results in an increase in
mobility and elasticity has not yet been
scientifically proven.

Fig. 8.19 Stimulation of the interosseus dorsalis I muscle performing the lateral grasp. (a) without stimulation in the
relaxed position (b) with stimulation, anticipated stimulation response is illustrated

Table 8.15 Stimulation protocol in acute/subacute phase after injury

acute/subacute
lesion

warm-up

treatment
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Stimulation of the Extensor
Carpi Radialis Muscle

8.12.11

Indication:

Support of reinnervation/motor learning.
Preservation of contractile muscle fibres (e.g.,

in preparation for reconstructive hand surgery).

Starting position:
Seated.

Electrodes:

Sponge pouches with corresponding electrodes
to insert. In the area of the forearm, the existing
two layers of muscles have to be taken into
account. Stimulating selective movement or indi-
vidual muscles is therefore difficult and not
always possible selectively. Small electrodes are
helpful as well as precise placement of them.

Fixation:
When using sponge electrodes, the electrodes can
be fixed with fixing foil or elastic bands. For test-
ing, it is recommended to hold the electrodes
manually. The stimulus response, if weak, can be
well assessed by palpation.

Often the electrodes must be held manually
without applying much pressure. Full contact of
the electrodes must be ensured.

Treatment volume:

Once a day, five to seven times a week for 30 min
to maintain contractility.

§ '_"“""7: *\E‘ s,
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Twice a day for 20 min for reinnervation/motor
learning (Figs. 8.20 and 8.21).
Stimulation parameters (Table 8.16).

P> Note Currently, the primary indication for
this treatment is in the acute and subacute
phase after damage to the LMN.

P> In rare cases, the pressure exerted by the foil
or bands is too high and the antagonists are
activated (“spill over”).

8.12.12 Stimulation of the Extensor
Digitorum Communis Muscle

Indication:

Support of reinnervation/motor learning.
Preservation of contractile muscle fibres (e.g.,

in preparation for reconstructive hand surgery).

Starting position:
Seated.

Electrodes:

Sponge pouches with corresponding electrodes
to insert. In the area of the forearm, the muscles
are organized in two layers. Especially the mus-
cle group of M. extensor carpi radialis, M. exten-
sor carpi ulnaris, and M. extensor digitorum
communis is difficult to stimulate selectively. It is
critical to find the best possible position of the
electrodes to obtain the best selectivity of the

R

h s

Fig. 8.20 Stimulation of the extensor carpi radialis (a) without stimulation (b) with stimulation with manual fixation

of the electrodes
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Fig. 8.21 Stimulation of the extensor carpi radialis (a) without stimulation (b) with stimulation

Table 8.16 Stimulation protocol in acute/subacute phase after injury

acute/subacute
lesion

warm-up

treatment

expected movement. Small electrodes are helpful
as well as precise placement of the electrodes.

Fixation:

When using sponge electrodes, the electrodes
can be attached with foil or elastic bands. For
testing, it is recommended to hold the electrodes
manually. The stimulus response, if weak, can be
well assessed by palpation. In rare cases, the
pressure exerted by the foil or elastic bands is
too high and consequently the antagonists are
activated (“spill over”).

bursts off
(sec)

bursts on
(sec)

Treatment volume:
Once a day, five to seven times a week for 30 min
to maintain contractility.

Twice a day for 20 min for reinnervation/motor
learning (Figs. 8.22 and 8.23).

Stimulation parameters (Table 8.17).

P> Note: Currently, the primary indication for
this treatment is in the acute and subacute
phase after damage to the lower motoneuron.



8 Electrical Stimulation for Improvement of Function and Muscle Architecture in Lower Motor Neuron... 133

8.12.13 Stimulation of the Extensor Balancing of wrist extension even in the
Carpi Ulnaris Muscle chronic phase after damage to the LMN.
in Function

Starting position:
Indication: Seated.
Support of reinnervation/motor learning.
Preservation of contractile muscle fibres Electrodes:
(e.g., in preparation for reconstructive hand Sponge pouches with corresponding electrodes.
surgery). The extensor carpi ulnaris muscle is the easiest

Fig. 8.22 Stimulation of the extensor digitorum communis (a) without stimulation (b) with stimulation with manual
fixation of the electrodes

Fig. 8.23 Stimulation of the extensor digitorum communis (a) without stimulation (b) with stimulation

Table 8.17 Stimulation protocol in acute/subacute phase after injury

acute/subacute bursts on bursts off
lesion . (sec) (sec)

warm-up

treatment
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one to stimulate selectively in the group of the
wrist and finger extensors. However, stimulating
selective movement or individual muscles
remains difficult. Small electrodes are helpful as
well as precise placement.

Fixation:
When using sponge electrodes, fixation foil, or
elastic bands can be used to attach the electrodes.

Treatment volume:
Once a day, five to seven times a week for 30 min
to maintain contractility.

Twice a day for 20 min for reinnervation/
motor learning (Fig. 8.24).

Stimulation parameters (Table 8.18).

P> Note: All forearm muscles can be stimulated
against resistance. Whether this is used is
determined by both the goal and the structural
situation of the muscle. If resistance is used, a
denervated muscle must have a certain level of
training. This can be achieved with increasing
stimulation time and intensity.

The fatigability of a muscle under
stimulation can be clinically assessed by
evaluating the quality and quantity of

muscle contraction. The quality of the range
of motion during stimulation is observed
and documented. If the range of motion
decreases, fatigue can be clinically assumed.

8.13 Partially Innervated/Partially
Denervated Muscles

Muscles are partially innervated when they have
a mixed form of UMN and LMN damage or a
mixed form of existing voluntary motor function
and denervation.

This can occur in the case of SCI. Four groups
can be divided around the area of injury.

1. The muscles innervated by supralesional seg-
ments underlying to the voluntary control of
the brain.

2. The muscles innervated by infralesional seg-
ments and characterized by increased reflex
activity and muscle weakness. They are not
controlled voluntarily.

3. The muscles that are segmentally innervated
in the centre of the lesion where the associ-
ated anterior horn cells are damaged. They
show a lesion of the LMN. The clinical

Fig. 8.24 Stimulation of the extensor carpi ulnaris muscle against resistance (a) without stimulation (b) with

stimulation
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Table 8.18 Stimulation protocol in the acute and chronic phase after injury

acute/subacute
lesion

warm-up

treatment

chronic
lesion

warm-up

treatment

treatment

appearance of these muscles is similar to that
of a peripheral nerve lesion. There is flaccid
paralysis with signs of denervation and
degeneration.

4. The muscles innervated near the centre of the
lesion (one segment above or below). These
may show partial denervation respectively
innervation.

In addition to the population of people with
SCI, patients with, e.g., lumbar nerve root com-
pression, Guillain-Barré syndrome or CMT
disease may show partially innervated muscles.
Here, might be a mixture of existing voluntary
motor function and denervation in a muscle or
muscle group. The first-mentioned manifestation
of nerve root compression, caused by protrusion
or prolapse of an intervertebral disc, is clinically
the most common appearance. Affected persons
show clinically a drop foot. An early combination

bursts off
(sec)

bursts on
(sec)

bursts off
(sec)

bursts on
(sec)

of electrical stimulation, exercises and techniques
to maintain and enhance function are recom-
mended. A useful combination with electrical
stimulation via muscle and/or nerve is the prin-
ciple of irradiation. If the treatment volume can-
not be implemented daily in outpatient treatment,
the delivery of a stimulation device for domestic
use is an option (see also Chap. 12). In this way,
the stimulation can be conducted in the recom-
mended frequency to provide the best possible
stimulus to the peripheral and central nervous
system.

Noteworthy

When selecting the stimulation parameter,
the first decision to be made is whether the
stimulation can be conducted via nerve or
muscle.
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It should be taken into account that par-
tially denervated muscle fibres do not respond
to stimulation via nerve. Nerve fibres are
excitable from 50 ps (0.05 ms) pulse dura-
tion, while muscle fibres require longer pulse
durations over 10 ms. Partially voluntary
innervated muscle fibres cannot replace and
compensate for all muscle function, includ-
ing strength, volume, and coordination.

There are several treatment approaches that
can be followed. The target muscle can be stimu-
lated with direct muscle stimulation as well as via
nerve. Ideally, this is done in one treatment ses-
sion. This means 30 min of stimulation via nerve
followed by 30 min of direct muscle stimulation.

It is also possible to alternate between direct
muscle stimulation in one treatment session and
nerve stimulation in the next. Ideally, this should
be done in daily alternation.

If the muscle is partially innervated, it can be
actively trained with conventional treatment
methods and the denervated parts with direct
muscle stimulation.

Successful treatment depends on the time
after a lesion and its extent and can take weeks to
years. Possible recovery can be expected in the
acute and subacute phases after the lesion.
Regular reassessments of the innervation status
of the stimulated muscles are required. This may
change over time. It also requires timely adjust-
ment of stimulation parameters. To some extent,
structural but non-functional changes in a muscle
can lead to improvement. Changes in muscle
structure can support residual function.
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Sensory Afferent Stimulation

Kerstin Schwenker and Stefan M. Golaszewski

9.1 Introduction

Sensory afferent stimulation is a method of non-
invasive brain stimulation (NIBS) that induces
neuromodulation especially at the synaptic level
in the area of the sensorimotor cortex [1-3]. In
sensory afferent electrical stimulation (SAES),
electrical stimuli are used in continuous series or
in time-structured stimulation patterns, which
trigger peripheral action potentials in afferent
nerve fibers, which lead to an increased sensory
afferent input into the sensorimotor centers in the
brain. SAES is currently developing into a prom-
ising adjuvant intervention in the field of NIBS in
combination with conventional sensorimotor
therapy in a temporal correlation to improve the
outcome in neurorehabilitation.
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9.2  Sensory Afferent Stimulation

9.2.1 Neurobiology of Sensory
Afferent Stimulation

Synapses can be highly plastic and change the
strength of their synaptic transmission due to an
“intrinsic” change in their own activity or a
change in the synaptic input from other nerve
cells “extrinsically”. Intrinsic and extrinsic syn-
aptic plasticity are considered to be the basic neu-
robiological mechanisms for memory, learning,
and restitution of lost functions.

The model of long-term potentiation (LTP)
and long-term depression (LTD) (@ and ® in
Fig. 9.1) describes an extrinsic change in the
strength of a synaptic transmission [4]. Sensory
afferent stimulations induce neuromodulatory
effects in the area of short-term plasticity (STP, ©
in Fig. 9.1) and structural neuroplasticity with
sprouting of new synapses (synaptic sprouting, @
in Fig. 9.1) and the formation of new anatomical
connections (wiring) in the nervous system. Due
to the increased sensory afferent input in SAES
(® lightning symbol ¢ in Fig. 9.1), more gluta-
mate is released from the presynaptic vesicles
into the synaptic cleft. This happens with almost
complete opening of the AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic  acid)
receptors, which leads to a strong Na* influx into
the cell with a strong depolarization of the cell
membrane. Through glutamate binding to the
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Fig. 9.1 Increased sensory-afferent input (¢) induces
neuroplasticity in the short-term (®), the long-term (® and
®), and the structural areas (®). Depending on the type of
sensory-afferent stimulation, the synaptic transmission

NMDA (N-methyl-p-aspartate, NMDA) receptor
and strong depolarization of the cell membrane,
the Mg** ions, which block the NMDA receptor,
can also diffuse out, causing it to become a mas-
sive Ca?* influx at the NMDA receptor into the
cell which leads to a number of intracellular sig-
naling pathways with enzyme induction.
Depending on the type of sensory afferent input,
LTP increases and LTD decreases synaptic trans-
mission. In LTP there is also an increased incor-
poration of AMPA receptors into the postsynaptic
membrane and activation of calcium/calmodulin-
dependent kinase II (CaMK II), which with
kinase C (Kin C) leads to a phosphorylation
(+PH) of the subunit GluR1 of the AMPA recep-
tor of the amino acid Serine 831 (Ser 831). This
increases the conductivity of the AMPA receptor
(1), combined with a massive influx of ions into
the cell, which maintains LTP (@ in Fig. 9.1).
Together with kinase A, there is a phosphoryla-
tion (+PH) of the amino acid Serine 845 (Ser
845) of GluR1, which reduces the synaptic trans-
mission (|) and initiates the LTD (® in Fig. 9.1).

@ nvba receptor

® calcium phosphorylation ¥ glutamate

can be increased (LTP, long-term potentiation) or reduced
(LTD, long-term depression). With LTD, the mechanisms
of the LTP can be reversed again (®, ®, and @)

The LTP further increases the density of the
AMPA receptors in the postsynaptic membrane,
which leads to a splitting of the postsynaptic
membrane with the formation of new synapses
(@ in Fig. 9.1). In this way, new neuronal net-
works can be built up permanently, combined
with new behavioral skills or with the restitution
of lost functions. Depending on the type of sen-
sory afferent stimulation, a LTD can also be
induced, which counteracts the LTP and can
reverse it (e.g., downregulation of the LTP upreg-
ulated AMPA receptors in the postsynaptic mem-
brane, @ in Fig. 9.1) [5].

With a single stimulation lasting at least
30 min, the duration of the neuromodulatory
effects is in the range of a few hours [6-8],
whereby with prolongation and repetition of the
stimulation a sustainable prolongation of the
effects is possible. The optimal parameters and
stimulation patterns for the stimulation are not
yet exactly known [9]. In addition to the fre-
quency, the stimulation intensity seems to have
the greatest influence on neuromodulation [8].
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The stimulation depolarizes afferent proprio-
ceptive and exteroceptive nerve fibers of group
Ia (thick afferents of the muscle spindles), Ib
(thick afferents of the tendon receptors and
Golgi organs), and group II (slowly and quickly
adapting afferents of the mechanoreceptors of
the skin and the y-fibers of the muscle spindle)
with short latency [10-12]. The afferent signals
are further forwarded in the posterior funicles
and in the spinocerebellar tract of the spinal
cord to the brain stem, to the ventroposterolat-
eral nucleus of the thalamus with projection to
the contra- and ipsilateral sensorimotor cortex
in the Brodmann areas (BA) 3a, 2, 1 and 4 and
to the cerebellum [13-15]. In addition to the
direct afferents, BA 4 (primary motor cortex,
M1) also receives projections from BA 3a, 2 and
1 [16] as well as transcallosal projections from
the contralateral cerebral cortex [17-19]. In
their small intrinsic muscles, the hand and foot
have a high density of muscle spindles [20, 21],
joint receptors, and Golgi tendon organs [10, 22,

cathode (-)

cell membrane

depolarization

proximal

<—

action potential

Fig. 9.2 With SAES (sensory afferent electrical stimula-
tion), the current flows from the cathode in all spatial direc-
tions in the extracellular space (ECS) and thus also vertically
through the cell membrane, in order to continue to flow intra-
cellularly along the electric field lines (arrows) to the anode,
from where it flows again vertically through the cell mem-
brane into the ECS. Negative charges (electrons, e-, and

-

23], which is why these muscles are an abundant
source of proprioceptive inputs for the spinal
cord and brain. Proprio- and exteroceptive affer-
ents are the basis for the perception of kinesthet-
ics in the brain [24].

Summary
In sensory afferent stimulation, nerve fibers
of deep and fine surface sensitivity are
stimulated with the induction of short-term,
long-term, and structural neuroplasticity in
the brain.

9.2.2 Sensory Afferent Electrical
Stimulation

In SAES, action potentials are triggered below
the stimulating cathode by extra- and intracellu-
lar ion currents with depolarization of the cell
membrane (Fig. 9.2).

hyperpolarization

s

negatively charged ions, “—") are shifted along the course of
the peripheral nerve fibers primarily intracellularly towards
the anode (arrows) with local hyperpolarization of the mem-
brane, positive charges (positively charged ions, “+”) toward
the cathode with local depolarization of the membrane. The
action potentials for the sensory afferent input into the brain
are then triggered under the cathode
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Ordinary self-adhesive electrodes are used,
like in nerve or neuromuscular stimulation. A
more increased sensory afferent input can also be
induced with anodes in the form of an electrode
glove (mesh glove, MG) (Fig. 9.3) or an elec-
trode sock (mesh sock, MS), which is due to the
stimulated size of the skin area to bring about a
particularly strong neuromodulatory input in the
sensorimotor cortex.

Fig. 9.3 With mesh glove stimulation, the afferent action
potentials are triggered in the three hand nerves (N. radia-
lis, medianus et ulnaris) under the dorsal and palmar cath-
ode on the forearm

current intensity
[mA]

MG or MS are connected to a two-channel
electrical stimulation device and function as
anode, carbon surface electrodes over the ten-
dons of the flexors and extensors on the forearm
or lower leg as cathodes (Fig. 9.3). The current is
applied in a pulsed manner. The pulse shape is
rectangular or trapezoidal and mono- or biphasic
with a frequency of 50 Hz and a pulse width of
300 ps. The stimulation is carried out for
30-60 min (Fig. 9.4).

Neuromodulatory effects through SAES can
be demonstrated in fMRI (functional Magnetic
Resonance Imaging) with a finger-to-thumb tap
paradigm (Test Motor Task, TMT) with a self-
selected frequency of approximately 2 Hz in a
pre—/post-design [6, 25]. With TMT, brain activ-
ity in the form of the so-called BOLD effect
(Blood Oxygenation Level Dependent, BOLD) is
detected in the contra- and ipsilateral hemisphere
in the pre- and postcentral gyrus, in the superior
frontal gyrus and in both halves of the cerebellum
with a dominance ipsilateral to the tapping hand.
After 30 min of SAES, finger-to-thumb tapping
(Conditioned Motor Task 1, CMT1) shows an
increase in brain activity in both hemispheres in

19.7 ms

frequency = 50 Hz

G —

time [ms]

e —

Fig.9.4 Current pulse with SAES (sensory afferent elec-
trical stimulation): rectangular pulse with a width of
300 ps and a frequency of 50 Hz. The duration of the
stimulation is at least 30 min at a sensitive level (at approx.
5 mA, depending on skin resistance), which already
results in inducing neuroplasticity in the long-term range
(LTP, long-term potentiation; LTD, long-term depres-

sion). At the motor level, the current intensities are higher
(up to approx. 10 mA, depending on skin resistance). Due
to its higher effectiveness, SAES also uses protocols with
a shorter stimulation duration (10-30 min) at the motor
level. The frequencies vary between 1 and 50 Hz, the
pulse width between 100 and 1000 ps, depending on the
level of stimulation (Table 9.1)
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Fig. 9.5 (a) Subtraction analysis (CMT1-TMT) in fMRI
(functional magnetic resonance imaging): Conditioned
Motor Task at T1 (CMT1)-Test Motor Task (TMT) at TO
shows an increase in the BOLD (Blood Oxygenation
Level Dependent) response during CMT1 in the contralat-
eral hemisphere within SM1 (sensorimotor cortex), within
the premotor cortex (PM), in the inferior parietal lobule
(IPL) and in the ipsilateral hemisphere within SM1, PM,
IPL, SMA (supplementary motor area) and the cingulate

the pre- and postcentral brain regions as well as
in the superior frontal gyrus (supplementary
motor area, SMA) and in the middle frontal
gyrus. Fig. 9.5a shows the subtraction image of
the BOLD response for the CMT1 after 30 min of
SAES minus the BOLD response for the TMT
before the SAES. The “net BOLD effect” corre-
sponds to the increase in brain activity induced
by the SAES when finger-to-thumb tapping after
the SAES, which is still visible two hours after
the end of the SAES contralateral in the area of
the sensorimotor cortex (SM1) of the active hand,
but has otherwise already subsided (Fig. 9.5b).
At the motor neuronal level, the net BOLD
effect corresponds to an increased level of activ-
ity of the motor cortex, as has been demonstrated
in Transcranial Magnetic Stimulation (TMS)
studies and with intracortical recordings in mon-
keys [3, 7, 26]. Accordingly, SAES can shift
intracortical excitability parameters such as short
interval intracortical inhibition (SICI) or intra-
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gyrus (CG). (b) Subtraction analysis (CMT2-TMT):
Conditioned Motor Task at T2 (CMT2)-Test Motor Task
(TMT) at TO two hours after the end of the afferent electri-
cal stimulation. The increase in the BOLD response in the
sensorimotor cortex in CMT1 has almost fallen back to
the BOLD level in TMT, except for a residual increased
level contralateral to the stimulated hand in SM1 (senso-
rimotor cortex)

cortical facilitation (ICF) in the direction of dis-
inhibition of the motor cortex (Fig. 9.6).

The sham stimulation without current flow
showed no disinhibition, the subsensitive SAES
with 50 Hz an incipient and the SAES with 120%
of the sensitive level and 50 Hz showed a clear
shift in the excitability parameters in the direc-
tion of disinhibition of the motor cortex. Another
interesting result of these studies is that the SAES
already shows visible rhythmic muscle contrac-
tions at the motor level and at a frequency of 2 Hz
similarly good neuromodulatory effects in the
motor cortex as the SAES at the sensitive level.
The lower frequency is apparently compensated
for by an increased current intensity (Fig. 9.6). A
strong correlation between spatially localized
BOLD response and local field potentials could
also be demonstrated [26]. SAES evidently
induces an increased local field potential (LFP)
in the sensorimotor cortex for at least a few min-
utes, which has already been demonstrated with
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Fig. 9.6 TMS stimulation with paired TMS (transcranial
magnetic stimulation) pulses: before (T0), after (T1), and
one hour after (T2) mesh glove (MG) stimulation with
sensory afferent stimulation at 50 Hz (**Subsensory” = 80%
of the sensitive threshold, “Sensory” = 120% of the sensi-
tive threshold) and 2 Hz (“Motor” = motor level). The
values for short intracortical inhibition (SICI) and intra-

somatosensitive evoked potentials (SSEP) [15].
Augmented LFPs change the intracortical excit-
ability of the motor cortex in the direction of dis-
inhibition and facilitation with stronger
recruitment of the motor neurons involved in
finger-to-thumb tapping with additional func-
tional gain, as could be shown in stroke patients
treated with SAES in combination with daily
motor therapy for three months compared to
those treated only with motor therapy [27-29].
The SAES induces this increased motor neuron
recruitment by transforming pre-existing silent
synapses into functional synapses via an
increased presynaptic release of glutamate, the
reduction of inhibition by y-aminobutyric acid
(GABA), and the upregulation of postsynaptic
AMPA receptors with unmasking of latent intra-
cortical horizontal connections (Fig. 9.1)
[30-32].

During a SAES of at least 30 min, the LTP is
already involved, since the neuromodulation can
still be detected after two hours (Fig. 9.5b).
During a SAES of less than 30 min, only longer-

subsensory/50 Hz

sensory/50 Hz motor/2 Hz

*

ICF

cortical facilitation (ICF) are normalized for each condi-
tion to their corresponding values for single pulse
stimulation and then plotted as a mean value (SEM, stan-
dard error of the mean). The asterisk (*) indicates a sig-
nificant difference (p <0.05) compared to TO. A significant
decrease in SICI and a significant increase in ICF can be
seen at T1 and T2

lasting forms of STP such as post-tetanic poten-
tiation or augmentation are observed (Fig. 9.1).
During augmentation, there is an increase in the
release of transmitters from the presynaptic vesi-
cles in the range of seconds; in post-tetanic
potentiation, the increase in transmitter release
continues for a few minutes after the repetitive
electrical stimulus has ceased [33]. So far, it is
not known at what duration of the SAES the LTP
begins. To date, it is also not known to what
extent the neuromodulatory effects can be further
enhanced upon SAES >30 min. However, there is
consensus that the sustainability of the SAES can
be increased by increasing the duration of stimu-
lation and by increasing the number of sessions.
There are currently no recommendations for the
duration of stimulation and the number of ses-
sions based on a good level of evidence. In
numerous clinical studies, the duration of the
SAES is three to six weeks with daily sessions of
30-60 min in length.

Depending on the skin resistance, the current
strength for the sensitive threshold is between 2
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Table 9.1 Recommended parameters of SAES (sensory afferent electrical stimulation) in therapy

motoric

sensitive 250-1000 ps

and 4 mA. In therapy, for supra-threshold stimu-
lation at a sensitive level, the current strength is
set to 120% of the sensitive threshold for a dura-
tion of 30-60 min at a frequency between 10 and
50 Hz [7]. At this level, electromyography does
not yet show any muscle contractions. For stimu-
lation at the motor level in therapy, the current
intensity is increased until slight contractions of
the small hand muscles are visible, which is
reached at approximately 6—10 mA, depending
on the skin resistance. A frequency between 1
and 5 Hz is chosen to avoid tetanic contractions
of the muscles. The stimulation is carried out
over a period of 10-30 min. The SAES then
changes to a peripheral neuromuscular stimula-
tion as in the peripheral functional electrical
stimulation (FES) (Table 9.1). Fig. 9.6 shows that
SAES at a sensitive level with 50 Hz increases
the excitability of the motor cortex similarly
effective as peripheral neuromuscular stimula-
tion with 2 Hz.

Summary

The SAES with 50 Hz at a sensitive level
increases the excitability of the motor cor-
tex similarly effective as peripheral neuro-
muscular stimulation with 2 Hz.

pulse shape duration

frequency

mono-/
biphasic,
rectangle,
(trapezoid)

mono-/
biphasic,
rectangle,
(trapezoid)

9.3 SAES in Neurorehabilitation

Sensorimotor Paresis After
Stroke

9.3.1

SAES has been known to induce cortical neuro-
plasticity for several decades. It offers the possi-
bility of non-invasive neuromodulation in stroke
patients with sensorimotor paresis in the subacute
and chronic phase [9]. The acute phase has not
yet been adequately investigated, in particular the
question of the connection between SAES and an
increased release of excitotoxic amino acids in
the acute phase of the stroke. In patients after a
stroke with a chronic sensorimotor paresis of the
upper or lower extremity without further improve-
ment through conventional sensorimotor therapy,
the SAES has shown an improvement in the sen-
sorimotor performance of the affected extremity
[27, 28, 34]. In particular, there was a positive
effect on a spastically increased tone of the
affected extremity. The SAES was performed for
half an hour every day for three months. As the
neuromodulatory effect of a 30-min SAES treat-
ment lasts for up to two hours [6, 7], the opportu-
nity arises to combine it with a subsequent
sensorimotor therapy. Thereby, the SAES should
be applied within one hour prior to sensorimotor
therapy.
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In a recently published meta-analysis it was
found that the SAES in combination with neuro-
logical standard rehabilitation in this temporal
correlation in the chronic phase after stroke could
improve significantly the maximum torque of the
affected hand during dorsiflexion and also the
performance in the Timed up and go test [35].
The Ashworth score for spasticity was reduced,
but not significantly. Overall, it was possible to
conclude in this meta-analysis that SAES can
improve impaired motor functions of the lower
extremity in the early phase and impaired motor
functions of the upper and lower extremity in the
chronic phase, without significant effects on
spasticity. In particular, longer periods of SAES
combined with sensorimotor therapy over several
weeks showed positive effects on impaired sen-
sorimotor functions.

So far, six randomized, controlled (RCT)
studies have dealt with SAES in the rehabilitation
of stroke patients with sensorimotor paresis of
the upper extremity:

Yozbatiran et al. (2006) [36] examined motor
exercises of the upper extremity with and without
SAES with kinesthesia and position detection
tests, a hand function test, and a hand movement
scale before and after treatment. There was no
significant difference between the groups after
the treatment with regard to the hand movement
scores and the kinesthesia and position detection
tests. In the SAES group, however, there was a
significant improvement in hand function after
the treatment [36].

McDonnell et al. (2007) [37] combined the
SAES with task-specific training (“grip lift”
task), which showed significant improvements
compared to the control group.

Conforto et al. (2010) [38] combined the
SAES of the hand with two different stimulation
intensities 1 and 2 (1 < 2) in patients with sub-
acute stroke before motor training. The stimula-
tion intensity 1 showed a greater improvement in
the Jebsen-Taylor test after the first month of
stimulation with a decrease in the difference two
and three months after the intervention with no
difference in the other motor function tests [38].

Fleming et al. (2015) [39] examined task-
specific training in combination with SAES with
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regard to the function of the upper extremities
and the arm use in patients in the chronic stage
after stroke. Immediately after the intervention,
there was great improvement in the ARAT scores,
which was no longer detectable three and six
months after the intervention [39].

Since several randomized controlled studies
have so far demonstrated a benefit of SAES in
stroke patients with sensorimotor paresis, which
was also confirmed in a meta-analysis [35], a rec-
ommendation at evidence level A can be given
for the use of SAES in sensorimotor rehabilita-
tion after a stroke for the lower extremity in the
subacute phase and for the upper and lower
extremity in the chronic phase.

Summary

With regard to the adjuvant use of SAES in
sensorimotor therapy after stroke, a recom-
mendation at evidence level A can be given
for the upper and lower extremity in the
chronic phase and for the lower extremity
in the subacute phase.

9.3.2 Therapy of Neglect

The SAES is also used in neglect therapy. So far,
various modalities of sensory afferent inputs
(optokinetic, vibration of the neck muscles, ves-
tibular and magnetic stimuli, SAES) have been
investigated, which showed an impressive reduc-
tion in neglect [40, 41]. Sensory afferent input of
various modalities (e.g., proprio—/exteroceptive,
visual, vestibular, auditory) into the brain is
achieved through multimodal integration in sen-
sory afferent centers of a higher order (especially
in the parietal lobe in the superior parietal lobule,
SPL, and in the inferior parietal lobule, IPL) con-
verted into information for voluntary, purposeful
motor actions. In particular, proprioceptive,
exteroceptive, premotor, and visual information
converge in SPL and IPL when grasping with the
hand. In the case of multimodal integration, the
IPL is mainly involved in the transformation of
retinal signals from targeted objects into a motor
action pattern for voluntary, visually controlled,
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Fig. 9.7 Visually controlled, targeted gripping of a ball
while applying SAES (sensory afferent electrical stimula-
tion) with the mesh glove. (a) start movement, (b) reach-
ing the object, (¢) gripping the object, (d) manipulate the
object. A task-oriented context of SAES may bring an

targeted movements in relation to the targeted
object and is of great importance for eye-hand
coordination (e.g., grasping a ball with the hand;
Fig. 9.7) [42, 43].

The information running to the brain for vol-
untary, visually controlled, targeted movements
is primarily transmitted by the Ia and Ib nerve
fibers, which are primarily excited in the SAES.
The bilaterally increased activity in the IPL dem-
onstrated in the fMRI in the conditioned motor
task immediately after the SAES indicates an
increased bilateral afferent sensory input in the
IPL by the SAES (Figs. 9.5a and 9.7) [6]. Daily
30-min SAES treatments for stroke patients for
three months also led to a clinical improvement
in neglect, as has already been demonstrated in
several studies [28, 44, 45].

With peripheral FES, peripheral nerves and
the muscles innervated by them are stimulated at
the same time, triggering muscle contractions,
which is why this additional intensive stimulation

additional therapeutic effect in neglect, in sensorimotor
paresis or for motor learning. However, this has not yet
been scientifically proven in randomized, controlled
studies

of muscle spindles, Golgi tendon, and joint recep-
tors in comparison to SAES provides an addi-
tional sensory afferent input or boost to the brain
and especially to the higher-order sensory affer-
ent centers with a possibly greater effect than
with the SAES. However, a direct comparison
between SAES and peripheral FES with regard to
the benefit in unilateral neglect has not yet been
carried out. Nevertheless, a recently published
randomized controlled study in patients in the
acute phase after stroke with multimodal, unilat-
eral neglect clearly demonstrates the benefit of
peripheral FES on the affected side, the benefit of
a combination of peripheral FES with conven-
tional therapy of prism adjustment for neglect
was greater than with peripheral FES or prism
adjustment alone. The treatments were carried
out 50 min a day, five times a week for a total of
three weeks [46]. Since no larger randomized
studies exist for the SAES in neglect, but several
clinical studies speak for the benefit of the SAES
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in neglect, a recommendation at evidence level B
can be given for the use of the SAES in the treat-
ment of neglect.

Summary

A recommendation at evidence level B can
currently be given for the adjuvant use of
SAES in the treatment of neglect.

9.4 Discussion

The SAES induces a modulation in the nervous
system in the area of short-term and long-term as
well as structural neuroplasticity; this through an
increased proprioceptive and exteroceptive input
into the nervous system with the consequence of
increased activity of the motor cortex [17]. Many
studies suggest that this plasticity is mainly
induced at the level of the synapses in the area of
the sensorimotor cortex. With the adjuvant use of
SAES in neurorehabilitation in combination with
subsequent motor therapy, the overall outcome
can be improved compared to motor therapy
alone, as randomized, controlled studies have
shown. The strongest modulation with the SAES
can be achieved with a current intensity at the
motor level depending on the skin resistance with
6—10 mA at a low frequency (2 Hz) with a simi-
larly good effect of an SAES with a current inten-
sity at a sensitive level depending on the skin
resistance with 2—5 mA and a frequency of 50 Hz,
although there is currently no optimized stimula-
tion protocol with regard to the stimulation
parameters. The modulatory effects last up to two
hours after at least 30 min of stimulation. The
current study situation suggests that an increase
in the duration of the stimulation and an increase
in the number of sessions can prolong the sus-
tainability of the modulatory effects. Furthermore,
there is a consensus that a pulsed current applica-
tion is superior to a continuous one, although the
optimal pulse shape is still unclear. Furthermore,
there is still a lack of clarity regarding the pulse
rate. The further optimization of the SAES stimu-
lation protocols for therapy will be decisive for
further application in neurorehabilitation. Also,

there is still no data on the benefit of time-
complex, structured stimulation protocols, which
could further increase the neuromodulatory effect
of the SAES and thus better support a long-term
rehabilitation process for brain and spinal cord
damage. In addition, it has not yet been clarified
whether the SAES can enhance therapeutic
effects in a task-oriented context (Fig. 9.7). In
particular, there is currently the question of
whether the SAES can promote motor learning in
a task-oriented context. In a study published in
2014, an improvement in performance compared
to the group with sham stimulation in a nine-hole
peg test during a SAES with a mesh glove was
described even one week after initial training
[47]. In addition, there is currently a lack of com-
parative studies between the SAES and other
methods of non-invasive brain stimulation to pro-
mote neuroplasticity such as the FES, the repeti-
tive transcranial magnetic stimulation (rTMS), or
the transcranial direct current stimulation (tDCS).

In the future, it will be important to further
optimize the current stimulation protocols for the
SAES and to combine these in an appropriate
manner with the conventional methods of neuro-
rehabilitation to optimally promote the rehabili-
tation process in the brain and spinal cord. In
addition, a combination of the SAES with other
methods of non-invasive brain stimulation, such
as the rTMS, and the application in a task-
oriented context could further increase the thera-
peutic potential of the SAES.

Finally, Table 9.1 gives recommendations
based on the current study situation for setting
the parameters of the SAES in therapy.
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Christina A. Repitsch and Gerd F. Volk

10.1 N.facialis

Peripheral facial palsy (FP) can be a form of facial
paralysis (complete denervation) or facial paresis
(incomplete denervation or weakness) on mostly
only one side of the face that results from a lesion
to the facial nerve. Every year, 740 per 100,000
people suffer from idiopathic facial palsy, which is
one of the most common cranial nerve lesions lead-
ing to facial muscle dysfunction [1]. While the
diagnosis includes numerous medical conse-
quences, one must also consider the social conse-
quences it entails. FP is caused by different
etiological factors and can lead to functional defi-
cits in eating, speaking, nasal breathing, eye clo-
sure as well as verbal and nonverbal communication,
which will be further described in Chap. 10.6.
These functional tasks necessary for daily self-care
can also be defined as “activities of daily living
(ADLs)”. An inability to perform these fundamen-
tal activities may lead to poor quality of life. The
complex interaction of facial muscles enables us to
express emotions, such as happiness, sadness,
anger, fear, and disgust. But what happens when
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this is no longer possible? When eating in public
becomes an unpleasant experience, physical
appearance has changed, and muscle weakness
reduces intelligibility of speech? Thus far, people
affected by FP have often been left to deal with the
unavoidable impact of the disease on mental health
by themselves. In many cases, this led to social
withdrawal and, in a few cases, secondary depres-
sions [2]. The German Society of Neurology [1]
outlined recommendations for pharmaceutical
treatment in the acute phase. However, there do not
exist recommendations for physical or speech and
language therapy intervention in the acute, acute-
chronic, and chronic phase. Even though interest in
this topic has grown in recent years and treatment
options are becoming more diverse, the treatment
of FP still lacks in many areas a strong evidence-
based research base. Due to the complexity of the
topic and numerous treatment options, it is essen-
tial that the patient is taken care by an interdisci-
plinary team where treatment options are carefully
presented to the patient, while severity and duration
of the disease are being considered. This will allow
the patient to make an informed choice about treat-
ment options and the team to optimally collaborate
with the patient to work together on the rehabilita-
tion process. From a clinical perspective, the pro-
cess of healing significantly depends on the cause,
the location, and severity of the lesion.

Therefore, anatomy, physiology, and pathol-
ogy as well as everyday impairments will be dis-
cussed in the following chapters.
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10.2 Anatomy

The n. facialis is the seventh cranial nerve (CN
VII). The motor facial nucleus emerges from
the pons, lateral to the cerebellopontine angle
[3]. In this area, the cranial nerve forms an
inner angle, surrounding the abducens nerve.
After building the inner angle, fibers of the
facial nerve merge with fibers of the vestibulo-
cochlear nerve and extend into the bony struc-
ture of the skull base. The fibers then pass
through the porus acusticus internus of the tem-
poral bone, into the immediate vicinity of the
inner and middle ear. These fibers carry afferent
and efferent signals from the cranial nerves. At
the foramen stylomastoideum, the n. facialis
exists the bony structure of the petrosal bone
and extends to the glandula parotidea, where it
divides into further branches, supplying the
occipital, neck, and face muscles.
The main trunks are:

e Posterior auricular nerve: supplies sensory
muscles of the inner and outer ear and the
occipital muscle.

e Ramus stylohyoideus:
stylohyoideus.

e Ramus digastricus: supplies the posterior
digastric muscle.

e Plexus parotideus: is the generic term for the
nerve plexus between the inner and outer par-
otic leaf, which supplies the facial muscles
and is usually distinguished in five branches.
— Ramus temporalis,

— Ramus zygomatici,

— Ramus buccales,

— Ramus marginalis mandibule: along the
margin of the lower jaw,

— Ramus colli: supplies the platysma.

leads to the m.

In addition, the n. intermedius proceeds with
the n. vestibulocochlearis and the n. facialis. This
so-called intermediate nerve carries afferent and
efferent fibers to supply the nasal and lacrimal
secretions, salivary glands and the sense of taste.
Damage in the early course of the n. facialis can
therefore be associated with a tear secretion dis-
order, a taste disorder, or a salivary gland secre-
tion disorder.

10.3 Causes for FP

A variety of causes can lead to the development
of FP. In general, differentiation is made between
cryptogenic and symptomatic causes [4]. In case
of cryptogenic FP, also known as idiopathic
peripheral FP or Bell’s palsy, the cause is by defi-
nition unknown.

If there is evidence of damage (e.g., iatro-
genic, tumor-related, virus-associated) it can be
considered symptomatic FP. While the cause of
acute paresis continues to remain unclear in more
than half of the cases, idiopathic FP has a higher
chance of spontaneous recovery.

The most common causes that lead to FP are [5]

e Birth trauma or genetic.
* Neurological diseases.
e Infections.

e latrogenic.

e Metabolic.

e Toxic.

e Neoplastic.

* Idiopathic.

10.4 Pathology

The disease is characterized by limited mobility
of the facial muscles of one side, reduced facial
expressions and gestures, difficulty eating and/or
drinking, and reduced articulatory movements. A
common complaint of those affected is an incom-
plete closure of the eyelid, which often results in
eye dryness and redness and may also lead to per-
manent corneal damage.

While unilateral cranial nerve lesions are
more commonly observed, a bilateral facial nerve
paresis may also occur (e.g., with an onset of
meningeal neuroborreliosis). Depending on the
location of nerve damage, the following deficits
may occur (Table 10.1) [4]:

* A nerve lesion distal to the stylomastoid fora-
men leads to a purely motor paresis of the
facial muscles. If the lesion is severe, all facial
muscles may be affected, which may be noted
by incomplete eyelid closure and the inability
to wrinkle skin, located on the forehead.
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Table 10.1 Differences between central and peripheral facial nerve palsy

distinction central versus peripheral facial nerve paresis

central facial nerve paresis

pulling up the m. occipitofrontalis venter frontalis
of both sides is possible

eyelid closure is possible

deficits especially in the area of the mouth

* A lesion to the nerve in the bony structure of
the skull base may cause a paralysis of the
whole mimic musculature. Depending on the
location of the lesion, a lacrimal and/or sali-
vary gland disorder, a taste disorder, and
hyperacusis may be observed.

e A lesion to the facial nucleus or the fascicle in
the brainstem predominantly causes motor
deficits. Deficits may include an incomplete
closure of the affected eyelid and inability to
wrinkle skin located on the forehead. Lacrimal
and salivary secretory functions as well as the
sensation of taste typically remain preserved
as responsible nerve fibers extend in the
petrous bone, together with fibers of the n.
facialis.

¢ A lesion above the facial nucleus (so-called
“central facial nerve palsy”) may result in a
perioral palsy. Due to bilateral supply of the
upper facial muscles, eye closure and fore-
head elevation typically remain intact.

10.5 Incomplete vs. Complete

Facial Palsy

The terms complete and/or incomplete FP are not
synonymous of central and peripheral FP, rather
they refer the degree of facial expression loss.
There exist various definitions of complete and
incomplete FP. When all branches of the n. facia-
lis are reduced in the range of motion (i.e., fore-

peripheral facial nerve paresis

pulling up the m. occipitofrontalis venter frontalis
muscle is not possible on the affected side

usually the entire facial muscles are paralyzed

incomplete eyelid closure
P Y

head, eye, cheek, mouth, and neck), some people
may refer to it as a complete FP. However, a more
stringent definition of complete FP requires a
complete failure of all facial muscle movement.
The better-defined neurological pair of terms of
paresis and paralysis means something similar:
In a paresis, there still should be a residual func-
tion of the nerve, while all axons are interrupted
by a paralysis. This state of paralysis can be diag-
nosed by conducting a needle electromyogram of
all innervated muscles in question. A further dif-
ferentiated method for diagnosing a FP is the fre-
quently used House-Brackmann scale (HBS)
(Table 10.2).

P> Complete vs. Incomplete FP Complete
peripheral facial nerve palsy: The patient
presents with the most severe of FP and would
be rated as grade 6 on HBS.

Incomplete peripheral FP: FP can be
classified after a spontaneous remission and
with moderately severe symptoms f.e. as
grade 3 on the HBS.

10.6 Daily Impairment

An overview about daily impairment and loss of
ADLs [6]:

e Impaired facial expression: restricted nonver-
bal communication.
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Table 10.2 House Brackman scale

normal

mild

paresis

moderate
paresis

moderately
severe
paresis

severe
paresis

complete
paresis

House-Brackmann scale

symmetry

normal

asymmetry

asymmetry

eyes

normal

eyelid closure
possible

complete
eyelid closure
only with effort

incomplete
eyelid closure

incomplete
eyelid closure

incomplete
eyelid closure

normal

mild

asymmetry

mildly affected,
completely possible
with effort

asymmetry despite
maximum effort

little movement
potential

no movement
potential

normal

adequate
function

mild to moderate
movement
potential

no movement
potential

no movement
potential

no movement
potential

Eyes: impaired eyelid closure or reduced
blinking leads to drying out of the cornea,
inflamed cornea, visual disturbances, pain and
lacrimal secretion disorder.

Ear: possible impairment of the m. stapedius
may lead to hyperacusis.

Eating and drinking: impaired bolus control;
difficulty with chewing and bolus formation;
food residues in the cheek and associated dif-
ficulties removing residues from the cheek, as
a consequence of sensory deficits of the
mucous membrane of the cheek (cheek
biting).

Teeth: protective function of saliva against
caries and other diseases in the oral cavity;
diminished saliva production, dry oral mucosa,
disturbed movement-patters of the cheek-

muscles, so that self-cleaning, but also brush-
ing teeth becomes more difficult.

Facial pain: even though the n. facilis is purely
motoric, it should not be associated with facial
pain, it is often reported by patients. An initial
ear pain, which often occurs days before the
palsy appears, is often related to the local
inflammation of the facial canal. Despite the
pain, it is important to distinguish between the
initial and muscle pain that occurs months
after reinnervation, which is likely associated
with the sudden overstraining due to the
defective reinnervation and as a response to
massage and botulinum toxin injections.
Speech: Reduced orofacial musculature diffi-
culties, such as slurred speech or an altered
vocal quality, may arise.
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e “Spasms”: misguided reinnervation may
cause unilateral cramps or uncoordinated
muscle twitching. Although the underlying
pathology differs from spasticity, this term is
often erroneously used.

e Synkinesias/dyskinesias: In the course of the
disease synkinesias or dyskinesias may
develop. These terms also refer to involuntary
muscle movement and can be explained by
errors in reinnervation. For example, nerve
fibers that were initially responsible for eye
closure may now innervate the m. orbicularis
oris, and therefore trigger lid-beat synchro-
nous twitching in the corner of the mouth.

10.7 Consequences in the Tissue

Even a mild and short-term form of incomplete
facial paresis will have an impact on the soft tis-
sue. This minimal form of FP will course an
immediate restriction of movement, a rapid
decrease of muscle tone, and thereby several
indirect effects like a reduced lymph circulation.
If in more severe cases of FP axons and their
motor end plates are fully destroyed, it is called a
paralysis that leads to denervation atrophy and a
complete loss of voluntary movement and muscle
tone. The denervation of the VII cranial nerve
may subsequently lead to a loss of muscle mass,
although there are also indications that muscle
breakdown in the face is slower than on the great
muscles of the extremities. The lack of neural
input may lead to a decrease in muscle fiber
thickness and a pathological increase in collagen
fibers and connective tissue cells, as a long-term
consequence. Therefore, muscle fibers are often
remodeled, and affected muscles gradually
decrease in tone. This loss of muscle mass may
be observed as hypotonic tissue and asymmetry
of the facial muscles at rest and in motion [7].
However, facial muscles may also behave similar
to striated muscle fibers of the extremities that
continue to persist despite denervation of the
muscle tissue [8]. When these fibers are stimu-
lated using FES, also a severely damaged muscle
may be rebuilt. When stimulation is applied early,
the muscle ideally retains its size and function,

and the remodeling processes in the muscle tis-
sue may be slowed down or even be stopped
entirely.

10.8 Treatment Options of FES

The FES is currently being established as a treat-
ment for facial paralysis. For a long time, the
treatment’s potential was not recognized, as side
effects were assumed to cause difficulty with
facial application. Interestingly, two contradict-
ing side effects of electrical stimulation have
been reported: On the one hand, it is repeatedly
argued that a FES would prevent or reduce rein-
nervation. On the other hand, there exists the
assertion that FES increases aberrant reinnerva-
tion as dys- or/and synkinesis may be noted dur-
ing FES. Although both claims are repeatedly
made, they are not supported by scientific evi-
dence. A recent study investigated this question
while treating patients with completely dener-
vated facial muscles. Results show that surface
electrical stimulation neither delayed reinnerva-
tion nor decreased functional outcomes [9]. A
further review of literature on the current state of
studies of electrical stimulation in facial paralysis
concludes that there is no evidence for a positive
effect of FES on acute paresis and only weak evi-
dence in chronic paresis. One explanation for this
may be the poor quality of the studies [10].

To overcome this lack of high-quality evi-
dence, a prospective (but not controlled) study is
running in Jena. First, results of the stimulation
parameters of the first five paralysis patients were
published. By surface electrical stimulation a
selective m. zygomaticus response in absence of
discomfort and unselective contraction of other
facial muscle was reproducibly obtained for all
the assessed patients. The most effective results
with single pulses were observed with pulse
width greater or equal to 50 ms. The required
amplitude was remarkably lower (<5 mA vs. up
to 15 mA) in freshly diagnosed (<3 months) than
in long-term facial paralysis patients (>5 years).
A triangular waveform was more effective than a
rectangular waveform, mostly because of the
lower discomfort threshold of the latter. Delivery
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of trains of stimulation showed similar results to
the single pulse setting, though lower amplitudes
were necessary to achieve the selective m. zygo-
maticus response [11]. While this shows well,
that FES is tolerated in the face, positive effects
like increase of muscle tone self-reported by the
patients but also objectively visible and measur-
able are not yet published (Table 10.3).
However, various studies about FES and
peripheral nerve damage in other anatomical

illustrate regions and on animals, regarding that
the FES in case of damage to muscle groups dem-
onstrate a positive effect on muscles. It is believed
that after denervation of the muscle a race between
breaking down and reinnervation begins. The out-
put then depends on the speed of nerve growth
and the rate of atrophy. From animal experiments
as well as clinical observations, we know that the
facial nerve growth rate is about 1 mm per day.
Very close to reality, no data on the rate of muscle

Table 10.3 Recommendations for the use of FES in the treatment of central or peripheral facial paralysis

acute ones with good
prognosis

acute ones with poor
prognosis (e.g. major
infarcts or neurosurgical
operations with damage
to the supranuclear facial
tract)

central

therapy recommendation

FES is not required in spontanecus remission.

Offering FES can be useful to counteract muscle atrophy.
But if pain occurs during the stimulation, FES should be discontinued.

FES can be used to improve muscle atrophy. For further operations

peripheral

chronical

acute with good
prognosis

(e.g. incomplete
idiopathic paresis)

acute ones with a poor
prognosis

(e.g. after surgical
destruction)

chronically flaccid

(e.g. CFNTPL vs. neuromuscular replacement operation) it must beconsidered,
if it could have an positive effect to the outcome of the operation.

No FES, if recovery is expected within weeks. High organizational effort and
unclear assumption of costs. Currently there are only a few studies that show
minor benefits.

Early muscle stimulation in spite of severe impairment. At least with partial
failure and bad recovery to stop atrophy. Regardless of this, check the
indiactions of nerve reconstruction.

If, after severe damage with at least partial denervation of the facial muscles,
the muscle tone is reduced, direct muscle stimulation can be used to try

to stimulate the denervated muscle fibers and thus trigger contractions.
Regardless of this, the indication for surgical nerve reconstruction, possibly
with muscle transfer, should be checked. The surface electrical stimulation

is perceived as positive by the patients because the muscle tone remains
increased for several hours after the electrical stimulation.




10 Functional Electrical Stimulation in Facial Rehabilitation 157

atrophy has been published. Successful reinnerva-
tion after over a year, but also the sonographic
evidence of paralytic facial muscles after more
than a year of denervation let hypothesize that the
muscular atrophy turns out to be a disintegration
process without a defined end. There exist first
confirmations that the low-frequency FES affects
positive axonal sprouting and functional improve-
ment. A possible reason for this may be that that
sensory-mechanical stimulation of the muscles
through targeted stimulation of the trigeminal
afferents and during the de- and reinnervation
period could have positive effects on functional
reinnervation. Positive effects of mechanical
stimulation, even after surgical nerve reconstruc-
tion (i.e., neuromuscular replacement surgery)
have already been proven successful for rats [12].
The results of this study can be underpinned
through a randomized study of human subjects.
This study investigated the effectiveness of low-
frequency FES in 20 patients whose Bell palsy
had not recovered after 5 months. After random-
ization, 10 patients received low-frequency FES
for 4 weeks, five times a week for 30 minutes, and
completed movement exercises under supervi-
sion. The other 10 patients merely completed the
movement exercises. The evaluation by experts
through the Sunnybrook Rating Scale as well as
the automatic movement measurement both dem-
onstrated significant improvements of voluntary
movements, especially the m. zygomaticus [13].
These results suggest that targeting FP using FES
may be a benefit for those affected. In the future
FES should present an additional treatment to the
occupational, the conservative, and surgical treat-
ment of FP. Before treatment options will be dis-
cussed, fields of applications of the FES,
indications and contraindications will be dis-
cussed in further detail.

Indications
and Contraindications Plus
Advantages of FES

10.9

The use of FES as a treatment option for patients
with FP should be adapted to the individual needs
and the situation of the patient. A requirement for

the application of FES in speech and language
therapy or physical therapy is a qualified therapist
as well as an in-depth education of the patient
when dealing with the electrical stimulation
device. Because of the possibility to apply FES
during home practice, the person affected receives
FES more frequently than those who only receive
FES during therapy sessions. From a therapeutic
and medical standpoint, the following contraindi-
cations discouraged patients using FES [14]:

e Type and severity of pain.

e Lack of motivation, mental state, cognitive
limitations.

Acute infections (e.g., herpes zoster) and/or
wound healing disorders

e Acute inflammatory processes.

e Tumor diseases in the to be stimulated area
(except after RO-Resection).

¢ Radiotherapy.

e Internal diseases (internal clarification and
statement necessary).

e Surgical sutures in the immediate area prox-
imity to electrical stimulation.

e Limited motor skills (device handling), if no
assistance by another person (therapist/rela-
tive) is possible.

e Titanium plates in the facial area after severe
facial injuries.

¢ Pacemaker/defibrillator (internal clarification
and statement by the internist necessary).

Indications for FES

e Good compliance and good cognitive skills to
understand the device and the training plan.

¢ High motivation of the patient.

Advantages of FES

* FES as a motivational measure.

¢ Independent application of the FES during
home practice.

e The patient receives immediate feedback and
can take corrective measures to improve
self-perception.

e Controlling the target muscles at least par-
tially possible.

¢ Delaying or reducing muscle atrophy.

e Shortening the rehabilitation phase.



158

C. A.Repitsch and G. F. Volk

10.10 Further Recommendations
for the Application of FES

* In case of poor reinnervation after occurrence
of idiopathic FP.

e With poor reinnervation after occurrence and
subsidence of all symptoms after herpes zos-
ter induced FP.

e Immediate use after iatrogenic damage (e.g.,
acoustic neuroma removal, parotidectomy)
after consultation with the attending surgeon
to preserve denervated muscle fibers.

e FES with initially long biphasic triangular
pulses until the nerve fibers sprout out again,
so that the muscle cannot degenerate in this
phase and convert into fat or connective
tissue.

e If there is a surgical restitution of the VII cra-
nial nerve planned, the optimal setting should
be discussed in consultation with the surgeons.
It is recommended that the patient carries out
FES until the surgery, so that the muscle tissue
does not convert in connective tissue and the
skin trophic stays preserved. It is expected that
a cross-face nerve transplant (CFNTPL) or a
hypoglossal facial jump resultanastomosis
results in reinnervation of the denervated mus-
culature. FES should be offered for at least
6 months or until the first action potentials are
observed in needle electromyography.

* With a two-stage CFNTPL, in combination
with a free gracilis graft, FES should be
offered 7 days postoperatively for at least
3 months to minimize the atrophy of muscle
fibers of the gracilis graft.

10.11 Electrodes to Use

The muscles of the face are laid out in several
layers, and the muscles to be stimulated are very
small and often extend directly into the area
above. Therefore, targeted stimulation of indi-
vidual muscles may be difficult. The size of the
electrodes is crucial so that the affected muscles
are stimulated in a targeted manner. Additionally,
it must be noted that activity of mimic muscles
often shifts the facial skin. Thus, adequate adhe-

sion of the electrodes is a prerequisite for suc-
cessful stimulation. When stimulating facial
muscles, it is further recommended that elec-
trodes with a diameter of 2.5 cm (Figs. 10.1,
10.2, 10.3 and 10.4) be utilized [15]. The advan-
tage of small self-adhesive electrodes is that insu-
lated potentials of small muscle groups can be
derived. The disadvantage is poor adhesion of the
electrodes to the skin, most likely due to the spe-
cial texture of the facial skin. As previously men-
tioned, the skin of the face shifts and stretches
due to the movement of the underlying muscles.
To improve the adhesiveness of the electrodes it
is recommended to fix them with a kinesio-tape,
band-aid, or elastic bands with Velcro. The latter
is often used by patients, however mostly per-
ceived as an unpleasant restriction. Using a
elastic-tape may also reduce the range of motion
of the desired movement. In patients with com-
pletely denervated FP or after surgically reani-
mated FP, so-called “sponge electrodes”
(Fig. 10.5) may be suitable, which enable a wider
area of muscle stimulation. Lastly, there is the
option to use oval self-adhesive electrodes
(Fig. 10.6) (6 x 4 cm), which are more convenient
to use due to sponge electrodes.

.-

Fig. 10.1 Possibility of attaching self-adhesive elec-
trodes 2,5 cm
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Fig. 10.2 Biofeedback stimulation of the Mm. zygomaticii, using self-adhesive electrodes. (a) in rest, (b) activation of
the following muscle

Fo

Fig. 10.3 Biofeedback stimulation of the m. orbicularis oris, using self-adhesive electrodes. (a) in rest, (b) activation
of the following muscle
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Fig. 10.4 Biofeedback stimulation of the m. orbicularis oculi, using self-adhesive electrodes. (a) in rest, (b) activation
of the following muscle

—

Fig. 10.5 FES, using sponge electrodes Fig.10.6 FES, using self-adhesive electrodes 4 X 6, 4 cm
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10.12 EMG Biofeedback
Incomplete Peripheral FP

As stated in the introduction of this chapter
(Sects. 10.8, 10.9, 10.10, and 10.11), there is a
variety of options for the treatment of FP [14]. If
there is an incomplete or aberrant reinnervation,
for example, in peripheral facial palsy, EMG bio-
feedback programs can be applied. If the patient
demonstrates measured action potentials in the
muscles when using needle EMG, these pro-
grams can be used to build strength and endur-
ance of the muscles. Regular and active practice
as possible in home-training is an integral part of
the disorder’s healing rehabilitation process. The
goal is for the patient to independently trigger
muscle activity and subsequently be rewarded
with electrical stimulation. Biofeedback pro-
grams can be used in the following areas:

¢ Forehead branch area.

e Lateral circular muscles of the eye.
¢ Cheek area.
e Lateral circular muscles of the mouth.

Using extended options can be used to achieve
maximal muscle strength, endurance, and relax-
ation. In addition, biofeedback aims to improve
intermuscular coordination. Therefore, the use
of a FES device can have a positive effect on a
patient’s motivation. The application improves
perception of the patient to control facial mus-
cles. Consequently, this leads to an improvement
of arbitrary movement activation and control
(Fig. 10.7, 10.8, and 10.9). To derive the poten-
tial of the target muscles, the round adhesive
electrodes with a diameter of <2.5 cm should be
used. In the forehead branch area, the oval self-
adhesive electrodes with a diameter of 6 x 4 cm
can be used. The size of the electrodes should
always be tailored to the structural features of
the patient.

Fig. 10.7 Biofeedback training (a = at rest, b = activation of the m. orbicularis oculi, without moving the zygomatici

muscles)
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[

.

Fig. 10.8 Biofeedback training (a = at rest, b = activation of the zygomatici muscles without moving the orbicularis
oculi muscle)

/4

Fig. 10.9 Coordination training of the Mm. zygomatici, alternating on both sides. (a) activation on the right side, (b)
both sides in rest, (¢) activation on the left side
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10.13 FES at Completely
Denervated FP

A completely denervated FP can occur, for exam-
ple, in patients during a vestibular schwannoma
surgery or a parotidectomy. In some cases, an
injury of the facial nerve or complete severance
can occur intraoperatively. In this case, the goal
of postoperative FES would be to counteract
atrophy of the facial muscles [14]. Regardless of
the surgeon being able to preserve the nerve
intraoperatively or surgical nerve reconstruction
being performed, re-innervation of the muscles
may take several months. Usually, a nerve
regrows approximately 1 mm per day and every
nerve suture requires approximately an addi-
tional 4 weeks for the axons to grow through.
Without FES, atrophy of the mimic musculature
would occur due to muscle inactivity. Therefore,
FES is recommended to bridge the time till rein-
nervation to minimize denervation atrophy.
So-called exponential or triangular currents with
long pulse widths are used in FES as they imme-
diately stimulate muscles rather than nerves.
While a nerve can be stimulated with as little as
50 ps, a denervated muscle may need at least
10 ms (10,000 ps) pulse width to demonstrate a
motor response. When selecting a suitable elec-
trical stimulation device, ensure that the device
offers the possibility of choosing between differ-
ent current forms as well as long pulse widths to
generate at least 250 ms [11]. Furthermore, a
course FES may be deemed necessary before sur-
gical intervention. This is because when target
muscles stay preserved, a more complicated and
invasive replacement surgery could be avoided
and instead a reinnervation of the preserved orig-
inal facial muscles could be achieved (Sect.
10.10). Thus, the significantly more complex free
muscle transfer could be handed in. If the FP is
completely denervated, long pulse times of up to
250 ms phase duration may be needed and sponge
electrodes or large self-adhesive electrodes are
typically used during stimulation. However, it
should be noted that the electrical stimulation
device must approve the use of such electrodes to
do so (Table 10.4).

10.14 FES at Central FP

Personal experiences show that the application of
FES must become viewed in a differentiated
manner when treating central FP [14]. Treatment
differentiates from peripheral FP due to the
degree of impaired facial expression as well as
the occurrence and duration of the disease. Of
note, often a kind of pain may occur during early
stages of stimulation. If a patient reports an
uncomfortable stabbing sensation or pain during
FES, stimulation should be discontinued.
However, it is important to discriminate between
pain experienced during stimulation and facial
palsy trigeminal pain, which may occur simulta-
neously to FP. In some cases, FES may also have
an analgesic effect on the patient. During the
remission phase and when there are visible rein-
nervation potentials, biofeedback programs can
be used in combination with emotionally sup-
ported facial expression movements.

10.15 FES After Operative
Reanimated/Supplied FP

The term “surgically reanimated FP” describes
reconstructive ways to improve symmetry and
motor function of the paralyzed facial muscula-
ture. A distinction is made between three levels of
function, which varies from the surgical options:

e The static plane.
e The dynamic-arbitrary level.
e The emotional level.

Azizzadeh [16] points out that after severe facial
palsy with destruction of the nerve fibers and despite
successful operation the original condition of the
muscles cannot be fully restored. Regardless of
spontaneous remission or surgical reconstruction,
facial muscles will no longer be controlled as dif-
ferentiated as before the onset of FP. In individual
cases of nerve fiber loss, certain motor units and
muscle fibers must be supplied by other axons.
Incorrect or new innervations may be observed dur-
ing the brain’s motor learning process, for example,
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Table 10.4 Examples for the use of functional electrical stimulation (FES), including parameters and possible

indications

- FES as diagnostic
tool
verification of
presence of
stimulable and
contractible
muscle fibers

prevention or
reduction of
denervation
atrophy

facial
reanimation

- EMG-
biofeedback
to improve
control

- latrogenic facial
paralysis

- posttraumatic
facial paralysis

- longstanding
idipathic facial
paralysis

- latrogenic facial
paralysis

- idiopathic facial
paralysis with
poor spontaneous
remission

- facial nerve
surgery
(e.g., CFNTPL)

- muscle
transplantation
(e.g., M. gracilis)

- post paralytic
synkinesis

parameters for FES
in general

- biphasic triangular impulses

- pulse phase width of 10 ms to 500 ms|

- 1-3Hz
- amplitudes of 1 mA to 30 mA

If facial muscle contractions can

be triggered by FES, the presence
of contractible muscle fibers is
proven. The quantity of contraction
correlates with the remaining
muscle mass. Long pulse phase
widths are typical for long time
denervation.

- biphasic triangular impulses

- pulse phase width of 10 ms to 500 ms

- 1-10Hz

- amplitudes of 1 mA to 30 mA

- optimum between muscles
contractions and good tolerance
by the patient should be found
CENTPL until the Tinel-Hoffman
sign appears or at a minimum of
2 months until reinnervation signs
are seen
ta avoid muscle fatigue due to
overstimulation, stop the FES
when the contractions vanish
the amplitude of the electrical
stimulation can be increased once
to get back to stronger
contractions
if the contractions vanish a second
time, FES should be paused for
several hours

- EMG-detection 1-2 channels
without electrical stimulation

FES parameters
practical examples

single pulses

low frequency biphasic

triangular impulses

starting with a pulse phase width
of 150 ms

slowly increasing the amplitudes
from 1mA till first contractions are
visible

If no contractions can be detected,
longer impulses of 250 ms or 500 ms
should be tested.

1st week:

- biphasic triangular impulses

- pulse phase width of 150 ms

- frequency as high as possible

- 2s on, 2s of time

- duration 20 minutes, or till the
contractions vanish
simultaneous to the FES-triggered
muscle contractions, the patient
should try to smile to activate the
M. zygomaticus on both sides to
keep the central representation
active
EMG-triggering from the
non-paralytic side could be an
option, to increase self-efficacy
and central representation
FES could be repeated twice
a day with a minimum of 6-8h in
between

2nd week:

- reduction of pulse phase width
to 100 ms

- increase of stimulation frequency

3rd week:

- reduction of pulse phase width
to 80 ms

- increase of stimulation frequency

Pulse phase width can be reduced in
the next weeks because the training
makes the denervated muscle more
fatigue-resistance.

- EMG-biofeedback training to
improve the relaxation
2 EMG-channel training for
activation in one muscle while
second muscle is relaxed

- 2 EMG-channel training for
activation of both muscles of each
side simultaneously to improve
symmetry
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after cross-face nerve transplant (CFNTPL) or other
neuromuscular surgeries. Therefore, FES may be a
valuable contribution to motor learning, motor con-
trol, and ultimately improve the symmetry of the
face (Figs. 10.5 and 10.6).

Muscle replacement surgeries, coupled with
nerve surgeries, may also improve overall emo-
tional muscle function. These include dynamic,
arbitrary muscle substitute operations and nerve
replacement operations. Examples of nerve
replacement surgeries are hypoglossal facial nerve
jump anastomosis, masseteric facial anastomosis,
and accessory facial nerve anastomosis. The goal
of a nerve transposition is for nerve fibers to sprout
out to the facial muscles, discontinue muscular
atrophy, and/or lower the increased muscle tone.
As a result of surgery, patients should be able to
activate movement potentials and trigger move-
ment in the target muscles. One of the most fre-
quently performed muscle replacement surgeries is
the transplantation of the m. temporalis, the m.
masseter, and the free gracilis graft. Especially
after muscle and nerve replacement surgeries, post-
operative therapy, including FES and biofeedback
training, is recommended [14]. FES should be
introduced 14 days post-surgery, as described in
Sect. 10.10. During primary stimulation, it is rec-
ommended to use sponge pockets with rubber elec-
trodes. Once complete sprouting of the nerve fibers
in the target muscles has occurred and first action
potentials in the target muscles appear, the use of
biofeedback programs is recommended. At this
time, the patient will learn to control individual
muscles and increase perception of motor move-
ments. From a speech and language therapy point
of view, this approach is highly recommended as
the patient increases awareness for the new struc-
tures and precision of motor movement. To gener-
ate emotionally coupled facial movements, a
one- or two-stage surgery must be carried out. At
the first stage, a so-called cross-face nerve graft is
required. Therefore, the sural nerve, a sensitive
nerve of the lower leg, is removed with the intend
to relocate. The nerve graft is then connected to a
nerve suture and attached to a strong branch of the
n. facialis located at healthy side of the face. It is
then connected to the paralyzed side through a sub-
cutaneous tunnel extending underneath the upper
lip. With the aim of reinnervation, the nerve graft is
attached to the denervated mimic muscle, there

would be a low likelihood for successful reinnerva-
tion. In these cases, a free muscle graft may be con-
nected during a follow-up surgery (approx.
9-12 months later). The m. gracilis from the thigh
is often used for this procedure. FES can take on
several functions in this complex two-stage surgery
process [14]. A rarely used function is to use FES
to locate denervated muscles.

If the treatment with exponential current dem-
onstrates a contraction of the m. zygomaticus
before the initial surgery, the patient should be
informed, that if the original mimic musculature
still will be reinnervated by FES and a free mus-
cle transfer may be avoided. If gradual training
over several weeks does not result in muscle con-
traction, it must be assumed that the musculature
is too damaged to be used for reinnervation. In
this case, e.g., a free muscle transfer is indicated.
Until re-innervation occurs, exponential or trian-
gular current treatment may minimize atrophy of
the remaining facial muscles and the free muscle
transplant. After successful reinnervation the
EMG biofeedback programs may be used. This
way, patients learn how to control the once immo-
bile facial muscles and restore facial functions,
such as the range of motion of mouth and cheek
muscles and achieve a normal resting tone.

10.16 Patient Example

A 45-year-old patient presents in the specialized
facial clinic 3 months after a surgical removal of a
vestibular schwannoma. According to the surgical
report, the n. facialis was stimulated throughout the
surgical procedure. Postoperatively, the patient
developed a complete unilateral FP and asks the
SLP about his prognosis and therapy options. A
needle electromyography was conducted but
revealed no preserved arbitrary activity. However,
excess pathological spontaneous activity could be
observed, which may indicate severe axonal dam-
age denervation of the facial muscles. A sonography
of the paralyzed facial muscles revealed signifi-
cantly smaller muscle mass as compared to muscles
on the healthy side and no indications of voluntary
movement. As a result of the absence of a spontane-
ous reinnervation, the option of surgical restoration
using the hypoglossal nerve or the r. massetericus of
the trigeminal nerve is discussed with the patient.
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To counteract atrophy of the denervated mimic
muscles up to the decision about the operation and
the time after nerve reconstruction, electrical stimu-
lation using long triangular pulses is recommended.
A trial stimulation using a FES device is carried out
during consultation. The stimulation using biphasic
triangular pulses (150 ms, 5-7 mA) above the cheek
and below the corner of the mouth (6x4 cm self-
adhesive electrodes) triggers contraction of the m.
orbicularis oculi and m. zygomaticus. Of note,
proper electrode placement is adapted to the
patient’s individual needs and is photographically
documented to serve as an instruction for the patient
during home practice. Further, the patient is pro-
vided with detailed written instructions on how to
properly place the electrodes and self-conduct elec-
trical stimulation. Electrical stimulation should be
carried out twice a day for 5 min each for the first
week and at least 6 h apart (e.g., morning and eve-
ning). Further, stimulation should be conducted in
front of a mirror to obtain immediate visual feed-
back. Triggering clearly visible contractions of the
exercised muscles is crucial for minimizing the
denervation atrophy of the affected facial muscles.
Stretching of the trained muscles after each therapy
unit as well as frequent breaks are recommended to
prevent fatigue. From the second week onward,
practice should increase to 2 X 5 min in the morning
and 2 x 5 min in the evening with a 5-min break
between sets. Finally, from the third week on, the
patient should practice 3 x 5 min in the morning and
evening with 5-min breaks between sets. A medical
prescription is issued to the patient and a check-up
appointment is scheduled for 3 months in the future.
The patient is provided a telephone number in case
any questions or problems with electrical stimula-
tion occur during home practice. Further, the patient
is educated that electrical stimulation may only
minimize muscle atrophy, however, the chances of
reinnervation do not increase through treatment.
Surgical restoration is indicated even if the patient
perceives the symptoms of FP as less severe follow-
ing electrical stimulation.

Summary

Both, the literature and clinical practice
recommend the use of FES in facial palsy
therapy.
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in Dysphagia Treatment

11

Jan Faust and Carsten Kroker

11.1  Introduction

Neurogenic dysphagia is common after stroke
and occurs in up to 80% of patients with acute
stroke, although its prevalence varies depending
on stroke severity, affected brain region, and
diagnostic procedure employed [1, 2]. In addi-
tion, multiple complications are associated with
dysphagia, including increased risk of aspiration
pneumonia, malnutrition, and dehydration [3, 4].
Aspiration may occur in about half of acute
stroke patients, with the risk of aspiration persist-
ing in about a quarter of patients after 6 months
[5], a condition that may continue even after
12 months [2]. Impaired food intake may be asso-
ciated with significant impairment of quality of
life [6] and may result in prolonged feeding via a
gastric tube [3, 4]. High prevalence of dysphagia
occurs in many neurological disorders, such as
Parkinson’s disease [1, 7], multiple sclerosis [8,
9], dementia [10, 11], or amyotrophic lateral
sclerosis [12]. Therefore, dysphagia treatment is
challenging due to the different underlying
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pathomechanism and patient-specific treatment
options.

Conventional swallowing therapy includes
oral-motor exercises, compensation through pos-
tural modification, and airway-protecting maneu-
vers to minimize risk of aspiration [13]. These
methods can be accompanied by dietary inter-
ventions such as texture modification of foods
and liquids [14]. However, evidence for conven-
tional swallowing therapy is limited and the spe-
cific treatment effects often remain unclear [13,
15].

In recent years, the use of electrical stimula-
tion in swallowing therapy has gained increas-
ing attention including different application
modalities such as functional electrical stimula-
tion (FES), transcranial direct current stimula-
tion (tDCS), repetitive transcranial magnetic
stimulation (rTMS), or pharyngeal electrical
stimulation (PES). In PES, the pharyngeal
mucosa receives sensory stimulation via a cath-
eter with a pair of bipolar ring electrodes at fre-
quencies of 5-10 Hz. PES is expected to enhance
functional reorganization of the swallowing cor-
tex and increase sensory afferents, which may
lead to improved swallowing function and early
decannulation in severely dysphagic stroke
patients with tracheostomy [16]. PES may be
considered similar to surface FES, although it is
not intended to induce contractions of the
pharyngeal musculature [17]. In FES, the actual
swallowing musculature is stimulated with
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current on motor threshold, thus directly modu-
lating the swallowing process. In addition, dur-
ing stimulation with FES, motor actions take
place that involve swallowing or functional
exercises. FES is widely used in rehabilitation
units for muscle strengthening and has conse-
quently been applied to patients with acute or
chronic dysphagia of various etiologies. FES
usually requires the patient’s cooperation as it
involves assisted swallowing or motor exercises
as well as behavioral approaches. However, if
the patient is unable to cooperate, electrical
stimulation might be performed to increase sen-
sory afferents and consequently improve swal-
lowing frequency and saliva management. In
case of cognitive deficits, FES could be used
more intuitively during swallowing attempts or
at mealtime. Thus, the procedure is suitable
even for severely dysphagic patients including
those with tracheal cannula. From the authors’
point of view, this is a decisive advantage over
conventional dysphagia therapy, which is much
more dependent on the patient’s cooperation.
Despite this, FES is often neglected in the treat-
ment of dysphagia, which may be due to a lack
of awareness or resources.

11.2 Dysphagia Assessment
11.2.1 Diagnostic Procedure

Before proceeding with electrical stimulation, a
systematic evaluation of swallowing functions
must be performed to determine the severity and
type of dysphagia. Besides specific medical his-
tory and initial dysphagia screening, this involves
a specialized clinical swallowing examination that
includes cranial nerve assessment [14]. If further
information on swallowing safety or underlying
pathology is required, flexible endoscopic evalua-
tion of swallowing (FEES) or videofluoroscopic
swallowing study (VFSS) is recommended as the
gold standard of dysphagia diagnostics [14]. FEES
and VFSS provide objective information on swal-
lowing pathology and are essential for the detec-
tion of silent aspiration [18].

11.2.2 Pathophysiology

Neurogenic dysphagia results from neurological
disorders affecting the central or peripheral ner-
vous system, neuromuscular transmission, or
muscular structures [14]. Swallowing involves a
variety of more than 30 muscles controlled by a
complex neural network that includes the brain-
stem, basal ganglia, thalamus, limbic system,
cerebellum, and motor and sensory cortex [19].
Safe and efficient swallowing depends on intact
sensory afferents from the oral cavity, pharynx,
and esophagus to the central nervous system
(CNS), as well as motor coordination, both con-
trolled by swallowing centers in the brainstem,
cerebral cortex, and cerebellum [20]. Cortical
lesions contribute to impairments of oral bolus
control, lingual dyscoordination, contralateral
facial weakness, and a delay in the initiation of
volitionally induced swallowing [21, 22].
Whereas brainstem lesions are predominantly
associated with paralysis of ipsilateral pharynx,
larynx, or soft palate, as well as decreased upper
esophageal sphincter (UES) opening and reflex
triggering [19, 21, 23]. In infratentorial stroke,
high incidence of dysphagia is reported in lesions
of the lateral and medial medulla as well as the
pons [24]. Brainstem infarcts occur less fre-
quently than cortical strokes, but may result in
more severe and prolonged dysphagia [21, 25]. A
suggested pathophysiologic mechanism for
severe dysphagia in brainstem infarcts could be a
reverse pressure gradient due to dyscoordination
of pharyngeal contraction and reduced cricopha-
ryngeal relaxation [23]. Depending on the under-
lying structural and functional impairments,
different pathophysiological mechanisms can be
identified that may be related to several pheno-
typic dysphagia patterns [26].

11.2.3 Involved Cranial Nerves

There are mainly 5 cranial nerves involved in the
swallowing process (V, VII, IX, X, XII) [27],
almost all of which (except XII) have both motor
and sensory function. Cranial nerve palsy may
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result in partial or complete loss of function of
single or multiple cranial nerves, which can be
observed in lesions resulting from tumors,
trauma, head and neck surgery, infections, and
stroke [28]. The pharyngeal plexus forms the
major afferent and efferent fibers for swallowing,
consisting of pharyngeal branches of the glosso-
pharyngeus (IX) and vagus (X) nerves and sym-
pathetic trunk branches that provide motor
innervation to the pharyngeal constrictors and
sensory innervation to the pharyngeal mucosa
[29, 30]. After contributing to the pharyngeal
plexus, the vagus nerve (X) forms branches to the
superior laryngeal nerve (SLN) and the recurrent
laryngeal nerve (RLN). The SLN is divided into
the external motor branch and the internal sen-
sory branch. The external branch of SLN inner-
vates the cricothyroid muscle and may supply
additional fibers to the pharyngeal plexus, while
both the SLN and RLN are involved in innerva-
tion of the inferior pharyngeal constrictor and
cricopharyngeal muscle [31-33]. The RLN
innervates all other intrinsic muscles of the lar-
ynx and may also contain communicating
branches between SLN and pharyngeal plexus
[32]. Inadequate airway protection due to ipsilat-
eral vocal cord paralysis may lead to possible
aspiration after lesions of the nucleus ambiguous
and lateral medulla [34, 35]. Cranial to the glot-
tis, the larynx is supplied with sensory input by
the inner branch of the SLN, which is essential
for protective reflexes including glottic closure
and coughing [36]. Thus, damage to the SLN,
RLN, or pharyngeal plexus may result in
decreased pharyngeal contraction, leading to
hypopharyngeal residue and increased risk of
aspiration [37]. Recovery from unilateral or bilat-
eral cranial nerve palsy depends on the location
and size of the lesion in the brain [28].

11.3 Evidence Base

Transcutaneous electrical stimulation has been
the subject of numerous studies investigating its
effectiveness in patients with dysphagia of vari-
ous etiologies. However, conflicting results have
been reported regarding functional effects on

swallowing kinematics and outcome in dysphagic
patients. This may result from the fact that stimu-
lation protocols vary considerably in amplitude,
frequency, duration, electrode placement, and
especially the presence of simultaneous func-
tional exercises. This makes it difficult to com-
pare study results and determine their
effectiveness in dysphagia treatment.

Most of the studies examine biphasic currents
with 80 Hz and 700 ps square wave pulses that
have been investigated for dysphagia of various
etiologies. The method was first described in a
study by Freed et al. using a slightly modified
stimulation protocol of 80 Hz and 300 ps [38]. A
general problem with most studies is the incon-
sistent nomenclature, with most studies using the
term  neuromuscular electrical stimulation
(NMES). However, NMES is a passive stimula-
tion without volitional activity of the patient,
mainly used for muscle strengthening and atro-
phy prophylaxis in upper motor neuron lesions
[39]. Whereas FES provides electrical stimula-
tion to facilitate muscle contractions during a
functional task in a timed coordinated manner. In
this regard, electrical stimulation closely matched
to a volitional muscle contraction may poten-
tially activate more muscle fibers than without
exercise [39]. Curiously, some authors refer to
NMES as such, even though it is conducted
according to the principles of FES. Therefore,
some authors argue that NMES may be consid-
ered similar to FES in situations where a muscle
contraction is facilitated simultaneously to a
functional task [40]. However, many stimulation
protocols do not include proper synchronization
of current and fail to implement sufficient rest
periods to prevent fatigue of the swallowing
musculature.

There are various meta-analyses generally
confirming the efficacy of transcutaneous electri-
cal stimulation in the treatment of dysphagia
[40—46], although varying in their conclusion.
Restrictions must be made for the two initial
reviews by Carnaby-Mann and Crary [40] and
Tan et al. [46], including non-randomized studies
and dysphagia of different etiologies.
Controversially, in the review by Tan et al. [46],
electrical stimulation was superior to conven-
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tional dysphagia treatment only in patients with
dysphagia caused by non-stroke diseases, and in
a later review by Chen et al. [45], superiority of
electrical stimulation was found exclusively in
stroke-associated dysphagia. For the latter,
though, improvements were significant only
when combining electrical stimulation with func-
tional therapy [45]. However, a recent systematic
review based exclusively on randomized con-
trolled trials confirmed that in 10 of 11 analyzed
studies electrical stimulation combined with con-
ventional swallowing therapy resulted in signifi-
cant improvements on swallowing function in
patients with post-stroke dysphagia compared to
control groups with conventional therapy only
[47]. Another recent systematic review showed
positive effects of electrical stimulation in the
treatment of stroke-related dysphagia regarding
improvement in quality of life, reduction of aspi-
ration, restoration of oral intake, and socioeco-
nomic integration. These effects were present
with a sole application of electrical stimulation
and could be increased further by combining it
with functional exercises [48].

Accordingly, the National Institute for Health
and Care Excellence (NICE) guidelines consider
transcutaneous electrical stimulation to be safe for
adults with post-stroke dysphagia, providing evi-
dence for its potential benefit for this patient group.
However, there was insufficient evidence support-
ing its clinical use in non-stroke patients [49].

11.4 Objectives
and Implementation of FES

in Dysphagia Treatment

FES generates muscle contractions due to depo-
larization of peripheral motor nerves under the
electrodes. After CNS damage, when cortical
control is disrupted, these electrically evoked
contractions can be used to facilitate functional
tasks and restore intentional movements [50]. At
the same time, the afferent sensory response acti-
vates the involved motor networks and may
induce reorganization of motor control [51]. The
increased sensory feedback through central path-
ways leads to an activation of motor neurons,

similar to the recruitment of motor units during
voluntary contractions [50]. Regeneration of
swallowing function often depends not only on
the functioning of the efferent motor pathways,
but also on afferent sensory feedback. Here, the
sensory problem is situated more at the level of
the mucosal sensors and may affect swallowing
control even in healthy individuals due to local
anesthesia of the oropharyngeal mucosa [52].
Mucosal sensors as well as the laryngeal reflexes
are dependent on the mechanical stimulus of
inhalation and exhalation, which seems to be a
major reason for high incidence of dysphagia in
patients with a cuffed tracheostomy tube, includ-
ing higher risk of silent aspiration when com-
pared to cuff-deflated condition [53].

The specific objectives can be summarized as
follows:

— Improvement of sensory input, bolus percep-
tion, and reflex triggering.

— Increase of hyolaryngeal excursion.

— Improvement of vocal cord closure.

— Reduction of penetration and aspiration.

— Improvement of upper esophageal sphincter
opening.

— Increased pharyngeal muscle contraction and
tongue base retraction.

— Increase in oral food intake and quality of life.

Since dysphagia is a disorder with a complex
sequence of movements under exertion of time
with different types of underlying pathomecha-
nisms, FES parameters must be adapted to the
individual patient’s conditions. Accordingly, this
results in different stimulation protocols, with
different current forms, different application
techniques, or amplitudes.

On the one hand, swallowing muscles are
located in a confined space of the neck region,
making them rather easy to access with electrodes.
On the other hand, there is a large number of antag-
onists that must be considered, such as the laryn-
geal elevator and laryngeal depressor muscles or
the glottal adductors and abductors [54]. It is essen-
tial to take these conditions into account when
selecting the stimulation parameters. However, this
requires special knowledge and experience of the
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healthcare professional, as even small changes in
electrode placement or stimulation parameters can
affect the functional outcome.

11.4.1 Preparation of the Stimulation
Protocol

The use of FES in the neck area is subject to spe-
cial regulatory approval criteria and is therefore
not supported by all manufacturers. It is thus
obligatory to use systems that have been approved
for use in the head and neck region.
Contraindications as specified by the medical
device manufacturer must be considered, e.g.
pregnancy, tumors, cardiac pacemakers, cranial
stimulators, or metal implants in the head and
neck area.

First of all, there is no standardized stimula-
tion protocol, as currents may differ depending
on the device used, electrode size, and pulse
shape. Even when the same device is used, there
are many variables that may cause muscles to
respond differently. As described previously, a
common stimulation protocol in dysphagia ther-
apy uses a rather high stimulation frequency of
80 Hz, which may lead to fatigue of the swallow-
ing muscles, especially when stimulation is
applied continuously over a long duration and
without sufficient rest periods [55]. In contrast,
lower stimulation frequencies of 20 Hz were
found to produce fatigue-resistant tetanic muscle
contractions, whereas intensity and pulse width
seem to be of minor concern [56]. Higher stimu-
lation frequencies produce higher contractile
force, but result in more rapid muscle fiber fatigue
[39]. Electrical stimulation selectively recruits
fast-twitch (type II) fibers before slow-twitch
(type I) muscle fibers in a reverse recruitment
order to regular contractions. Type II fibers may
fatigue more quickly at higher stimulation fre-
quencies than type I fibers, which are generally
more resistant to fatigue [55]. However, unlike
typical type I and type II fibers of the limb mus-
culature, swallowing-related muscles may con-
tain unique hybrid fibers to exhibit rapid
contraction and fatigue resistance [57, 58]. There

is evidence to support this assumption for an
optimal stimulation frequency of 30-60 Hz in
dysphagia therapy, which includes synchronized
functional tasks with sufficient rest periods to
avoid fatigue [59-61]. Doeltgen et al. [62]
showed that EMG-triggered 80 Hz current stimu-
lation applied to submental muscles containing a
4-s stimulation phase synchronized to volitional
swallows increased motor evoked potential
(MEP) amplitudes at 30 and 60 min after stimula-
tion. Changes in corticobulbar excitability
induced by electrical stimulation were present
only at higher frequencies of 80 Hz and when
stimulation was synchronized with swallowing,
whereas non-synchronized and continuous stim-
ulation had no effect on MEP amplitudes [62].
These findings suggest that a short stimulation
phase closely matched to volitional swallowing
should be wused to enhance corticobulbar
excitability.

Regarding stimulation frequency, there is a
need for further research on which frequencies
are most appropriate for stimulating the swallow-
ing musculature. On the one hand, higher fre-
quencies of 80 Hz may  increase
swallow-associated CNS motor activity; on the
other hand, muscle fatigue may occur more
quickly than when using lower frequencies. In
general, however, care should be taken with all
frequencies that stimulation should be synchro-
nized with swallowing and to implement suffi-
cient rest periods in order to enhance motor
learning and prevent muscle fatigue. This could
be achieved by using electromyography (EMG)-
triggered current, as demonstrated in a prospec-
tive study by Leelamanit et al., [59] in which 23
patients with chronic dysphagia of different eti-
ologies were treated with a short phase of EMG-
triggered 60 Hz stimulation current synchronized
with swallowing. The results showed improve-
ments in swallowing function in 20 of 23 patients,
including increased laryngeal elevation during
stimulation and reduced aspiration [59]. However,
no control group was established. Since chronic
dysphagic patients were recruited, these improve-
ments after stimulation were unlikely to occur
due to spontaneous recovery, though.
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Pulse duration is another important parameter,
while greater muscle force production is gener-
ated by increasing either pulse duration or stimu-
lus amplitude [39]. In a study by Barikroo et al.,
a short pulse duration of 300 ps increased the
maximum amplitude tolerance compared to a
longer pulse duration of 700 ps [63]. Thus, a
short pulse duration may lead to higher ampli-
tude stimulation, which could facilitate stimula-
tion of deeper swallowing muscles such as
mylohyoid and geniohyoid, responsible for hyoid
elevation [63, 64]. Another study by Humbert
et al. found the hyolaryngeal complex to be
pulled downward at rest and hyolaryngeal excur-
sion to be reduced during swallowing when using
the 80 Hz and 700 ps stimulation protocol in ten
different electrode placements [65]. Ludlow et al.
[66] confirmed this finding on hyoid depression
at rest when using the identical stimulation
parameters. Despite this adverse condition, there
was a significant decrease in aspiration and pool-
ing, albeit only when sensory stimulation was
applied [66]. On the other hand, there is evidence
that a short pulse duration of 300 ps may place
the larynx in a more forward position prior to the
onset of swallowing, reducing the range of ante-
rior excursion by approximately 20% to its peak
position during swallowing [64, 67]. This reduced
hyoid range of motion may result in a shorter
duration of hyoid excursion during swallowing
when electrical stimulation is applied to the sub-
mental musculature. Hyoid elevation and tongue
pressure generation can also be increased after
surface electrical stimulation to the laryngeal
region using a short pulse duration of 200 ps, as
shown in a study by Takahashi et al. [68].
Therefore, it can be assumed that hyolaryngeal
excursion may be facilitated by a short pulse
duration rather than by electrode placement. To
promote hyolaryngeal excursion, bipolar surface
electrodes should be placed bilaterally on the
anterior neck, either cranially or caudally to the
hyoid bone or combined (see Fig. 11.1), using a
rather short pulse duration to penetrate deeper
tissue layers with higher amplitudes.

™=

Fig. 11.1 Bipolar: Two electrodes (anode, cathode)
placed on each side of the thyroid cartilage, used for
biphasic tetanizing currents

Although the use of sensory stimulation has
demonstrated to increase swallowing safety in
post-stroke patients [69—71], stimulation at motor
level has been found to further improve swallow-
ing kinematics and increase efficacy [72].
Moreover, sensory stimulation has been com-
monly used as a sham condition, which is ques-
tionable considering the residual effect on
increasing afferent feedback.

Summary

— Bipolar surface electrodes should be
used bilaterally on the anterior neck
(either cranially or caudally to the hyoid
bone or combined).

— Stimulation frequency should be applied
at 30-80 Hz (while lower frequencies
are less likely to cause fatigue).

— Pulsed current of 200-700 ps with
square wave biphasic pulses should be
used (while a shorter pulse duration may
facilitate hyolaryngeal excursion).

— Stimulation current should be applied
rather on motor than on sensory level.

— FES should be synchronized with a
functional task (swallowing or motor
exercise) and include sufficient rest
periods.

CAVE: The use of tetanizing currents is
only appropriate in case of damage to
the upper motor neuron.



11 Functional Electrical Stimulation in Dysphagia Treatment 173

11.4.2 Kilohertz-Frequency
Alternating Current
(Medium-Frequency Current)

While low-frequency pulsed current (usually
delivered in the range of 1-120 Hz) is associ-
ated with discomfort at higher amplitudes and
thus limiting muscle force production, medium-
frequency stimulation (MFS) at kilohertz fre-
quencies may be more comfortable and is
expected to penetrate deeper tissue layers [73,
74]. This may allow higher current amplitudes
to be used, resulting in a greater stimulation
effect. Consistent with this concept, a high-res-
olution manometry (HRM) study on 29 healthy
participants found a significant increase in
tongue base pressure after continuous MFS at
2.5 kHz with a burst modulation of 50 Hz (so-
called “russian current”), but not after low-fre-
quency stimulation at 100 Hz [75]. In a
prospective study by Miller et al., [76] twelve
patients were randomly assigned to either the
stimulation group, which received conventional
swallowing therapy combined with MFS
(2-channel) at motor level or sham group
receiving conventional swallowing therapy at
sensory-level MFS. Each group showed signifi-
cant improvements in dysphagia severity, but
no significant differences were found between
the study groups [76]. However, the small sam-
ple size, low interrater reliability, and differ-
ences in stroke onset may have limited the
statistical power of this study. Another MFS
protocol using interferential current (IFC) at
sensory threshold was found to increase swal-
lowing frequency in healthy subjects, at least
during a 15-minute stimulation period [77]. A
similar IFC stimulation protocol was used in a
randomized controlled trial by Maeda et al.
resulting in improved airway defense and nutri-
tion in patients with dysphagia [78]. Since MFS
seems to be unsuitable for stimulation of dener-
vated musculature, its use is limited to upper
motor neuron damage [74, 75, 79]. The poten-
tial benefit of medium-frequency current still
needs to be confirmed by further clinical trials
under real sham conditions.

Summary

— The use of kilohertz frequency current is
a novel application form in dysphagia
therapy.

— Kilohertz frequency currents can pene-
trate deeper tissue layers to potentially
stimulate deeper swallowing muscles.

— Kilohertz frequency current may
enhance pharyngeal swallowing phase
by increasing tongue base pressure.

— MES at sensory level may increase
swallowing frequency and improve
nutrition status.

11.4.3 Single Pulse Stimulation
Current

Single pulse stimulation offers several advantages
in the treatment of dysphagia compared to previ-
ously described currents that induce a tetanic con-
traction. Single pulses are commonly used to treat
paralysis resulting from lower motor neuron dam-
age, where the pulse duration can last up to
1000 ms. In this context, longer pulses of 500—
1000 ms are used for the stimulation of severely
damaged muscle-nerve units or after complete
denervation. When the lower motor neuron is
affected due to lesions of the peripheral nervous
system, different degrees of denervation (neura-
praxia, axonotmesis, or neurotmesis) may occur,
resulting in paralysis of a single or multiple inner-
vated muscles. If the peripheral nerve is disrupted,
the muscle can no longer be made to contract with
conventional tetanizing currents using pulses in the
microsecond range [74]. Longer pulse widths are
needed, while pulse duration increases with the
degree of damage and higher intensities are needed
to still produce a muscle contraction. A more pre-
cise evaluation of denervation is provided on the
one hand by needle EMG or, alternatively, by
accommodation measurement, which can be calcu-
lated with the help of modern electrical stimulation
devices. As the paralyzed muscle fatigues faster
than a healthy muscle, rapid successive stimulation
may cause the contraction to become sluggish.
Therefore, the refractory period must be consid-
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ered and sufficient pauses must be provided in the
course of stimulation. At the same time, regular
stimulation of the muscle is necessary to protect it
from atrophy. However, in case of damage to the
upper motor neuron, denervation is not or hardly to
be expected [51], so that the paralyzed muscles can
be electrically stimulated even with shorter
impulses of <1 ms in order to generate a fused con-
traction. Meanwhile, the aim of paralysis therapy is
to reduce the long pulse widths to the point where
they become small enough (<1 ms) to continue
with tetanizing currents. Triangular pulses are
commonly used to achieve selective muscle con-
traction of the impaired muscle unit and to reduce
the influence of healthy antagonists. Another
advantage of triangular pulses is the better tolera-
bility due to the ramped rise compared to rectangu-
lar pulses. Due to accommodation, a stronger
stimulus effect on damaged muscle units can be
assumed, while healthy muscles and antagonists
will contract with a delay. However, the shorter the
pulse, the more the square and triangular character-
istics converge, stimulating more healthy muscle
units and antagonists, respectively.

In dysphagia therapy, though, shorter pulse
widths are indicated, since the pulse should be exe-
cuted synchronously with swallowing. Thus, a
pulse width of 100-200 ms appears to be appropri-
ate to produce a timed contraction of the glottal
adductors and to support the initiation of swallow-
ing. Moreover, FES in dysphagia treatment should
include healthy muscles in order to activate as many
motor units involved in swallowing as possible.
This requires shorter pulses than in traditional paral-
ysis therapy of lower motor neuron lesions.
Therefore, the use of single pulses in dysphagia
treatment must be distinguished from paralysis
therapy in terms of pulse duration and amplitude.
However, with very short pulses of <10 ms, much
higher intensities are required to evoke a muscle
contraction due to the very short stimulus duration.

In contrast to bipolar biphasic tetanizing cur-
rents, single pulses are usually offered monopolar
and monophasic (direct current) in paralysis ther-
apy, as this produces a stronger stimulation effect
under the smaller electrode and paralyzed muscles
can be addressed more specifically (see Fig. 11.2).
In addition, lower amplitudes are usually required
in the face and neck area compared to stimulation

Fig. 11.2 Monopolar: One passive electrode (anode) on
the nape, one active electrode (cathode) placed centrally
on thyroid cartilage (lateral view), used for single pulses

of the extremities. Since head and neck muscles
are located closer under the skin than the extensive
muscle courses on the arm and leg, damage to the
skin is less likely. It is recommended to perform a
galvanic or impulse galvanic (IG50/8 Hz) prepara-
tion phase in order to reduce skin resistance and
increase motor nerve excitability (catelectrotonus)
[74, 75, 79]. This creates favorable conditions for
subsequent functional stimulation of the paralyzed
muscle with single pulses. Stimulation with trian-
gular single pulses in laryngeal electrode place-
ment can induce endoscopically detectable
contractions of the glottal adductor muscles [80],
which may lead to an immediate swallowing
response (Video 11.1). In addition, the laryngeal
elevator muscles are likely to be activated with
monophasic triangular pulses in the range of
200 ms (Video 11.2). Acoustic or visual feedback
of the pulse generation ensures that the current has
been applied properly. Electrically induced con-
tractions of the vocal cords should be symmetrical
under normal conditions but may be irregular due
to accommodation in unilateral laryngeal
paralysis.

If there is no denervation, significant vocal
cord adduction may be observed using tetanizing
current with a specific stimulation protocol
including a short pulsed current of 200 ps and a
biphasic pulse rate of 100 Hz with a cycle of 3 s
on followed by 5 s off-phase, as shown by
Seifpanahi et al. [81]. Another study by Humbert
et al., which was based on a commonly used stim-
ulation frequency of 80 Hz, failed to induce any or
only minor contractions of the intrinsic laryngeal
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muscles with 10 different electrode placements
[82]. Therefore, it seems that glottal closure may
be achieved by modifying the current parameters
rather than the electrode placement. However, in a
study on 9 healthy subjects, a significantly shorter
laryngeal vestibule closure reaction time was
demonstrated after submandibular electrical stim-
ulation with tetanizing current (30 Hz, 50-250 ps),
which could lead to faster glottic closure in dys-
phagic patients and, accordingly, to a reduction in
the risk of aspiration [83].

When using single pulses, it can be assumed that
triangular pulses may result in greater laryngeal
elevation by inhibiting the antagonistic lowering
musculature. In addition to the rising shape of the
curve, the intensity also plays a role in the activation
of antagonists and must therefore be adjusted indi-
vidually. Since intensity controls the number of acti-
vated fibers, higher amplitudes could potentially
activate more antagonists despite a flat curve rise.
Therefore, the amplitude should be adjusted indi-
vidually up to the threshold of muscle contraction
perceived by the patient or visible swallowing
response. The functional effects of single pulse cur-
rent can also be assessed endoscopically during
FEES to determine the contractile threshold of the
intrinsic laryngeal muscles, analogous to the evalu-
ation of other therapeutic maneuvers. A contraction
of the intrinsic laryngeal musculature triggered by
single pulses can facilitate a reflective swallowing
response, even if the patient is unable to initiate
such voluntarily (Video 11.3). With the rising ramp
of triangular pulses, a better reflex triggering can be
expected compared to rectangular pulses. This
could be due to the smoother rise to maximum
amplitude, which in some ways resembles the
dynamics of the physiological swallowing process.
In this case, the peak of the rise ramp should be
reached around the last third of the pulse, followed
by a short drop (equivalent to sawtooth shape). Due
to the reduced sensory function found in many dys-
phagic patients, such pulse-triggered swallowing
responses may increase sensory input and conse-
quently restore motor control. Therefore, when
reflex triggering is impaired, single pulses should be
administered only after the inspiratory phase to
avoid nonphysiologic swallowing patterns. In order
to synchronize swallowing activity with impulse
delivery, EMG-systems are the first choice because

Fig. 11.3 Monopolar: One passive electrode (anode) on
the nape, one active electrode (cathode) placed centrally
on thyroid cartilage (front view), for single pulses using a
manual button

they detect swallowing activity by contraction of
the submental muscles and immediately deliver an
impulse of predefined length and amplitude when
the threshold is exceeded. In practice, however,
EMG-triggered systems are rare, and reliability
may be limited by complete absence of the swal-
lowing reflex or by inadvertently reaching the
threshold in response to speech or chewing move-
ments. Systems with a manual button, where the
patient or alternatively the therapist triggers the
pulses synchronously with the onset of swallowing,
are more accessible (see Fig. 11.3). As the pulses
have to be triggered manually at the right moment,
this requires more coordination, but can usually be
performed by the patient with some practice.
11.4.3.1 FESinLaryngeal

Dysfunction

The use of single pulse current has been shown to
be effective in the treatment of laryngeal palsy by
inducing glottal closure, which is essential for
swallowing safety. In a randomized controlled
trial, FES with single triangular pulses was supe-
rior to conventional voice therapy resulting in a
significant decrease of vocal fold irregularity
measured by objective voice analysis in patients
with unilateral RLN paralysis [84]. However, con-
ventional voice therapy is considered a compen-
satory approach, whereas FES focuses more on
restitution, making comparison difficult. The
stimulation protocol introduced by Pahn and Pahn
[54] involves a fixed scheme, consisting of a
7-min impulse galvanic (direct current) prepara-
tory phase followed by individually adapted
monophasic triangular pulses synchronized with
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phonation. Although galvanization is particularly
suitable in traditional paralysis therapy, it can also
be adapted to dysphagia therapy to take advantage
of the positive effects for bridging the skin barrier.
In a randomized controlled trial, sensory galvanic
application to the bilateral masseter muscle in
early stroke patients induced significantly greater
improvements in dysphagia severity than the con-
trol group receiving conventional therapy [85].
Thus, galvanic treatment may have positive
effects on swallowing safety by increasing sen-
sory feedback. Vocal cord paralysis (VCP) may
occur after peripheral damage to the vagus nerve
or RLN, but may also be found after central
lesions of the nucleus ambiguous and lateral
medulla causing ipsilateral VCP [35, 86].
Meanwhile, several studies indicate a close rela-
tionship between laryngeal paralysis and concom-
itant dysphagia [37, 87, 88]. In this context, it has
been shown that not only decreased glottic clo-
sure leads to an increased risk of aspiration, but
also pharyngeal weakness and decreased UES
relaxation can be found in patients with VCP [89,
90]. This can be explained by having both the
RLN and the external branch of SLN involved in
the innervation of the cricopharyngeal muscle,
with the external branch of SLN providing addi-
tional fibers to the inferior pharyngeal constrictor
[30, 33]. In contrast, however, VCP may also
result in higher pharyngeal peak pressures as a
result of compensation of the healthy contralateral
pharyngeal muscles at chronic stage [91].
Additionally, dysphagic symptoms in patients
with VCP may vary depending on etiology and
may be more severe after central lesions and in
acute onset [88, 92]. It can be assumed that reduc-
ing glottal incompetence through the use of FES
will improve airway protection and lower the risk
of aspiration. Under therapy-refractory condi-
tions, this can also be achieved by surgical vocal
cord medialization [14].

11.4.3.2 FESin Cricopharyngeal
Dysfunction

In a HRM study by Heck et al. [93], when swallow-

ing was synchronized with a short EMG-triggered

80 Hz stimulation phase, no immediate effect on

UES dynamics was found in healthy adults.

Fig. 11.4 Monopolar: One neutral electrode (anode) on
the nape, two smaller electrodes (cathodes) placed on
each side of the thyroid cartilage, used for single pulses

However, a delayed effect of FES was measurable
after 5- and 30-min intervals, consisting of an
increased relaxation time of the UES and decreased
hypopharyngeal pressure. Another HRM study in
26 healthy adults showed a significant prolongation
of the relaxation time of the UES by 10% for short
biphasic single pulses of 5 ms delivered synchro-
nously with swallowing 5 ml of water compared to
sham condition [94]. For this particular applica-
tion, a monopolar electrode placement was
selected, having two smaller electrodes (cathodes)
on each side of the thyroid cartilage and one neutral
electrode (anode) placed on the nape (see Fig. 11.4).
This application may enhance UES opening due to
bilateral application of short biphasic single pulses
at the onset of swallowing.

Failed or reduced relaxation of the UES is
associated with hypopharyngeal residue and may
increase the risk of consecutive aspiration. FES
with synchronized single pulses may reduce
bolus residues in the piriform sinus by prolong-
ing UES relaxation, resulting in lower risk of
subsequent penetration or aspiration (Video
11.4). Consistently, Lee et al. found that decreased
UES relaxation time was the primary risk factor
for aspiration in post-acute stroke patients [95],
making cricopharyngeal dysfunction (CPD) a
major challenge in the treatment of oropharyn-
geal dysphagia. In chronic CPD with impaired
UES opening, cricopharyngeal myotomy, dila-
tion, or botulinum toxin injection may be consid-
ered [14]. Future clinical trials should investigate
the effect of FES on UES opening dynamics in
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Summary

— Single pulses can be used in paralysis
therapy as well as in the treatment of
dysphagia (but with different pulse
widths and waveforms)

— Single pulses can be used for patholo-
gies resulting from both upper and lower
motor neuron lesions.

— Single pulses induce contraction of the
intrinsic laryngeal muscles and may
lead to airway protection.

— Single pulses are applied synchronously
to swallowing using EMG-systems or a
manual button at the onset of
swallowing.

— Galvanic preparation phase should be
administered in paralysis therapy and
may be used as an adjunct in dysphagia
therapy to improve sensory input.
CAVE: Moist sponge pockets pulled
over the electrodes protect the skin in
case of longer pulse widths and galvanic
current. Otherwise, the skin is at risk of
cauterization! Direct current should be
applied according to the principle of
minimum dosage, as excessive exposure
can lead to skin cauterization! This
requires the amplitude to be adjusted to
the size of the electrodes. The current
density must not exceed 0.2 mA/cm? for
the smallest reference electrode.

order to determine its impact on swallowing
safety.

11.5 Combination of FES
and Conventional Therapy

As already outlined before, there is evidence con-
firming that FES should be combined to swallow-
ing exercises to achieve optimal results in
dysphagia treatment. In this context, a combina-
tion of most functional exercises with FES is
conceivable, as far as the electrode placement

and cooperation of the patient is appropriate. In a
randomized controlled trial on 61 subacute stroke
patients, a combination of FES and effortful
swallowing technique resulted in significantly
greater improvements in hyolaryngeal excursion
and swallowing function than without FES [96].
Regarding electrode placement when combining
FES and effortful swallowing technique, Huh
et al. found that a bipolar pair of electrodes placed
horizontally on the suprahyoid and infrahyoid
muscles may be the most appropriate position for
this specific stimulation paradigm to improve
swallowing function [97]. Byeon examined the
combined effect of FES and Mendelsohn maneu-
ver in subacute dysphagic patients after cerebral
infarction, with the compound intervention group
showing greater improvements in functional
swallowing outcome and quality of life compared
to the discrete treatment groups [98]. A com-
pound intervention program was investigated in
two studies, in which FES was conceptually
combined with swallowing maneuvers and resis-
tance exercises [60, 61]. A fatigue-resistant stim-
ulation protocol was used with a frequency of
30 Hz and a short stimulation phase of 5 s fol-
lowed by 15 s rest. Both studies demonstrated
positive effects on swallowing safety and quality
of life. Additionally, in the study by Sproson
et al., a follow-up was performed at 1 month, at
which time swallowing-related improvements
were stable or even continued to improve [61].
These results show that FES can be combined
with both functional exercises and swallowing
maneuvers to enhance motor learning and swal-
lowing safety. However, the parameters of the
stimulation current should be adapted to the
functional exercise in terms of duration, fre-
quency, and electrode placement in order to facil-
itate the patient’s movement and avoid fatigue.
Depending on the exercise, both tetanizing and
single pulses are suitable for this purpose,
depending on the underlying pathomechanism. If
reflex triggering or glottal closure is disturbed,
single pulses may be considered as the first
choice. For isometric exercises, tetanizing cur-
rents seem to be preferable to facilitate muscle
contraction. For example, in dysphagic patients
with insufficient glottic closure, both swallowing
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exercises and vocal cord adduction can be sup-
ported by FES using supraglottic swallowing
technique. The choice of current parameters can
be very specific to the individual and may be
adapted to the best functional response and
patients’ preferences.

11.6 Discussion

The future potential of FES in dysphagia therapy
is far from being exhausted. However, it seems
that a combination of conventional therapy and
FES offers the best prospects for improving swal-
lowing function. Further research should be
directed to determine which specific procedures
can be linked to FES or even used conceptually.
Standardized stimulation protocols that could
guide and simplify application should reflect a
more consistent and concrete nomenclature that
allows clear inferences about the intervention.
These shortcomings are certainly due to the still
rather new use of electrical stimulation in dys-
phagiology. Technical advancements, such as
EMG-triggering or alternating 2-channel tech-
nology for staggered stimulation, could make it
possible to stimulate the swallowing musculature
in a more targeted manner, up to and including
the development of a neuroprosthesis. In addi-
tion, a combination of FES and central neuro-
stimulation is conceivable, as shown in a study by
Zhang et al. combining rTMS with FES. In this
study, the combination of rTMS and FES was
superior to FES alone, resulting in improved
recovery of patients with post-stroke dysphagia
[99]. The functional effects of FES should be fur-
ther investigated in order to get a better under-
standing of its therapeutic impact and to further
optimize the stimulation parameters. Apart from
stroke-related dysphagia, the outcome of FES in
other etiologies has been inconsistent or poorly
studied. Thus, there is a need for robust evidence
reflecting a more substantial rationale for which
parameters to use in accordance with the princi-
ples of FES. It seems reasonable that different
symptomatology may require different stimula-
tion paradigms, especially in case of lower motor
neuron lesions. However, this requires a well-

reflected handling of stimulus patterns, but also a
better understanding of the variables and their
individual adaptation to the corresponding task.
Efforts should also be made to measure long-
term effects and to develop the most appropriate
regimen for treatment success.

Given the enormous challenges ahead in the
field of dysphagia management, electrical stimu-
lation can make an important contribution to
improve patients’ treatment options and quality
of life. However, this requires expertise and well-
trained users.
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Carsten Kroker and Jan Faust

12.1 Introduction

Dysarthria is the term used to describe acquired
speech disorders following neurological disease.
It is caused by a disorder of the speech motor sys-
tem. Dysarthria is the most common acquired
communication disorder. The incidence exceeds
aphasia by about twice [1]. Dysarthria affects
communication in everyday life (partnership and
family) and in the outside world (work and con-
tacts) [2]. Despite this relevance, there is rela-
tively little research on this disorder. The German
Society of Neurology [3] recommends in its
guidelines only one exercise-based procedure,
namely LSVT® (Lee Silverman Voice Treatment)
[4], which was essentially developed for
Parkinson’s disease and is mainly designed to
increase speech volume. However, most dysar-
thria results from non-progressive diseases of the
brain (hemorrhage, insult, trauma), in which the
focus of disturbance is articulation. The aim of
this paper is to fill this gap and to show a viable
alternative course of action. We describe the diag-
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nosis and therapy of dysarthric movement disor-
ders mainly of the lips, tongue, and mandible. We
ask to see this as a very promising tool, which of
course must be inserted into a treatment concept
that also integrates other levels of the disorder,
e.g., participation, according to the ICF. A com-
plete concept can be found in Kroker et al. [5]. In
this article, mainly the treatment on the level of
body structure is described (treatment of lips,
tongue, and jaw motor function). In a small group
study [5] it was shown that no further transfer
exercises are needed to improve body function
(speech). Transfers to activity and participation,
i.e., whether a patient benefits in everyday life
were studied only to a limited extent. Additional
research would be needed in this area.

12.2 General Preliminary
Considerations
for Stimulation
in the Cervical Region

In general, electrotherapeutic treatment in the
anterior neck region is viewed critically. However,
this attitude is based only on individual expert
opinions [6]. Theoretically, there are two sources
of danger here: Electrical irritation of the vocal
folds could lead to laryngospasm and thus respi-
ratory distress. A second aspect is stimulation of
the carotid sinus. This represents the beginning of
the internal carotid artery behind the carotid
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bifurcation. It is thus located approximately at
the level of the thyroid—somewhat laterally,
although the height can vary greatly from patient
to patient. The vessel wall of this arterial segment
contains baroreceptors, which are thought to cap
blood pressure spikes in healthy individuals.
When these receptors are stimulated, there is an
increase in vagotone resulting in a decrease in
heart rate (bradycardia) and blood pressure.
Pathologically increased stimulation of these
receptors is called carotid sinus syndrome. Here,
even a slight pressure in the neck area, such as
that produced by a tight shirt collar, can cause a
patient to collapse. The therapy here is a pace-
maker [7], which then intrinsically limits the use
of other electrical stimulation. In practice, how-
ever, these two complications associated with
electrical stimulation do not usually occur. Initial
trials of electrical stimulation for dysphagia were
conducted under intensive care conditions [8],
but without corresponding complications.

Crary et al. [9] surveyed 5000 therapists who
used cervical electrical stimulation for dyspha-
gia. No serious complications occurred. This
problem also did not occur with the use of
medium frequency currents, which penetrate
deeper into the tissue, at least in a small pilot
study with stroke patients [10]. However, there
have been some successful attempts to use carotid
nerve stimulation therapeutically, e.g., in angina
pectoris or essential hypertension. However, this
was done with implanted electrodes [11].
Interestingly, similar stimulation parameters
were used as are common in dysphagia treatment
(20-80 Hz/0.35 ms). In the field of voice therapy,
most authors do not refer to this problem at all,
e.g. [12, 13], although here the electrodes are
applied exclusively to the neck. It should be
noted, however, that electrotherapy devices used
in the anterior neck region must now be approved
in most countries specifically for this area of
application. The foregoing considerations are rel-
evant to the treatment of dysarthria only when the
voice is to be additionally treated; in articulation
treatment, stimulation is not applied in the ante-
rior neck region. However, the arguments should
also be considered for dysphagia and laryngeal
paresis.

» — Articulation disorders in dysarthria can be
treated with common approved stimulators.
— For FES in the anterior cervical region in
voice and swallowing disorders, use devices
that are approved for this application in most
countries.

12.3 Symptomatology
of Individual Forms
of Dysarthria

Speech is an extraordinary fine-motor complex
and fast process. Hardly any other organ of the
human body performs such virtuoso movements
[14]. Therefore, it is not sufficient to assess the
articulators (tongue, lips, mandible, soft palate)
only in their gross motor movements and muscle
tone, but also to consider the complex interaction
and neuromuscular prerequisites of these muscle
groups.

The authors use articulation speed as the cen-
tral test instrument for measuring articulatory
skills in dysarthria [5]. Here, an attempt is made
to reproduce the underlying movement disorder
using defined consonant clusters and to draw
conclusions about or classify certain phenotypes.
To describe the speech exercises, we use the