GertaVrbova
Olga Hudlicka
Kristin Schaefer Centofant

Advances in Musde Research 4

Application of
Muscle/Nerve
Stimulation in
Health and Disease

@ Springer




APPLICATION OF MUSCLE/NERVE STIMULATION
IN HEALTH AND DISEASE



Advances in Muscle Research

Volume 4

Series Editor

G.J.M. Stienen, Vrije Universiteit, Amsterdam, The Netherlands



Application of Muscle/Nerve
Stimulation in Health
and Disease

By

Gerta Vrbova
University College Medical School, London, UK

Olga Hudlicka
University of Birmingham Medical School, Birmingham, UK

and

Kristin Schaefer Centofanti
JKC Research Partnership, London, UK

@ Springer



Gerta Vrbova Kristin Schaefer Centofanti

University College Medical School JKC Research Partnership
London, UK London, UK
Olga Hudlicka

University of Birmingham Medical School
Birmingham, UK

ISBN: 978-1-4020-8232-0 e-ISBN: 978-1-4020-8233-7

Library of Congress Control Number: 2008922907

© 2008 Springer Science +Business Media B.V.

No part of this work may be reproduced, stored in a retrieval system, or transmitted in any form or by any
means, electronic, mechanical, photocopying, microfilming, recording or otherwise, without written
permission from the Publisher, with the exception of any material supplied specifically for the purpose
of being entered and executed on a computer system, for exclusive use by the purchaser of the work.
Printed on acid-free paper

987654321

springer.com



Acknowledgements

Without the help of Dr. Gillian Knight we would have been unable to complete the
manuscript and cope with all the vagaries of our computers. Discussions with Dr.
Milan Dimitrijevic pinpointed important points regarding the application of basic
science to human physiology and treatment. We are grateful to Jorge Centofanti for
his encouragement and help during the preparation of this manuscript. We are grate-
ful to Ultratone for giving permission to reproduce the drawings in Chapter 4.



Introduction

The first evidence that electrical changes can cause muscles to contract was pro-
vided by Galvani (1791). Galvani’s ideas about ‘animal electricity’ were explored
during the 19th and 20th century when it was firmly established that ‘electricity’ is
one of the most important mechanisms used for communication by the nervous
system and muscle. These researches lead to the development of ever more sophis-
ticated equipment that could either record the electrical changes in nerves and
muscles, or elicit functional changes by electrically stimulating these structures. It
was indeed the combination of these two methods that elucidated many of the basic
principles about the function of the nervous system.

Following these exciting findings, it was discovered that electrical stimulation
and the functions elicited by it also lead to long-term changes in the properties of
nerves and particularly muscles. Recent findings help us to understand the mecha-
nisms by which activity induced by electrical stimulation can influence mature,
fully differentiated cells, in particular muscles, blood vessels and nerves. Electrically
elicited activity determines the properties of muscle fibres by activating a sequence
of signalling pathways that change the gene expression of the muscle. Thus, electri-
cal activity graduated from a simple mechanism that is used to elicit muscle con-
traction, to a system that could induce permanent changes in muscles and modify
most of its characteristic properties. These modifications induced by electrical
stimulation are not random, but depend on the amount, as well as the precise pattern
of activity. Thus certain types of activity will induce endurance, others increase
force production. The regime of stimulation therefore needs to be tailored accord-
ing to special requirements of the condition to be influenced.

The understanding of these stimulation-induced changes in muscle properties
provides a powerful tool for manipulating, in a controlled manner, both normal and
diseased muscles. Moreover, stimulation of damaged nerves and tissues seem to
increase their potential for repair.

Thus the increased knowledge about the effects of electrical stimulation on various
parts of our healthy or damaged body allows us to use stimulation as an efficient
therapeutic tool.

Technical advances in the development of machines that allow efficient and easy
methods of stimulation of human muscles and nerves allows us to exploit this
knowledge for achieving adaptation of normal muscles to a desired type/shape, and
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viii Introduction

to restore/maintain the properties of muscles that have deteriorated as a result of
injury, disease, or other causes.

The present book summarizes the effects that long-term electrical stimulation
has on muscle and its blood supply, and explains how these modifications can be
applied to benefit healthy and sick people. It also provides a guide to be used to
decide what type of stimulator is most suitable for particular conditions. Moreover
it gives detailed instruction with precise illustrations about the most effective
method for stimulating particular muscle groups.
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Chapter 1
Plasticity of the Mammalian Motor Unit

Gerta Vrbova

Abstract The structure and function of the components of the mammalian
motor unit are summarized. They include the motoneurone, axon, neuromuscular
junction and muscle. They form a unit in view of the fact that they always act
together. The importance of the motor unit in the control of movement is dis-
cussed with particular emphasis on the hierarchical organisation of recruitment
of different types of motor units. There are several types of muscle fibres that
differ with regard to their functional, biochemical and morphological proper-
ties. Nevertheless, muscle fibres belonging to a particular motor unit are all
identical and are specialized to carry out the tasks demanded from them by the
motoneurones that activate them. These matching properties of muscle fibres
to motoneurone activity are due to the adaptive potential of muscle fibres. We
show here that even in the adult, muscle fibres have a tremendous potential to
adapt to different tasks. Such adaptive changes in muscle can be induced by
altering motoneurone activity, or by externally applied electrical stimulation of
the muscle. Different patterns of electrical stimulation produce specific changes
of muscle properties. Electrical stimulation is a powerful tool that can exploit the
full adaptive potential of skeletal muscles. Using particular patterns of electrical
stimulation muscles can be made more efficient, fatigue resistant and stronger.
Therefore electrical stimulation in combination with exercise is a most efficient
way of maintaining muscle function. Moreover, electrical stimulation can replace
activity in cases of injury to the nervous system. The adaptive changes of muscle
fibres are regulated by a particular set of genes and the mechanism by which they
operate is explained.

Keywords Motor unit, motoneurone, muscle fibre, activity, electrical stimulation

Autonomic Neuroscience Centre, Royal Free and University College Medical School,
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2 G. Vrbova

1.1 The Mammalian Motor Unit

1.1.1 Introduction

Movement and indeed communication with the outside world is mediated by mus-
cles. The activity of our muscles is controlled by the central nervous system (CNS),
i.e. the brain and spinal cord. The final command telling the muscle to work is
delivered by a specialized nerve cell located in the CNS usually referred to as the
motoneurone. The motoneurone is connected to the muscle via its long extension,
the axon. On reaching the muscle each axon branches and terminates at a certain
number of muscle fibres. The axon terminal forms a single connection with each
muscle fibre through which the activity of the motoneurone is transmitted to
the muscle. In this way each motoneurone controls the activity of all the muscle
fibres it supplies. When the motoneurone is activated by the CNS it transmits this
excitation via its axon and across the neuromuscular junction to those muscle fibres
it supplies and makes them contract. Each individual muscle fibre is connected to
only one motoneurone and therefore responds to commands of only the motoneu-
rone it is connected to. Once a motoneurone is activated all the muscle fibres it
supplies will contract. Thus the motoneurone, its axon and the muscle fibres sup-
plied by the motoneurone, function together. For this reason Sherrington called the
motoneurone, the axon and the muscle fibres supplied by the branches of this axon
a motor unit' (see Fig. 1.1). In the following section the different components of
the motor unit will be described.

1.1.2 The Motoneurone

The motoneurone is a cell in the CNS that has all the characteristics of a neurone
(Fig. 1.2).

These include a cell body with a nucleus and membrane that separates it from
the environment outside. Motoneurones have many branches (dendrites) that are
located within the CNS and one special branch that leaves the CNS and connects
the neurone to the muscle. This is a very long extension (process) of the motoneu-
rone called an axon. However, unlike in most other cells, such as in liver, skin and
kidney, the membrane of neurones is specialized in that (a) they can initiate and
conduct electrical impulses and (b) they have the ability to respond to chemicals
called transmitters by producing an electrical change at specialized contacts called
synapses. These electrical changes are processed, added up or subtracted by the
neurone and, if the final result produces a large enough excitation of the cell body
(neurone), an electrical event called the action potential is initiated in the axon.
This electrical impulse is propagated along the axon all the way to the muscle
fibres. This is the final step taken by the motoneurone to transmit the information
to the muscle fibres that are contacted by the axon.?3
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Fig. 1.1 A schematic representation of two motor units is shown. In (a) a small dark motoneurone
in the anterior horn of the spinal cord contacts muscle fibres which will be type I; in (b) a large pale
motoneurone contacts type II muscle fibres

Fig. 1.2 An isolated motoneurone. A schematic representation of an isolated motoneurone with a
nucleus, dendrites, two synaptic inputs, and a myelinated axon terminating at a muscle fibre is shown

Although the basic characteristics of all motoneurones are similar there are
distinct differences between them. These include their size, numbers of dendrites
and some subtle biochemical differences between motoneurones.

The size of the motoneurone is particularly important for its function, as it
regulates the amount of activity it can carry out. Due to simple biophysical rules
the smaller motoneurones are activated more readily. Therefore, when motoneurones



4 G. Vrbova

to a muscle are excited there is a hierarchical order in which this is accomplished,
i.e. first the small motoneurones are recruited (excited) and gradually the larger
cells are called upon.*> The significance of this arrangement for muscle function
will be discussed later.

1.1.3 The Axon

The long extension of the motoneurone, its axon, is unique in that it leaves the CNS
and navigates its way towards the muscle it innervates. The axons are covered by
myelin that insulates the axon from the extracellular environment. However, not the
entire length of the axon is insulated by the myelin. At regular intervals the axon is
exposed and can communicate with the extracellular environment. The sites of
this exposed part of the axon are called the nodes of Ranvier (see Fig. 1.2).
The message along the axon is an electrical event. During rest, the membrane of
the axon and the myelin sheath separates the environment inside the axon from that
on the outside. When the axon is excited its membrane allows some movements of
ions between the inside (intracellular) and outside (extracellular) of the axon. This
movement of ions causes an electrical change, the action potential. The action
potential is traveling along the axon by jumping from one node of Ranvier to
the next. This allows it to travel much faster along the axon, and the rate at which
it travels depends on the distance between successive nodes. The further apart they
are, the faster is the conduction velocity of the action potential. The action potential
is conducted along the whole axon and all its branches.>?

On reaching the muscle, the axon divides into many branches. Each branch
terminates on a muscle fibre and becomes a specialized structure called the axon
terminal. It is now that an interaction with the muscle fibre starts.

1.1.4 The Neuromuscular Junction

The motor nerve terminal has many specialized features. It contains a chemical,
acetylcholine (ACh), that is packaged into tiny balloons (vesicles) and there is a
special mechanism by which ACh is released when the electrical impulse reaches
the terminal. When the electrical impulse invades the nerve terminal Ca®* enters the
nerve ending and this causes the vesicles containing ACh to fuse with the mem-
brane of the nerve ending and the ACh to spill out. At the place of contact with the
nerve terminal the muscle fibre develops a highly specialized structure, the motor
endplate. Its most important feature is that it contains molecules that are able to
combine with ACh: i.e. acetylcholine receptors (AChR) (Fig. 1.3). As soon as ACh
is released from the nerve terminal it combines with the AChR and, as a result of
this combination, produces an electrical change of the membrane of the muscle
fibre at the endplate. Provided this change is great enough, it will be conducted
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Fig. 1.3 A schematic representation of impulse transmission at the neuromuscular junction is
shown. Ca* ions enter the nerve terminal (NT) through channels (yellow tubes). Their entry
induces a sequence of molecular events. The Ca** ions combine with synaptotagmin on the surface
of the synaptic vesicles that contain the transmitter acetylcholine (ACh). The synaptic vesicles are
transported to the membrane of the NT where synaptosomal-associated protein of 25kDa (SNAP-
25) and syntaxin help the synaptic vesicles to fuse with the nerve terminal membrane and spill out
their content. The ACh combines with the ACh receptor of the muscle fibre (MF) membrane. This
opens up channels that cause the muscle fibre membrane to initiate an action potential along its
entire surface. (Reproduced from http://www.bio.davidson.edu/courses/Biol 11/Neurojunction.
html with permission)

along the whole length of the muscle fibre and elicit a contraction. The ACh is
rapidly destroyed by the enzyme cholinesterase, which is attached to the endplate.
When the ACh is destroyed the electrical change of the membrane reverses to its
normal state and the membrane is ready to respond again to ACh so that the muscle
can be repeatedly activated.>?

To summarize:

1. The motor nerve terminal is activated by an action potential.
2. Ca>enters the motor nerve terminal and causes the release of ACh.
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3. ACh combines with the AChR of the muscle membrane and causes an electrical
change.

4. ACh is destroyed by the enzyme cholinesterase, and a new impulse can excite
the muscle.

1.1.5 Skeletal Muscle Fibres and Muscle Contraction

Skeletal muscles are structures that are usually attached to bones by tendons and by
producing force can either move joints or help to stabilize them. Each muscle con-
sists of numerous subunits or bundles called fascicles. These are surrounded by
connective tissue and contain many individual muscle fibres (Fig. 1.4). Muscles
specialize in the transformation of chemical energy into mechanical events, i.e.
force production. Muscle fibres are cells specialized to carry out this task. Each
muscle fibre is composed by a number of units called sarcomeres. These are the
units that actually carry out the work.

Each individual muscle fibre is surrounded by a membrane called the sarcolemma.
Like the membrane of the axon the sarcolemma separates the inside of the muscle fibre
from the outside. When a muscle fibre is activated, normally at the neuromuscular
junction, the sarcolemma allows some ions to enter the muscle fibre and this flow
of ions initiates an action potential. This is propagated along the whole length of
the muscle fibre. However, the sarcolemma has unique features; at regular intervals
the sarcolemma has little openings where the membrane penetrates deep into the
muscle cells and forms a system of tubes that are in close contact with the contrac-
tile machinery of the muscle cells (Fig. 1.5). These membranes carry the electrical
impulse deep into the muscle fibre. Inside the muscle fibre the tubes communicate
with structures (sarcoplasmic reticulum) that contain Ca**. When the muscle is
electrically excited Ca?* is released from these stores and it is this event that
initiates movement. As soon as the electrical impulse terminates the Ca* is
pumped back into its stores, so that at rest the levels of Ca?" are very low and the
muscle is relaxed.

Fig. 1.4 Skeletal muscle with tendon
attached. The picture shows a typical
skeletal muscle with its tendon attached
to a bone. ".I'he cut muscle .illugtrates its ) “_,_ Blood
macroscopic structure, which includes

the covering membranes of epimysium é

on the outside, of perimysium between
muscle bundles (fascicles), and of

o v, s

: M, 7N . :V—Endom)smm
endomysium around each muscle fibre, L N
as well as the blood vessels that are

: I3 Muscle
Fiber
within the muscle. (Reproduced from (cell)

http://people.eku.edu/ritchisong/ Tendon Epitiysium Fassicle
301notes3.htm with permission) Endomysium
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Fig. 1.5 Cross-section through a muscle fibre. A cross-section through a muscle fibre illustrates its
contents: myofibrils, with their typical cross-striations due to the alignment of myosin (A band)
and actin (I band), the Z line where the sarcomeres are attached to each other. In addition it
shows the muscle membrane (sarcolemma), and structures connected to it, including the terminal
cysternae and transverse tubules which allow the Ca®* ions to reach the myofibrils. The sarco-
plasmic reticulum and mitochondria are also shown; these structures are involved in removing
the Ca** from the cytoplasm and keeping its concentration low during rest. (Reproduced from
http://people.eku.edu/ritchisong/301notes3.htm with permission)

Fig. 1.6 Actin and myosin. Actin (green) and myosin (purple) are shown at rest (top panel), and
during contraction (bottom panel). The shortening of the myofibres is clearly visible. (Reproduced
from http://members.aol.com/Bio50/LecNotes/lecnot13.html with permission). To see the ani-
mated contraction go to http://people.eku.edu/ritchisong/301notes3.htm
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Movement, i.e. force development, is accomplished by the interaction of two
proteins, myosin and actin. These two proteins are arranged into regular units called
sarcomeres. Figure 1.6 illustrates the arrangements of these proteins in a single
sarcomere. At rest interaction between these proteins is prevented by another
complex of proteins, troponins, but when the muscle fibre is electrically excited
the troponin complex moves out of the way and allows the actin and myosin to
slide against each other and produce force.

The sliding of the actin and myosin is the result of interactions between
myosin heads (little flexible buds of the myosin) and the actin filaments. The myosin
heads swivel and crawl along the actin, the sarcomere shortens and produces
force (Fig. 1.7).

This event is allowed to occur when Ca* is released from internal stores and
binds to troponin. Troponin has binding sites for Ca** ions and when Ca?* binds to
troponin its structure changes and it moves out of the way of the actin and myosin
so that they are now free to slide against each other and produce force. As soon as
the Ca?* is removed from the binding site of troponin, the troponin and tropomysosin
get back in place and prevent any interaction between the myosin and actin.

The energy needed for the mechanical work is provided by adenosine 5’-triphosphate
(ATP). The enzyme myosin ATPase, splits this molecule and like an explosion
energy is provided by this splitting of ATP. The energy is needed to detach the
heads of the myosin molecules from the actin so that they are free to re-attach
themselves again, continue to move along the actin and produce force.

Each muscle fibre contains many sarcomeres and they are connected to each
other by proteins. In most mammalian muscles contraction of all sarcomeres occurs
at the same time so that the whole muscle fibre develops force.

To summarize events that cause muscles to contract:

1. An electrical impulse travels along the muscle fibre membrane.
2. This electrical change causes the release of Ca?* inside the muscle fibre.

Fig. 1.7 The movement of myosin heads. The movement of the myosin heads (H) along the actin
filament (A), which causes muscle contraction, is illustrated. (Reproduced from http://members.
aol.com/Bio50/LecNotes/lecnot13.html with permission). To see the animated version of this
event go to http://people.eku.edu/ritchisong/301notes3.htm
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3. Ca* binds to troponin and temporarily displaces it from preventing the myosin
and actin interactions.

4. Contact with actin initiates the myosin heads to swivel and form attachments to actin.

5. ATP breakdown provides the energy for detachment of the myosin head from
actin so that another movement of the myosin head along the actin filament can
take place.

1.1.6 Muscle Function

During a single impulse there is not enough time for the muscle to develop the force it
is capable of producing. The contraction developed by the muscle in response to
a single impulse is called a twitch, and usually develops only about one third of the
force the muscle is capable of producing. Repeated stimulation of the muscle generates
more force and these contractions are called tetanic contractions. Thus, a single impulse
initiates a twitch contraction and repeated stimulation initiates tetanic contractions.
The force generated by tetanic contractions, depends on the frequency of stimulation,
i.e. intervals between successive impulses, and on the type of muscle in question. Some
muscles contract and relax rapidly (fast muscles) and some slowly (slow muscles).
Fast muscles need to be activated at higher frequencies to develop more force, slow
muscles develop high forces already at lower rates of stimulation. Figure 1.8 illustrates
this point. These facts show that force developed by a particular muscle depends on
the frequency at which it is activated, and the type of muscle fibres it contains.’

100

50

% maximal force

LAl |
0 40 80
Hz

Fig. 1.8 Graph of maximum tetanic force against stimulation frequency. The percentage of
maximum tetanic force developed by two slow (A) and two fast (O) motor units is plotted against
the frequency of stimulation. The motor units are taken from a cat gastrocnemius muscle.
(Reproduced from® with permission from Springer)
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1.2 The Use of Muscles During Movement

The brief description of the components of the motor unit and some of its properties
should provide us with an understanding of how muscles function during
movement.

1.2.1 Regulation of Force Production

The first question we will consider is how the force of muscle contraction is
regulated during voluntary movement.

To regulate force we use two main mechanisms®: (a) Engaging more motor
units to participate in the movement. Since each individual muscle contains
many motor units the strength of contraction of a muscle can be increased by
activating a greater proportion of its motor units. In most muscles not all motor
units are active during a particular movement and the force produced by a muscle
can be increased by activating more motoneurones in the spinal cord and more
motor units. An interesting feature of this regulation of force by motor unit
recruitment is the fact that during movement the units that are activated first are
the smallest units, which produce little force. The size of motoneurones that
activate these units is relatively small and these motoneurones/motor units are
activated during movements that require little force, such as posture. This regula-
tion of force production by which the weakest units are activated first is referred
to as the size principle (Fig. 1.9). As more force is required bigger motoneurones

Fig. 1.9 Motoneurones. The different
sizes and types of motoneurones within
the spinal cord are schematically repre-
sented. The smallest most excitable are
black, the intermediate are grey and the 5
least excitable are white R ———
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are activated in the CNS and bigger increases in force are achieved by the active
muscle. (b) Increasing the frequency at which each motor unit is firing.
Due to properties of muscle fibres, a single stimulus allows the muscle to produce
only about one third of the total force it is capable of producing. When the muscle
is repeatedly activated the forces add up and the contraction is stronger.
By repeated excitation the force developed by the muscle can be increased to
reach its maximum at a certain frequency of stimulation. Different types of motor
units require different frequencies of stimulation to allow them to produce more
force (see Fig. 1.8). (c) Finally, force production can be modified by a combi-
nation of (a) and (b).

1.2.2 Differences Between Mammalian Muscles

Skeletal muscles have a variety of functions during movement and at rest. Some
muscles are highly specialized and used to help to support our joints and our pos-
ture. These are usually referred to as slow postural muscles and are anatomically
situated around joints, or in the deeper layer of the musculature. Most muscle
fibres in these muscles are used almost continuously and are adapted to this
function. Other muscles are used for rapid movement and referred to as fast
muscles.

The distinction into slow and fast muscles was first based on the different colour
of the two types of muscles, a visibly different speed of contraction, and different
resistance to fatigue.”®

The majority of muscles are, however, mixed and perform various functions.
Some parts are used to move joints, others to maintain posture. This multifunctional
performance of our muscles is possible because they contain different motor units
and each of these motor units is specialized for a particular function. The muscle
fibres that different motor units use during movement are highly specialized and
optimally suited for their function.

1.2.3 Muscle Fibre Types

When we examine muscle fibres in a skeletal muscle and reveal enzymes and
proteins that individual muscle fibres contain, we find that the muscle fibres differ
from each other. Figure 1.10 shows an example taken from a rabbit muscle that has
been cut across its middle, and then a very thin section has been prepared and
analysed for different enzymes that are important for the function of the muscle.
In this particular picture, the enzyme that provides energy for the work the muscle is
doing, the myosin ATPase, has been visualized. It is clear from this picture that
some muscle fibres are darkly stained because they contain large amounts of the
enzyme, some are light and some intermediate. How do we explain the presence of
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Fig. 1.10 A cross-section of a rabbit
extensor digitorum longus reacted for
ATPase is shown to illustrate the
different fibre types. The darkly
stained fibres (type I) belong to slow
motor units, the lighter ones (type
ITA) to intermediate and the large
white fibres (IIB) to fast motor units

these different muscle fibre types within the same muscle? We have previously
discussed that muscles are composed of individual motor units and that each motor
unit functions independently. Strange as it seems, the muscle fibres belonging to
different motor units are all mixed up within the muscle.

Nevertheless muscle fibres from the same motor unit are not different but are
identical. Moreover, muscle fibres belonging to a particular motor unit are
specialized according to the type of activity they are made to carry out during
movement. Muscle fibres that belong to motor units that are active for long peri-
ods of time are specialized so as to allow them to work for long periods of time
without fatigue and are called type I fibres. These muscle fibres contract and
relax slowly and are therefore called slow muscle fibres. On the other hand mus-
cle fibres of motor units that do not work very often fatigue rapidly and these are
called type IIA and IIB fibres. Both type IIA and IIB muscle fibres contract and
relax rapidly and are therefore called fast muscle fibres. Based on these physio-
logical and biochemical differences, muscle fibres and motor units have been
classified into three main types: fast fatiguable (IIB), fast fatigue resistant (ITA)
and slow (I). This is illustrated in Figure 1.11.
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Fig. 1.11 The properties of three types of motor units in skeletal muscles are summarized in
relation to their function. (a) The motoneurones are labelled I, ITA, and IIB according to the
types of muscle fibres they innervate. The arrow with the horizontal lines across it alongside
each ‘axon’ illustrates the type of activity transmitted by the motoneurone to the muscle fibres.
The circles represent muscle fibres, black, type I, grey type IIA, white type IIB. (b) Single
twitches of each type of motor unit are shown. (¢) The decline of force with time in response to
repeated tetanic contractions, i.e. muscle fatigue is illustrated. Type I muscle fibres do not
fatigue, type 1IB muscle fibres are slightly more fatiguable and type IIB muscle fibres fatigue
rapidly. (Reproduced from® with permission from Springer)

1.3 Activity Determines Muscle Properties

The above description of the matching properties of muscle fibres to motoneurone
activity already indicates the importance of motoneurone activity in determining
the properties of muscle fibres it supplies.

1.3.1 Matching Properties of Muscles to Their Activity

Different skeletal muscles in the body contain various proportions of slow, intermediate
and fast motor units, and this is related to their function in the body. Muscles involved
predominantly in maintaining posture, or supporting a particular joint are composed
predominantly of slow muscle fibres. These slow muscle fibres can maintain force
for long periods of time without fatigue. Muscles used to move joints are composed
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predominantly of fast (ITA and IIB) muscle fibres that can produce force rapidly, but
also fatigue more readily. Thus the motor system is perfectly adjusted to the type of
activity it performs. How is this adjustment achieved?

The first indication that the motoneurone plays a leading role in determining
the properties of muscle fibres it supplies was obtained in the 1960s. A group
of researchers took advantage of findings that in some hind leg muscles particu-
lar types of muscle fibres were segregated. In the soleus muscle that stabilises
the ankle joint, most of the fibres are slow contracting (Type I) and belong to
motor units that are more or less continuously active, fatigue resistant and slow
contracting. Another hindlimb muscle, tibialis anterior (TA) which controls the
movement of the ankle joint and is active only when the foot is lifted off the
ground, has motor units that are active intermittently and contains type IIA and
IIB muscle fibres, which are fatiguable and fast contracting. So the soleus is a
slow muscle and the TA is a fast muscle. The different patterns of activity
imposed upon these two muscles and their different properties are illustrated in
Fig. 1.12.

N ]
o[ /N = N

Fig. 1.12 Recordings from two rabbit hindlimb muscles: soleus (left) and tibialis anterior (right).
(a) Electromyographic recordings from these muscles show continuous activity in the soleus
muscle, whereas in the tibialis anterior muscle activity is only present when ankle movement was
elicited by pinching the paw. (b) Records of tetanic contractions from the same muscles in
response to stimulation at 40 Hz show that soleus muscles contracts slowly and the tetanic contraction
is fused, whereas the tibialis anterior muscle contracts rapidly and the tetanus is not fused (see
ripples). (¢) Records of single twitches show that soleus (left) contracts and relaxes more rapidly
then tibialis anterior (right). The intervals between the dots represents 10ms. (Reproduced from®
with permission from Springer)
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Fig. 1.13 Cross-innervation of two rabbit hindlimb SOLEUS C. X-inn.
muscles: soleus and tibialis anterior. Recordings of
contractions of the soleus muscle show that the

slow time course of contraction becomes fast when

the soleus receives the nerve that previously inner-

vated the tibialis anterior muscle (a). The converse
is true of the tibialis anterior muscle, which
becomes slow contracting when it receives the

soleus nerve (b). All recordings were carried out 3 =~ w==xs------
months after cross-innervation

TIB. ANT. C. X-inn.

1.3.2 Changing Muscle Properties by Altering Their Innervation

When the nerves to these muscles with completely different properties were
interchanged (X-inn) the slow soleus muscle which now was activated intermit-
tently by the motoneurones that previously innervated the TA muscle became
fast contracting (Fig. 1.13a) and the TA muscle became slow (Fig. 1.13b). Thus
the nerve changed the contractile characteristics of these two hindlimb
muscles.’

What tricks does the nerve use to achieve this? The simplest explanation is
that it makes the slow soleus muscle work intermittently as though it is a TA
muscle and the TA muscle work continuously as though it is a soleus muscle and
that this change of the activity transforms the muscle from one type to another.
If this was the case then it should be possible to achieve such changes without
interfering with the nerve, but by imposing a novel pattern of activity on the
muscle either by interfering with the control of movement or directly by electrical
stimulation.

1.3.3 Changing Muscle Properties by Altering Their Activity

The soleus muscle of most mammals is a slow contracting (Fig. 1.14) postural
muscle and is activated continuously during posture, which includes subtle changes
of muscle length (Fig. 1.14a). These changes are mediated via sensors (muscle
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spindles) in the muscle and nerves that pass these signals to the motoneurones in
the spinal cord.®> When the muscle cannot be lengthened, or the signals from the
special sense organs are interrupted, then the activity to the soleus motoneurones is
reduced (Fig. 1.14b). After a few weeks of such reduced activity, the soleus muscles
become to resemble fast muscles and no longer produces a sustained slow contrac-
tion (Fig. 1.14d). Thus without interrupting its nerve supply, soleus muscles can be
changed when its activity is reduced. Reduction of activity can be achieved by
temporarily stopping impulse traffic along the nerve by cutting the tendon, or by
hindlimb suspension. All these manipulations produce changes in the slow soleus
muscle that made it more similar to a fast muscle.

Moreover, if such a soleus muscle that had a reduced natural activity is electrically
stimulated by a pattern of activity that resembles a normal soleus muscle, it will
remain slow contracting and retain characteristics typical of a slow muscle! (Fig.
1.15 Top panel A and b) while activity typical of a fast muscle will not achieve this
(Fig. 1.15 Bottom Panel A and B).

Can an originally fast muscle be converted into a slow one and acquire all the
characteristic properties of a slow muscle? The answer is yes, provided the right
type of activity is imposed on a fast muscle by electrical stimulation.!” There is now
overwhelming evidence that when fast mammalian skeletal muscles are activated
electrically for several weeks by a pattern of activity that is normally typical of a
slow muscle: i.e. it is more or less continuous, and the frequency is relatively slow,
the fast muscles became to resemble slow muscles. They became slow contracting
and fatigue resistant (Fig. 1.16).'°

| I |
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Fig. 1.14 Recordings from soleus muscles. Electromyographic record from (a) normal soleus, (b)
after cutting its tendon, (c) twitch contraction from normal soleus, and (d) 1 month after cutting its
tendon. (Reproduced from® with permission from Springer)
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Fig. 1.15 Records of contractions Soleus muscle

taken from a control soleus muscle
(top panel A and bottom panel A)
and soleus muscles that had their
tendons cut and were electrically

stimulated at slow, 10Hz (top panel

B) and fast 40 Hz (bottom panel B). 100g 5g
Note only the slow 10Hz stimulation

preserved the slow contraction.

(Reproduced from'® with permission
from Blackwell Publishers) s s

Control 10 Hz stim

Fig. 1.16 Single twitches recorded

from a control tibialis anterior (fast) and

a tibialis anterior electrically stimulated

for 3 weeks (slow) are superimposed.

Note that the stimulated tibialis anterior

became slow contracting. (Reproduced 75 g
from® with permission from Springer)

Control

Several observations confirmed this finding and led to thorough investigations
as to the molecular changes underlying this transformation. One example of such a
change is the increase of oxidative enzymes in the fast TA muscles (Fig. 1.17).

Indeed, chronic low frequency stimulation has become an excellent model to
study what (a) determines muscle properties, and (b) the different patterns of activ-
ity that do so. A series of investigations elucidated activity-induced changes in
most components of skeletal muscle fibres and these have been described in several
reviews!? and are summarized in Fig. 1.18. Finally, so consistent and dramatic were
the changes produced by a particular activity pattern employed during chronic
stimulation that it lead to the hypothesis that activity is able to change gene expression
in highly specialized cells such as muscle fibres.!
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Fig. 1.17 Histochemical staining of
tibialis anterior muscle. Histochemical
staining for an oxidative enzyme succinate
dehydrogenase in cross-sections of control
(a) and electrically stimulated (b) tibialis
anterior muscle. (Reproduced from'' with
permission from Springer)

Fig. 1.18 Molecular changes induced Summary of changes in relation to function
by electrical stimulation. A summary of
molecular changes induced by electrical .
stimulation responsible for the altered 1. Capillary growth

function of the muscle is given \

2. Transportacross _________ Fatigue
cell membrane resistance

—

3. Energy supply

4. Ca* handling by

sarcoplasmic

reticulum and

parvalbumin \
Contraction

and
relaxation
5. Sarcomere and —m
cytoskeleton

Finally, we have learned from experiments with electrical stimulation that: (1)
fully differentiated excitable cells can be permanently modified by activity, (2) all
aspects of the muscle fibre are influenced, (3) the changes occur in a coordinated
manner, and (4) the changes involve altered gene expression.
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Fig. 1.19 Model of specific patterns of activity linked to distinct gene expression. A model for
a calcineurine dependent signalling pathway linking specific patterns of activity to distinct programs
of gene expression that establish the differences between slow and fast muscle fibres. Cyclosporin
A, which blocks the calcineurine pathway and inhibits the expression of the slow program.
(Reproduced from' with permission from Cold Spring Harbor Laboratory Press)

In addition, unlike exercise, electrical stimulation can readily activate muscle
fibres that can voluntarily be activated only rarely and for short periods of time
during movement or exercise. Therefore it can reveal the entire adaptive poten-
tial of skeletal muscle fibres. These advantages allowed scientists to explore the
mechanisms that control muscle fibre properties at the level of genes. A partic-
ular set of messenger molecules has been identified that translate the signals
produced by activity into changes of the genetic code that determines muscle
properties. A schematic representation of this signalling pathway is shown in
Fig. 1.19.

The importance of the frequency of electrical stimulation on the changes of
muscle properties has been known for a long time.'* Recently it has been shown
that the signalling pathway that controls whether a muscle fibre is slow or fast
(see Fig. 1.19) is regulated by the frequency of the electrical impulses that the
muscle fibre receives.!> We now have a system that allows us to understand the
mechanism by which skeletal muscle fibre properties are regulated at the level of
the gene.

1.4 Studies on Denervated Muscles

All the results on the effect of electrical stimulation on skeletal muscle described
here were obtained on muscles that had an intact innervation. In this situation the
muscle fibres are activated by the nerve and via their neuromuscular junction, just
like during normal activity. Even if the electrodes that produced the activity are
placed directly on the muscle, the activity would still be initiated by the motor



20 G. Vrbova

nerves, because the nerves inside the muscle are much more readily activated by
electrical impulses then muscle fibres. It is possible that the muscle can only
produce these adaptive changes when it is stimulated through its nerve, but if it
were to be stimulated without the nerve it might not be able to respond to electri-
cally induced activity and adapt.

If the nerve to a muscle is damaged then the motor axons in the muscle
degenerate and disappear so that the muscle can no longer be excited by the
nerve. Such a muscle is called a denervated muscle. Even though such a muscle
can no longer be activated by its nerve it can be made to contract if the elec-
trodes are placed directly onto the muscle and large currents are used to excite
the muscle fibres themselves. Under these conditions only the muscle itself can
be responsible for any stimulation-induced changes. When the adaptive poten-
tial of a denervated muscle was tested, it was found that just like a normal
muscle its properties could be altered by electrical stimulation. The changes
obtained depended on the type of activity imposed upon the muscle. When the
denervated muscle was stimulated for long periods of time at low frequency it
became a slow postural muscle, but when it was activated intermittently with
burst at high frequencies it became a fast contracting muscle.!® Thus the ability
of the muscle to change its properties is inherent in the muscle itself and can
occur without the nerve. However this situation arises only after injury to the
nervous system or peripheral nerves.

1.5 Results on Human Muscles

Most of the results described here were those obtained from animal experiments.
However there is now evidence that human muscles are responding to activity in
a similar fashion as those of animals. Human leg muscles that have been inactive
for long periods of time become more fatiguable and resemble fast muscles.!”
Inactivity has many other deleterious effects on human muscles, such as loss of
weight and reduced ability to produce force. These changes are a great disadvan-
tage in many situations where restoration of function is attempted, and it is there-
fore of great importance to reverse or prevent them. This indeed can be achieved
by electrical stimulation of the inactive muscles. In several studies on patients
that had inactive muscles, either due to injury or bed rest, it was shown that most
inactivity induced deterioration of the muscles can be reversed by appropriate
electrical stimulation.

In a recent study on patients with spinal cord injury it was shown that even if the
muscles lost their innervation their function could be restored by electrical
stimulation.'

The possibility of restoring inactivity-induced changes in human muscles is
extremely important in many situations discussed in another chapter of this
book.



1 Plasticity of the Mammalian Motor Unit 21

1.6 Comparison of Electrical Stimulation to Exercise

Muscle activity induced by electrical stimulation is in many respects unnatural and
has often been viewed with some reservation. Two fundamental differences exist
between voluntary or reflexly elicited contractions and those induced by electrical
stimulation of muscle. During voluntary or reflex movements motor units are acti-
vated asynchronously and a strict hierarchical order of recruitment is always main-
tained. During this hierarchical recruitment of motor units the smallest motor units
are activated first followed by contractions of larger units. Therefore during volun-
tary movement the largest motor units are least active and are used only during
maximal effort. When electrical stimulation of the muscle is used to activate the
muscles this order of recruitment is cancelled; indeed due to the biophysical proper-
ties of the axons that innervate the muscle the largest motor units are activated
preferentially and therefore the parts of the muscle that are usually used rarely are
active most frequently. However during electrical stimulation it is the motor units
that are normally least active that experience the biggest increase in their use and
consequently the biggest change in their characteristic properties. Thus electrical
stimulation by bypassing the hierarchical order of recruitment, indeed by reversing
it, is able to activate those motor units and muscle fibres that are only activated
during most strenuous exercise. It can therefore exploit the adaptive potential of
muscles more efficiently then exercise and maintain much higher levels of activity
over time then exercise. This enhanced activity is restricted to specific target mus-
cles and is unlikely to have unwanted systemic effects. Finally, high amounts of
activity can be imposed on a muscle from the beginning, since the CNS, cardiovas-
cular and other systems will not interfere or limit the amount of activity carried out
by the muscle, as is the case during exercise.'?

On the other hand, there are several functions that electrical stimulation of indi-
vidual muscle groups cannot accomplish and that are unique to exercise induced
activity. During exercise-induced activity coordinated movement is carried out and it
is therefore likely that the individual’s skills in carrying out movement of this kind
will improve. Thus, while exercise can improve coordination, electrical stimulation
is unlikely to do so. In addition the flexibility of joints and lengthening of muscles
can be improved by exercise but not by electrical stimulation. Particular exercise
regimes such as Pilates and yoga are particularly effective in achieving these goals.

Improvement of the cardiovascular system is also more easily achieved by exer-
cise. Nevertheless, it can be argued that having muscles that are less fatiguable then
usual, an advantage that is readily achieved by electrical stimulation, enables the
individual to exercise more efficiently and achieve all the goals regarding fitness
more readily and in a shorter time.
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understanding of the subject discussed in this chapter. I would like to give special thanks to
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Chapter 2
Cardiovascular System: Changes with Exercise
Training and Muscle Stimulation

Olga Hudlicka

Abstract This chapter explains the function of the heart, regulation of blood pres-
sure and blood flow and the importance of endothelial vessel lining in the normal
adult organism. It also shows the importance of capillary supply in the function of
skeletal and heart muscle and the effect of training and skeletal muscle electrical
stimulation on these parameters. Many of these functions are changed in aging,
hypertension, heart failure, peripheral vascular diseases, muscle immobilisation
and denervation, spinal cord injuries and healing wounds. The beneficial effect
of exercise training and muscle stimulation on the cardiovascular system in these
diseased states are explained and compared.

Keywords Heart, blood pressure, large blood vessels, arterioles, capillaries, shear
stress, endothelial function and dysfunction, aging, hypertension, heart failure, stroke,
peripheral vascular diseases, oedema, muscle atrophy, spinal cord injuries, wounds

2.1 Function of the Cardiovascular System
in the Normal Adult

2.1.1 Heart and Peripheral Circulation

The heart in an adult 70kg heavy man pumps about 5-5.5 litres blood per minute from
the left ventricle to the body via the largest vessel, the aorta. The same amount goes from
the right ventricle through another large vessel, the pulmonary artery, to the lungs where
the blood takes in oxygen from the air and releases carbon dioxide that had been carried
from different tissues as a waste product of tissue metabolism. The oxygenated blood is
distributed through a system of large and smaller vessels to all organs in the body. Blood
to the head including the brain, goes through the carotid arteries, to the heart via the coro-
nary and to the kidneys via renal arteries, to the arms via brachial and to the legs via
femoral arteries. Blood flow through the heart and the vessels in explained in Fig. 2.1.
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Fig. 2.1 The heart (top) is divided into right and left ventricles (RV, LV) from which blood
is flowing to the lungs through the pulmonary artery (PA) and to the rest of the body through
the aorta. Blood is returning from the body via the inferior and superior vena cava (IVC, SVC)
to the right atrium (RA) and through the tricuspid (T) valve into the right ventricle from which
is goes into the lungs. The red blood cells take up oxygen and blood flows thought the pulmo-
nary veins into the left atrium and via the mitral (M) valve into the left ventricle. The valves
are named after the shape — the tricuspid having three leaflets, the mitral only two resembling
the mitre.

The bottom panel shows the distribution of pressures in the circulation with high pressure
system (left) in the arteries and low pressure system (right) in the veins. The arrows inside the
vessels and in the hearts chamber indicate blood flow. When the pressure in the left ventricle
exceeds the pressure in the aorta, the aortic valve opens and the aorta expands due to the elas-
ticity of its walls. As the blood goes to different organs through the aorta and large vessels
(such as the brachial supplying the arms or femoral supplying the legs) the pressure in the aorta
gradually decreases and, when it is lower than in the heart, the aortic valve shuts. However,
the elasticity of the vessels keeps the blood flowing into smaller vessels, the arterioles (see Fig.
2.2) that can alter their diameters very efficiently. From these, blood is distributed into capil-
laries, the most numerous vessels in the body and then flows into venules and veins and returns
to the heart. (Modified from' with permission of B. Folkow and Oxford University Press.)
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Once the vessels reach the individual organs (skeletal muscles, heart, brain, skin
etc), the main arteries, called feed arteries, divide into smaller multiple branches,
called arterioles (see Fig. 2.3). These deliver blood to even smaller vessels, called
capillaries, small tubes where the red blood cells, the cells carrying oxygen, are
flowing in single file and are in close contact with the capillary wall. The number
of red cells, as well as their speed of movement, varies among capillaries, particu-
larly in resting muscles, and thus the supply of oxygen to different parts of the
muscle is not homogeneous (see Fig. 2.4a). However, it becomes more homogene-
ous in contracting muscles and also in muscles whose activity had been increased
by training or long-term electrical stimulation. The capillary wall is formed by only
one layer of cells called endothelial cells. As the barrier between blood and tissue
in capillaries is very thin, the delivery of the nutrients to the cells of individual
organs, necessary for their metabolism and function, as well as the removal of the
waste products, is very efficient. Under normal circumstances plasma proteins do
not leave the capillaries However, there is free passage of water, ions and nutrients
into the space outside capillaries. Some of the fluid is then collected as lymph in
lymphatic vessels, small tubes similar to capillaries that are gradually linked to
larger tubes and eventually drained back into the large veins. If, for instance, the
pressure in the veins in the legs is increased, the lymph cannot pass freely and
swelling (oedema) occurs. The blood leaving capillaries is collected by the system
of venules and veins. The pressure in the veins is much lower than in the arteries
and this allows the continuous flow of the blood back to the heart. The return is
facilitated by muscle movements which help to propel the blood. The valves in the
veins prevent the backflow and are particularly important in the legs. This so called
venous return is also helped by changes in the pressure in the abdominal and tho-
racic cavity during respiration.

Blood enters the right side of the heart and goes to the lungs and then to the left
side of the heart and through the aorta and arteries (see Fig. 2.1) to the periphery.
In normal adults, the heart beats rhythmically at about 70 times per minute. Each
beat has two phases: the phase called diastole when the heart muscle relaxes and is
filled with blood and the ventricles expand. This is followed by the contraction of the
heart, systole, during which blood is expelled to the lungs through the pulmonary
artery from the right heart and to the body through the aorta from the left heart.

The amount of blood pumped by the heart every minute is called the cardiac
output. It depends on the heart rate and the volume of blood expelled by the heart
with each beat is called stroke volume. Both heart rate and stroke volume can
change under the influence of nerves and hormones which regulate their function,
for instance, during exercise or stress. When both heart rate and stroke volume
increase, more blood could be delivered to the active skeletal muscles (in case of
stress or fear to get muscles ready to run away from danger). The pressure in the
large vessels under which blood is expelled during each heart contraction (systole)
is measured as systolic pressure. It depends on the force of the heart contraction and
the capacity of the large vessels, that is, on the volume of blood these vessels can
accommodate owing to their elasticity. This is similar to a balloon: the more elastic
its walls, the greater volume it can accommodate. The elasticity also helps to maintain



26 O. Hudlicka

blood flow to the individual organs during the time when the heart muscle relaxes
(diastole), the valve to the aorta is shut and no blood is coming out of the heart.
Both systolic and diastolic pressures also depend on the resistance against which
the blood has to be pumped. This is regulated by the activity of the smooth muscle
cells in the smaller vessels in the body. When the cells contract, the vessels con-
strict (they are narrower) and their resistance increases. When smooth muscle cells
relax, the vessels dilate and the resistance decreases.

The wall of most vessels, with the exception of capillaries, is composed of a lin-
ing of endothelial cells and several layers of smooth muscle cells (more in larger
arteries, fewer in arterioles and even fewer in veins).

In the large arteries, the smooth muscle cells are interwoven with elastic
fibres. On the outer side of the vessels is a layer of connective tissue with
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Fig. 2.2 Schematic structure of a large artery, arteriole and capillary and electron microscopic
picture of a capillary. Top panel, left — large artery (such as brachial or femoral) with many
smooth muscle cells. The aorta has fewer smooth muscle cells and many more elastic fibres, the
veins have few elastic fibres and smooth muscle cells and more collagen fibres. The most inner
layer, the intima, has many more endothelial cells than shown here.

Arterioles have usually only several layers of smooth muscle cells some of which are inner-
vated and a layer of endothelial cells. Capillaries are composed of endothelial cells that are in
most tissues closely apposed to each other and are occasionally surrounded by pericytes —
precursors of smooth muscle cells. The red blood cell inside the capillary is marked as RBC.
(Modified from?@43,)



2 Cardiovascular System 27

nerves which end in smooth muscle cells. Large vessels contain tiny blood vessels
necessary for the nutrition of the vessel wall. The inner lining contains cells
called endothelial cells which are able to release many substances when blood
passes through the vessels. These substances act on the smooth muscle cells
producing either contraction (and vessel constriction) or relaxation (and vessel
dilatation).

Endothelial lining in all vessels plays an important role in the maintenance
of their reactivity and normal blood flow. It is maintained by normal mechani-
cal forces such as pressure on the vessel wall and shear stress, that is a friction
between red blood cells and the vessel wall. Normal function of endothelial
cells is very important in the maintenance of the ability of vessels to dilate (or
constrict) under different conditions and in the ability to prevent clotting and/or
sticking of white blood cells to the vessel wall. Constriction or dilatation of
vessels is also regulated by the activity of nerves, various metabolites and
mechanical factors, and all these contribute to the control of the distribution of
the blood expelled during cardiac contraction to different organs in the body.
Under normal resting circumstances the greatest proportion of blood (about
24%) goes to the liver and the intestines, 20% to the kidneys, 20% to skeletal
muscles, 13% to the brain, 8% to the skin, 5% to the heart and 5% to the bones
and other tissues. This distribution can change dramatically during exercise,
when the most active tissues — skeletal muscles and heart — receive more blood
(skeletal muscle up to 20 times and cardiac muscle three times more) while the
abdominal organs and the kidney receive less. Blood supply to the brain does
not change with exercise.*

The following section deals mainly with changes occurring in skeletal
muscles.

2.2 Vascular Supply and Microcirculation in Skeletal Muscles

Figure 2.3 shows a scheme of blood supply of a skeletal muscle with a feed artery
branching from a larger artery and a system of arterioles, capillaries and
venules.

As explained in the previous chapter, there are two main types of skeletal
muscles: postural muscles, such as back muscles and some muscles in the legs.
These are slowly contracting but can maintain the contraction for a long time
without fatigue. The other type, fast contracting muscles, are moving the joints
bringing them closer together when contracting and returning them to their original
position when relaxing. They thus enable the movement of different parts of the
body. The postural muscles need more oxygen and have a much denser vascular
supply than the fast contracting muscle.

Most human muscles are mixed but even there the muscle fibres which need
more oxygen are better supplied by capillaries (Fig. 2.4).
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venule
arteriole

Fig. 2.3 Vascular supply and microcirculation in skeletal muscle. Top: A feed artery (sometimes
one, more frequently more than one) is branching from a larger artery and after entering the mus-
cle divides into numerous arterioles. These are eventually divided into numerous capillaries with
interconnections and blood then enters a venule, larger venules and vein. (Modified according to’.)
Bottom. Real picture of capillary flow in skeletal muscle as observed under the microscope (a)
arrow shows flow of the red blood cells from a small arteriole into two capillaries (b) flow in a
capillary with many (top) and fewer (bottom) red blood cells (c) flow from capillaries into a venule.
Note that red blood cells have different shape depending on their number and interval in individual
capillaries. (From® with permission of Elsevier.)

2.3 Exercise and Electrical Stimulation Can Change
Muscle Metabolism, Performance, Capillary
Supply and Blood Flow

2.3.1 Changes in the Cardiovascular System During
Acute Exercise

Skeletal muscles are the main tissues activated during exercise. To meet their
demand for blood flow, cardiac output has to increase. This increase (by about 20%
during mild, and up to 300% during strenuous exercise) varies with the number of
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il
Fig. 2.4 Capillary bed in fast (a and ¢) and slow (b and d) rat skeletal muscles. a & b are cross
sections of a fast (extensor digitorum longus, EDL; Fig. 2.4a) and slow soleus (Fig. 2.4b) muscle
with staining depicting capillaries as black dots. Note that EDL has fewer capillaries than soleus.
¢ & d are casts of the vascular bed in EDL (and soleus). The vessels were injected via the aorta
with polymer. The muscles were taken 1h later and muscle tissue was digested overnight. The

casts were then coated with platinum and examined using the scanning electron microscope
(from?)

contracting muscles and the intensity of contraction. It is enabled by increase in
stroke volume and in heart rate. However, in order to allow enough time for the
blood to be brought back to the heart and to fill the heart ventricles adequately, the
heart rate should not increase more than 180 beats per minute. If it exceeds this
value, the duration of diastole will be too short for the heart ventricles to fill with
enough blood so that the amount expelled during the following contraction (systole)
will be too small and cardiac output would not increase enough. As the volume of
blood ejected by each heart beat is limited, the total cardiac output is redistributed
to meet the need of more active organs. Thus, during strenuous exercise over 70%
of the total cardiac output is going to the muscles, and only 11% to the kidneys and
the abdominal organs, 4.3% to the heart as well as to the brain, even if in absolute
value the brain receives the same amount of blood as under resting conditions and
the heart about three time more.
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While the increase in muscle blood flow during muscle contractions is initi-
ated by many factors, the increase in the cardiac output and its redistribution is
due mainly to the higher activity of the nerves which augment the force of the
heart contraction and increase heart rate. They also constrict vessels to the organs
not involved in exercise such as kidneys and liver. These nerves are activated
partly by the higher nerve centres in the brain, partly by a set of nerve fibres
turned on by muscle movements and changes in muscle metabolism occurring
with skeletal muscle contraction. The sum of these nervous activities results in an
increase in systolic blood pressure while diastolic pressure remains more or less
constant.’

It is still not quite clear what initiates the increase in muscle blood flow. It is
likely to be the result of many factors acting in coordination. The primary force
causing blood to flow through vessels is the difference in pressures between the
arterial and venous part of the vascular bed. The first few muscle contractions
squeeze blood out of the veins and the pressure there lowers. The pressure differ-
ence between arteries and veins thus increases and initiates the increase in flow.
Contracting muscles release a number of various metabolites that cause relaxation
of the smooth muscle cells in arterioles. This enables more blood to enter the
capillaries and therefore there are many more red blood cells in each capillary than

' Scheme of microcirculation of skeletal muscle at rest
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Fig. 2.5 Scheme of muscle microcirculation at rest and during isometric contraction. TA =
terminal arteriole, V = collecting venule. Red blood cells (RBC) are depicted as black dots.
Capillaries in a resting muscle have fewer RBC and some capillaries have none, but are still vis-
ible under the microscope. During contractions, the terminal arteriole is dilated (has a larger
diameter than at rest) and almost all capillaries are filled with RBC which also move much faster
that at rest. Various metabolites released from contracting muscle fibres act on smooth muscle
cells in the terminal arteriole and dilate it. They also act on capillary endothelium (arrows from
muscle fibre to terminal arteriole (TA) and to a capillary. This causes perfusion of more capillaries
with red blood cells and their increased velocity. Capillary endothelium can send signals towards
terminal arteriole and up to the other arterioles and feed artery (ascending dilatation)
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at rest. Relaxation of smooth muscle cells in the smallest arterioles spreads towards
the larger arterioles and to the feed arteries via the endothelium and allows a great
increase in the inflow to the whole muscle (Fig. 2.5).

The increased flow causes an increased friction of blood against the endothelial
lining of the vessel wall (called shear stress) and this force triggers a release of
various substances from the endothelial cells that help to sustain the dilatation®
(Fig. 2.6).

Dilatation of arterioles allows a greater amount of blood to enter capillaries and
thus to improve the delivery of oxygen and nutrients, and removal of metabolites,
such as lactic acid. The distribution of red blood cells in capillaries in resting
muscles is not homogeneous: some have very large gaps between individual cells
while others have cells tightly packed and very few capillaries have only plasma
without red blood cells (see Fig. 2.4). However, this distribution changes in time
and space, and the red blood cells also move, in some capillaries fast, in others
slowly. This inhomogeneity of perfusion, as it is called, changes dramatically in con-
tracting muscles: with increasing frequency and intensity of contractions more and
more capillaries have red cells with smaller gaps between cells and the velocity of
movement of individual cells increases. Consequently the distance from red blood
cells to the centre of any muscle fibre is smaller and the supply of oxygen is
better. As the velocity of capillary flow during muscle contractions increases, the
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Fig. 2.6 Interaction of capillary shear stress, metabolites released from muscle fibres and
endothelial cells and relaxation and contraction of smooth muscle cells. Vessels dilate when
smooth muscle cells in their walls relax and constrict when they contract. Contraction of the smooth
muscle cells can be elicited by the action of nerves or hormones (adrenalin, noradrenalin, angi-
otensin and others). Relaxation is due to metabolites released from skeletal muscle fibres during
contractions, and also from muscle fibres undergoing atrophy. It can also be induced by various
substances released from endothelial cells exposed to shear stress such as nitric oxide (NO).
Inadequate release of NO under various conditions (aging, hypertension, heart failure, peripheral
vascular diseases etc) causes inadequate relaxation of the smooth muscle cells and thus lack of
dilatation and increased flow during muscle contraction or after short term limitation of blood flow
(reactive hyperaemia)
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exchange of fluid and the lymph flow is also higher and this is very important in
the treatment of various conditions, as we will discuss later.

Blood flow during isometric contraction, during which the muscle does not
change length but develops force without shortening, increases usually much less
than during contractions when the length of the muscle changes. As the force of
isometric contraction increases, blood flow actually stops as the pressure, devel-
oped by the force of muscle contraction is greater than the arterial pressure.

The increase in flow varies with muscle type and with the type, duration and
intensity of exercise. Different types of activity increase blood flow in different
types of muscles. During exhaustive exercise, blood flow increases in fast contract-
ing or mixed muscles. During sprinting it rises only in fast contracting muscles and
exercise of moderate intensity and prolonged duration enhances it in muscles or
their parts composed of highly oxidative fibres.” The absolute increase during mild
contractions in muscles composed of slow contracting muscle fibres with high
oxidative metabolism is relatively small as their resting flow is several times higher
than in the fast contracting muscles.

2.3.2 The Effect of Endurance Training

Endurance exercise training results in increased cardiac stroke volume, mainly due
to increased contractility of the heart muscle. This is facilitated by increased venous
return (that is more blood entering the heart during each diastole due to muscle
movements and changes in respiration). Both help to propel the blood back to the
heart and increase the filling of the ventricles — an important factor in increasing
the force of cardiac muscle contraction. In the long-term, this leads to enlargement
of individual muscle cells in the heart and increased heart weight — in other words
heart hypertrophy. At the same time the increased force of heart muscle contrac-
tions activates some growth factors which are important in stimulating growth of
capillaries and larger vessels supplying the heart so that the nutrition of the enlarged
heart is well maintained. As the stroke volume increases, the need to increase
cardiac output by increasing heart rate diminishes, and in well trained athletes the
resting heart rate is actually considerably lower (sometimes as low as 40 beat per
minute) than in untrained people. In spite of increased stroke volume blood
pressure is not higher mainly because the vessels in working muscles dilate and the
resistance to flow is diminished. In the end, blood pressure in trained athletes is
slightly lower than in untrained people.'

Training leads to many changes in the whole organism, but they first appear in
skeletal muscles. The capacity to extract oxygen from blood is much higher in endur-
ance trained athletes. Consequently, the need to increase blood flow for the same
amount of exercise is smaller, provided the exercise is performed at submaximal lev-
els. At rest muscle blood flow is slightly lower than in untrained people. With maxi-
mal work load muscle blood flow increases more in endurance trained people than in
control subjects; however the increase is similar to controls in sprinters. Experimental



2 Cardiovascular System 33

work that allowed measurements of flow in muscles with different muscle fibre com-
position showed that sprint training resulted in increased flow in fast contracting
muscles with glycolytic metabolism with no change in slow contracting highly oxida-
tive muscles while the reverse was true for endurance training (Fig. 2.7). Strength
training does not alter muscle blood flow either at rest or during contractions. Due to
reduced activity of sympathetic nerves in trained subjects, the reduction of blood flow
in non-working organs such as the liver is less than in untrained people.

Training leads to extensive changes in the structure of the vascular bed. Different
types of training cause growth of new capillaries depending of the type of muscle,
or muscle fibres that are involved. Endurance training increases capillary supply in
muscles composed of mainly oxidative fibres. In fast contracting muscles with
glycolytic (predominantly anaerobic) metabolism capillary supply increases with
sprint training (Fig. 2.7) whilst strength training has little effect. Endurance training
also increases the total capillary transport capacity for water and solutes. The
number of small vessels branching into capillaries and arterioles increases with
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Fig. 2.7 The effect of training on capillary supply and blood flow in different skeletal muscles.
High intensity sprint training (top panels) and low intensity endurance training (bottom panels)
affect differently muscle blood flow ml/100g/min™' (a, ¢) and capillary supply (c/f ratio, b, d) in
muscles with predominantly glycolytic (empty columns) and oxidative (black columns) muscle
fibres. Blood flow and capillary supply is always higher in oxidative than glycolytic muscles and
is not altered by sprint (top) training. It is increased by endurance training (bottom): the height
of the black columns is higher after training than before and this is marked by asterisks. In con-
trast, endurance training does not affect either blood flow or capillary supply in glycolytic mus-
cles (the height of the white columns does not change) but sprint training increases both as shown
by the higher white columns in the top part of the figure, * denotes the differences. First 2 col-
umns of each graph represent values before training and the second 2 columns of each graph
represent values after training. (Modified according to''.)
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endurance training but is not altered by sprint training. Endurance training also
increases the diameter of arterioles and feed arteries. This enables the increase in
muscle blood flow to muscle groups involved in any particular type of training dur-
ing maximal performance.'?

In contrast to endurance training, training for strength, so called resistance
training, increases blood pressure and cardiac output and leads to heart hypertro-
phy. Although the diameter of the arteries supplying the bulk of trained muscles
(brachial artery in strength training of arms, femoral artery in strength training of
leg muscles) increases, the findings on the changes in capillary supply are rather
controversial and mostly agree on only very modest, if any, increase.

Growth of new vessels resulting from increased muscle activity is initiated by
increased blood flow and some growth factors. As mentioned above, blood flow in
skeletal muscles increases with each contraction. This is due to a number of mainly
metabolic factors which produce dilatation of the smallest arterioles that spreads
towards large vessels. Higher blood flow and higher velocity of red blood cell
movement causes a greater friction between the blood and the vessel walls (shear
stress) and, in turn, release of substances like NO from the endothelium. This,
together with some growth factors, starts growth of the smallest vessels, capillar-
ies.!? Gradually, some of the capillaries are changed into arterioles and the
whole vascular bed in trained muscles expands. Increased blood flow and the
resulting release of NO causes enlargement (wider diameters) even in larger vessels
like the aorta, brachial and femoral arteries. Growth of capillaries as well as arteri-
oles occurs not only in skeletal muscles, but also in the hearts of trained animals.
Indeed, the hearts of so called athletic animals like hares, greyhounds or racing
horses have a much higher capillary supply than rabbits, other types of dogs or
normal horses.'? Training improves endothelial function'? by increasing production
of NO in endothelial cells and in muscle fibres. (NO is an important factor involved
in the relaxation of the vascular smooth muscle cells as well as in capillary growth.)
This is one of the reasons why training is essential in the maintenance of the normal
vessel reactivity under various pathological circumstances as it will be shown in the
following chapters.

2.3.3 Changes in the Circulation in Skeletal Muscles Induced
by Electrical Stimulation

Muscle activity can be increased not only by training, but also by electrical stimula-
tion of individual muscle groups. This involves activation of all muscle fibres
within the stimulated muscles, as explained in Chapter 1. However, stimulation is
usually performed only in a limited number of muscles or muscle groups involving
a much smaller muscle mass than training, particularly endurance training.
Consequently, the general changes in the cardiovascular system, such as cardiac
output or blood pressure, are much smaller than those occurring with training.
Nevertheless, some alterations have been observed in vessels in organs remote



2 Cardiovascular System 35

from the stimulated muscles. Although stimulation has been applied to different
muscle groups, the knowledge of its effect on the vascular system is based almost
predominantly on observations in leg muscles (or hind limbs in animals).

Experimental studies have shown that after low frequency electrical stimulation
capillaries begin to grow very early (after only 2 days) prior to most modifications
of muscle metabolism. This is due to a combination of increased activation of
growth factors and substances released from vessel endothelium by increased shear
stress (Fig. 2.6) which increases with every single muscle contraction.' The
number of capillaries and their total area increases gradually with time reaching a
plateau after approximately 1 month'> and persists for about 6 weeks after the
termination of stimulation. New capillaries first appear around the muscle fibres
with glycolytic (anaerobic) metabolism which stimulation activates preferentially
to other fibres (see Chapter 1). This is different from endurance exercise which
recruits predominantly oxidative muscle fibres with capillary growth appearing
first around these fibres. However with continuous stimulation capillaries appear
everywhere so the capillary network is very dense and becomes homogeneously
distributed (Fig. 2.8).

Capillaries also become more tortuous (Fig. 2.9).

This, as well as their increased numbers, increases their surface area available
for exchange of nutrients, water and oxygen and thus allow improvement of muscle
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Fig. 2.8 The effect of electrical stimulation of fast muscles (extensor digitorum longus and
tibialis anterior). Cross section of a rat extensor digitorum longus that had been stimulated at a
frequency naturally occurring in nerves supplying slow muscle (10 impulses per second, for 8h
per day) for 7 days (right) and of a control muscle (left). The capillaries are represented as black
dots. Compare with Fig. 2.4
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Fig. 2.9 Casts of the microvasculature from control and electrically stimulated muscles. The
technique is described in the legend to Fig. 2.4. Capillaries in the stimulated muscle are more
numerous and more tortuous. It is possible to see a newly grown capillary as a sprout (arrow).
(From'® with kind permission of Springer Science and Business Media.)

metabolism. Capillary growth in stimulated muscles is followed by growth of
arterioles and slightly higher maximal muscle blood flow (Fig. 2.10).

Electrical stimulation in patients increased blood flow and transport through capil-
laries more than endurance training."” It also increased the venous pump' (the
amount of blood leaving the muscles during contractions) and improved lymph flow
thus reducing the possibility of swelling (oedema formation)."” Stimulation reduces
the effect of vasoconstrictor nerves and substances causing constriction of vessels,
such as noradrenalin, and improves the capacity of the endothelial cells to generate
NO and thus their vasodilatation (Fig. 2.10). All these changes enhance the delivery of
oxygen and nutrients to muscle cells and removal of waste products and thus
improve muscles resistance to fatigue. Improved muscle performance and capillary
growth following electrical stimulation were also described in human muscles.?

Stimulation at low frequencies (10 Hz) is most effective, but intermittent stimu-
lation at higher frequencies (e.g. 40 Hz) leads to an increase in the number of capil-
laries similar to that achieved by low frequency stimulation, although the onset of
the growth is delayed. Moreover, capillary and arteriolar growth can also be elicited
by long-term administration of drugs that produce vasodilatation as the most
important factor initiating vessel growth induced by electrical stimulation is
increased blood flow.

Changes in the vasculature in stimulated muscles occur much earlier than those
induced by exercise training and are more homogeneous over the whole muscle.
Moreover, some of them, like the increase in the filtration capacity (transport of sub-
stances outside capillaries in the close contact with muscle fibres) which is an indicator
of the total capillary surface area, were greater when induced by short term (4 weeks)
electrical stimulation than by long term (several years) endurance training."”
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Capillary supply (C/F ratio), arteriolar density and maximal
conductance in electrically stimulated fast skeletal muscle
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Fig. 2.10 Changes in the vascular bed in stimulated rat muscles. The number of capillaries
expressed as capillary:muscle fibre ratio — top) gradually increases and is about 70% higher after
7 days of low-frequency stimulation than in control muscles (day 0). The number of small
(=10um) and larger (> 10um) arterioles (middle part) is increased to a similar extent. Total mus-
cle blood flow (bottom) in contracting muscles is higher

2.4 Changes in the Cardiovascular System in Disease
2.4.1 Aging

The whole cardiovascular system changes with increasing age. The size of the cells
in the heart increases and so does the thickness of the left ventricular wall. There is
an increased proportion of collagen, a substance which produces stiffness of the
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ventricular wall and consequently both ventricular filling and emptying is more
sluggish. The capacity of the cardiac pump is thus lower. Although heart rate is simi-
lar in old and young people, it does increase much less in the former during exercise,
and so does cardiac output. Blood pressure increases with advancing age because the
elasticity of the large vessels is lower and they cannot expand to accommodate the
volume of blood ejected by the heart. The gradual development of arteriosclerosis
with increasing age also contributes to the diminished elasticity of the large vessels.
The deteriorated endothelial function (called endothelial dysfunction), characterised
by impaired ability of endothelial cells which form the vessel lining to generate vari-
ous substances important in the regulation of the vessel diameter, changes in permea-
bility and ability to prevent blood clotting, plays a part in the impaired vasodilatation
and in an increased tendency for thrombus formation and vessel occlusion. The
higher activity of the vasoconstrictor nerves in old age results in an elevated resist-
ance to blood flow and thus leads to higher blood pressure.!

Blood flow in skeletal muscles during exercise is lower in the arms, but remains
unchanged in the legs. This is explained by the fact that leg muscles are more active
than those in the arms in the course of the life span, their vessels have better blood
flow and thus maintain better their endothelial cell function. Impaired endothelial
function occurs not only in larger vessels such as brachial and femoral artery, but
also in vessels in skeletal muscles and skin. The increased resistance to flow in
these vessels is due to a diminished capacity to release NO and other substances
contributing to vessel dilatation but also to the fact that elevated activity of
vasoconstrictor nerves blunts the dilatation caused by various metabolites. The bulk
of muscle tissue decreases between the third and eighth decade and represents a
loss of 30-40% of the proportion of fibres with anaerobic metabolism. The number
of capillaries supplying these fibres decreases while muscle fibres with high oxida-
tive metabolism maintain their capillary supply. The number of arterioles also
decreases and the capacity of larger vessels distant from capillaries and small
arterioles (feed arteries) to dilate is diminished. All these changes result in a smaller
increase in muscle blood flow during exercise. As the muscle ability to extract
oxygen from blood is also lower in old age, muscles fatigue more easily.

Although old age affects circulation also in the skin this change is smaller than
in skeletal muscle and temporary stoppage of flow is followed by a smaller increase
in old than in young individuals. This may cause problems in elderly patients with
restricted movements when their skin is exposed to prolonged pressure. Therefore
bed-ridden elderly patients suffer from bed sores.

Some of these changes due to age can be reduced by exercise. Endurance train-
ing decreases systolic blood pressure, reduces the stiffness of the arteries and
increases capillary supply in trained muscles in old animals as well as in patients.
The decreased blood flow in old age is found mainly in highly oxidative muscles
and training improves muscle oxidative metabolism. Training also improves the
impairment of endothelial function in the elderly. It enhances the ability of vessels
to dilate and decreases their tendency to thrombus formation. Well trained athletes
have fewer atherosclerotic plaques in large arteries.?
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Long-term low frequency electrical stimulation changes the pattern of fibre types
in a similar degree in old as in young subjects, but little is known about its effect on
the cardiovascular system. As with young subjects, hardly any improvements can be
expected in the performance of the heart or blood pressure, as stimulation involves
usually only small muscle groups. There are no data on muscle blood flow, but skin
blood flow was improved by stimulation in elderly patients. Capillary supply in stimu-
lated muscles increased to a similar degree in old as in young or middle aged animals.
However, as stimulation induces capillary growth preferentially in the vicinity of glyc-
olytic fibres where the capillary density decreases with old age, chronic electrical
stimulation could be of a greater benefit than endurance exercise in old age.

2.4.2 Hypertension

High blood pressure, or hypertension, has many different causes, but the most
important alterations in the cardiovascular system are similar. The large arteries like
the aorta are more rigid due to the increased content of collagen. Smaller arteries
in hypertensive animals or human beings have usually more smooth muscle cells
and are narrower thus impeding blood flow. Consequently, the heart works against
a greater resistance and the size of its cells as well as the whole cardiac muscle
mass increases. This could improve the force of contraction. However, as the
capillaries supplying the cardiac muscle do not grow, the muscle cells in the heart
are not well supplied by oxygen. Thus the cardiac performance diminishes with
prolonged duration of hypertension leading possibly to heart failure. But even in the
early stages of hypertension the ventricles become stiffer due to an increased
amount of collagen. Their relaxation during diastole, and thus their filling, is
impaired. The slower relaxation of the heart muscle prolongs the duration of diastole.
The heart rate is therefore lower and as the stroke volume does not change, cardiac
output decreases. The number of arterioles in many organs is lower than in subjects
with normal pressure and this limits the flow even if the pressure which drives the
blood is increased.

The distribution of flow to different organs changes with lower flow to the
kidneys, liver, intestines and skin. Although there are fewer arterioles in skeletal
muscle of hypertensive rats, flow in individual arterioles is higher than in controls
and thus the total blood flow is only slightly lower than in controls. However, the
increase during muscle contractions is smaller than in controls. The oxygen and
nutrients supply is also lower in spite of the fact that the number of capillaries in
skeletal muscles is either not changed or only slightly decreased, and the pressure
which forces the flow through them is higher. This may be explained by higher
blood flow velocity in individual arterioles and capillaries. The red blood cells thus
spend too short a time in capillaries and do not release enough oxygen.

The inadequate increase in blood flow during muscle contraction in hyperten-
sion is partly due to the limited capacity of the endothelial cells to produce
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substances (such as NO) important for dilatation of small (arterioles) as well as
larger (brachial) vessels. Another important factor is a higher density of nerve
fibres involved in vasoconstriction.

The vasoconstriction as well as the level of noradrenalin (which also causes
vasoconstriction), is diminished by moderate endurance training which, conse-
quently, lower blood pressure. Exercise may also reduce the left ventricle
hypertrophy and lowers both systolic and diastolic pressures. However, hyperten-
sion reappeared after a 1 month rest period even in subjects who had been trained
for 9 months. Exercised trained animals had normal muscle blood flow and no defi-
cit in capillary supply. Training also restored exercise-induced increase in blood
flow, both in the heart and in skeletal muscle.?* This was due to elimination of the
endothelial dysfunction and to improved generation of NO in small as well as in
larger arteries.!

Although there are no reports on the long-term effect of electrical stimulation on
hypertension, it was shown that only 1h low frequency stimulation decreased blood
pressure in hypertensive rats, possibly due to release of endorphins. It may be that
chronic electrical stimulation applied on a longer time basis could be beneficial in
the treatment of hypertension.

2.4.3 Heart Failure

Heart failure is an inadequate capacity of the heart to pump enough blood to the
periphery to maintain the viability and function of the body organs. It may appear
as a result of long-lasting hypertension when the hypertrophy of the cardiac
muscle fails to overcome the resistance of the high blood pressure; some of the
blood remains in the ventricles expanding them and cardiac output decreases.
Another cause of heart failure is leaky heart valves causing some blood that has
been expelled from the ventricle to return back to the heart. The volume of the
ventricles is then enlarged; this results initially in heart hypertrophy and eventu-
ally in heart failure. Heart attack leaves part of the cardiac muscle replaced by
scar tissue. Thus the ventricle cannot contract properly and expel the blood to the
periphery with consequences described above. Whatever the primary cause,
patients with heart failure have lower cardiac output and heart rate, particularly
during exercise. In addition, particularly in cases of hypertension, the stiffer aorta
does not enlarge to accommodate the blood ejected from the heart with each heart
beat.”> The arteries supplying the limbs in patients with heart failure have also a
smaller capacity to dilate and consequently the amount of blood brought to
skeletal muscles is smaller than normal, even at rest. The deficit in muscle blood
flow is even greater during exercise and this, together with some metabolic and
structural changes, such as shift in fibre composition from aerobic to anaerobic
muscle fibres causes muscle fatigue on exertion.

The small vessels, arterioles, are narrower, constrict more readily and dilate less.
This limits the access of blood to capillaries where the blood flow is more intermittent
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and slower and thus the supply of the essential substances for maintenance of muscle
metabolism is not adequate. In addition, the number of capillaries supplying
muscle fibres is decreased. All these factors, taken together, cause, in the long run,
the reduction of skeletal muscle mass.?

The limited ability of all vessels to dilate is due to the fact that their endothelial
lining has a deficient capacity to generate NO.!* In addition, vessels in skeletal
muscles constrict more readily than in normal individuals as the nerve fibres caus-
ing contraction of the smooth muscles and thus narrowing of vessels are more
active. Indeed, suppression of the high activity of vasoconstrictor fibres in patients
with heart failure increased muscle blood flow. In contrast to normal subjects, where
blood flow during exercise increases in skeletal muscles and decreases elsewhere,
the non-muscle flow remains constant.

Many of the inadequacies of circulation in heart failure can be improved by
exercise, particularly by endurance training which has been used for a long time to
improve recovery after myocardial infarction. Training decreased the diameter of
the enlarged left ventricle, increased stroke volume and diminished the aortic stiff-
ness. It also restored the endothelial dysfunction and thus dilatation of arteries
supplying the limbs and the heart, the coronary arteries. Nevertheless, exercising
only a small group of muscles had no beneficial effect on endothelial function and
thus the capacity of vessels to increase their diameter and blood flow in patients
with heart failure, although it was effective in normal subjects.?”’

There are, however, problems with exercise training in heart failure. As the most
effective training usually engages a great number of muscles, and thus presents a
great demand on the cardiac output, it might not be always possible to use it in
people either with advanced heart failure or in elderly patients. As mentioned
above, exercise with only a small group of muscles is not very effective. An alterna-
tive approach is muscle stimulation. This can be performed in a limited muscle
group and for a much longer period of time than voluntary contractions without
presenting an increased demand on cardiac output.

Short bursts of high frequency stimulation increased indeed the strength and
bulk of thigh muscles in patients with heart failure; low frequency electrical stimu-
lation of thigh and calf muscles increased strength and volume of calf muscles.
It also increased blood flow in the femoral artery (supplying the leg muscles),
increased oxidative metabolism (which is severely decreased in patients with heart
failure) and diminished anaerobic metabolism and improved the walking distance.?
Stimulation also increases emptying of veins and thus reduces venous pressure.
Thus the capillary pressure and the amount of fluid passing out of them is reduced
and oedema — a feature of heart failure — is also reduced. Experimental data also
demonstrated increased capillary supply in chronically stimulated muscles in rats
with heart failure. For some years attempts were made to alleviate the failing force
of the cardiac muscle by surgical techniques called cardiomyoplasty when a skeletal
muscle was wrapped either around the heart or around the aorta and stimulated at
the frequency of the heart beat. However, normal skeletal muscles would rapidly
fatigue and would fail to perform sufficiently strong contractions. It was therefore
necessary to transform them into slow contracting fatigue resistant muscles. In practice,
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a part of a back muscle was stimulated for several weeks at low frequency until it
could contract for long periods of time and such transformed muscle was then used
to assist the work of the failing heart.

2.4.4 Peripheral Vascular Diseases (PVD)

Diseases of peripheral arteries, particularly of the arteries supplying leg muscles,
are of various origins. They all result in one condition called intermittent claudica-
tion, i.e. the inability to walk without the need of frequent stops because of pain.
This affects approximately 15% of the population above the age of 55 years. The
pain is due to lack of oxygen and inadequate removal of metabolic waste products
from the muscle, owing to inadequate supply of blood. The reasons for the limited
blood flow may be a narrowing of one or more of the main arteries due to arterio-
sclerosis, or multiple changes in smaller arteries of different origins, the most fre-
quent one being diabetes. With the progress of the disease the supply of blood to
capillaries reaches the level which is inadequate to sustain the viability of the tissue.
The pain then occurs even at rest and the developed critical limb ischemia leads to
a permanent damage of the limb and often requires amputation. However, we are
going to deal here only with the milder form of PVD characterised by intermittent
claudication which can be treated with exercise or electrical stimulation.

Whatever the original cause, the affected skeletal muscles have fewer arterioles
with thinner walls that cannot adequately dilate during muscular contractions. The
proportion of capillaries with intermittent flow increases and that with continuous
flow decreases particularly in muscles composed of highly oxidative fibres. The
slower blood flow through venules results in the changes in their endothelial cells
causing adhesion of white blood cells to their walls.

This limits venous outflow from the muscle and the accumulating waste products
of muscle metabolism stimulate small nerve fibres causing the pain. The number of
capillaries may be lower than in control muscles. However, it sometimes increases as
the lack of oxygen in muscle fibres may activate growth factors involved in capillary
growth. The activity of oxidative enzymes is decreased which further diminishes the
capacity of muscle fibres to extract oxygen. All these factors contribute to the devel-
opment of muscle fatigue and the ultimate arrest of walking or exercising.

The impaired ability of arterioles to dilate is caused by their dysfunctional
endothelium unable to generate NO.? As mentioned previously, NO is a very
important factor not only in the mediation of vessel dilation but also, in concert
with some growth factors, in the regulation of capillary growth. Endothelial cells
are modified not only in capillaries in the affected ischemic limb, but also in remote
muscles, in the kidneys and in larger vessels such as the aorta. That is connected
with increased leakage of protein outside capillaries. Changes in capillary endothe-
lium in the remote organs is possibly caused by white blood cells coming from the
circulation in the ischaemic muscles where their surface had been modified.*
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2.5 Effects of Exercise and Electrical Stimulation
on Peripheral Vascular Diseases

It has long been known that regular exercise can prolong the walking distance
before the onset of pain. However, the amount of exercise is restricted, particu-
larly in elderly patients, by the capacity of their cardiac output that may be
limited by additional complications such as heart disease. Also, the progress of
the illness is usually different in the two legs with circulation in one leg being
more affected than in the other. The patient then has to stop when the pain
occurs in the worse leg. Moreover, exercise increases the activation of white
blood cells, thus increasing their tendency to adhesion to the venular walls. It
also increases capillary leakage which, in the kidney, results in proteinuria
(presence of protein in urine).?!

An alternative to exercise is electrical stimulation. This was studied extensively
in an experimental model where blood flow to one hind limb was limited by liga-
tion of the main supplying artery in a way resembling arterial occlusion in patients.
Blood flow in such muscles was lowered over a period of several weeks both at rest
and during muscle contractions. The arterioles did not dilate when the muscles
were forced to contract due to the impaired ability of the endothelial cells inside
them to generate NO and other substances involved in vessel dilatation Chronic
electrical stimulation induced capillary growth, restored the ability of arterioles to
dilate during muscle contractions and improved blood flow (Fig. 2.11) and the ability
of muscle to work without fatigue.*

Chronic electrical stimulation was also used successfully in patients suffer-
ing from peripheral vascular diseases. As shown in several clinical trials,** it
improved the walking distance and muscle blood flow after 4 weeks (20 min
3xper day) and the effect was maintained for another 2-3 weeks (Fig. 2.12)
afterwards.

The patients used the portable stimulators after initial instructions at home and
when they went for holidays and were very satisfied with the improvement in
their life style. Stimulation can be used for different times for each leg. It acti-
vates white blood cells to a much smaller degree than exercise, probably because
it involves a smaller bulk of tissue. It does not increase cardiac output as explained
earlier and can thus be used in patients who suffer from heart or respiratory
problems.

Disease of peripheral vessels does not only affect arteries supplying skeletal
muscles, but also skin. The poor blood supply to the skin may be first observed
only as cold feet, but eventually poor nutrition leads to ulcers. These are nor-
mally treated with various ointments used for wounds, usually not very success-
fully. Electrical stimulation increased microvessel density and oxygen supply in
the skin of patients with PVD¥ which indicates that stimulation could prevent
the development of skin ulcers occurring under this condition particularly in
patients where the disturbance is due to diabetes.
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Fig. 2.11 Effect of electrical stimulation on vessels in ischemic muscles. Muscle blood flow to
the hind limb was limited by ligation of the main supplying artery to mimic occlusion of the main
vessels occurring in patients. Although this procedure did not decrease the capillary supply (top), it
eliminated the dilatation of arterioles (middle) and increase in blood flow in contracting muscles.
Chronic electrical stimulation (10 impulses per second for 105 min per day, 15 min on, 85 min off)
increased capillary supply, restored dilatation of arterioles and increase in muscle blood flow.
(From* with kind permission of Springer Science and Business Media.)

2.6 Stroke

Stroke (brain damage) occurs when blood flow to a region of the brain is obstructed,
or when blood supply is disrupted due to a rupture of an artery in the brain. It is
mostly accompanied by increased heart rate, higher blood pressure, lower volume
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Fig. 2.12 Treatment of patients with peripheral vascular disease by electrical stimulation.
Patients stimulated their calf muscles (the position of the electrodes is shown in the middle) three
times daily for 20 min (8 impulses per second with palpable contractions but no pain) for 4 weeks.
Controls used a stimulator that did not elicit contractions. Maximum walking distance (right)
without pain was increased by stimulation but not changed in the control group. Fatigue index
(left), measured as a proportion of the force developed by the muscles at the beginning of stimula-
tion at the end of 5 min contractions decreased to 0.4 (60% fatigue) in patients without stimulation
and in the control group (black dots), After 4 weeks of stimulation the muscles did not fatigue (red
line) and the tension developed at the end of 5min contractions was similar to that at the begin-
ning. (Based on data from* and courtesy of Dr M. D. Brown, School of Sport and Exercise
Sciences, University of Birmingham, UK.)

of blood expelled by the heart during each contraction and increased resistance to
flow which means that less blood is getting to all organs in the body. Blood flow in
skeletal muscles is decreased at rest, and the increase during muscle contractions is
smaller. This is to a certain extent due to the impaired endothelial function in large
vessels. However, little is known about endothelial function in small vessels and
capillaries. Increased level of noradrenalin and increased tone of the vasoconstric-
tor nerves also play a role in decreasing muscle blood flow.*

Both training and electrical stimulation have been used for many years to treat
patients suffering from stroke, and both certainly can improve muscle strength, gait
and general recovery. However, it is not known to what extent they improve muscle
blood flow or capillary supply.
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2.7 Oedema

As mentioned previously, oedema is formed when blood cannot leave freely the
tissues due to a narrowing or plugging of the veins. It also occurs when capillaries
are more leaky to proteins; these accumulate in the tissue outside the vessels and
attract water from the vessels. Oedema also takes place when the lymphatic drain-
age is blocked, as it happens for instance when lymphatic nodes are removed due
to cancer. The first situation arises during long standing or sitting without move-
ments, in cases of insufficient venous valves or in heart failure when the right heart
cannot pump out the blood which it receives from the periphery. Leaky capillaries
occur during inflammation or tissue damage by trauma.

Treatment of oedema must, of course, involve the treatment of the original dis-
ease that caused it (as, for instance, in heart failure). Oedema can, however, be
always reduced by muscle movements which increase the venous return. Passive
movements, active muscle contractions or contractions elicited by electrical stimu-
lation are all helpful. Electrical stimulation of calf muscles could be of great benefit
to people on long-haul flights when it is sometimes very difficult to move due to
restricted leg space. Electrical stimulation was also used to remove hand oedema in
patients with cerebrovascular diseases. It was more effective than limb elevation
that reduced the venous pressure only passively.®

Electrical stimulation was also applied successfully, but so far only in experi-
ments, in cases of oedema caused by inflammation or histamine which is a sub-
stance causing leaky capillaries. The mechanism is not quite clear, but it is possible
that it can increase the contractility of the lymphatic vessels and thus accelerate the
removal of protein and water from the space outside capillaries.

2.8 Muscle Inactivity and its Consequences

2.8.1 Decreased Muscle Activity

Training or electrical stimulation increase muscle activity and lead to growth of
capillaries and an increased size of the vascular bed. It could thus be expected, that
decreased activity has the opposite effect. Experimental data show that unloading
of antigravitational skeletal muscles (those involved in the maintenance of posture)
for 2 weeks caused muscle atrophy with decreased number of capillaries in relation
to muscle fibres due to destruction of some endothelial cells. Although there was
no change in blood pressure (unlike in hypertension), the arterial wall in vessels
outside the affected muscles became thicker and the capability of arteries to dilate
was diminished. In contrast, the arteries supplying disused muscles were smaller
and blood flow in the affected muscles was lower when the animals returned to their
normal standing position. As mentioned several times previously, the friction
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between moving red blood cells and the endothelial lining of the vessels, the shear
stress, is very important in the maintenance of the endothelial function, namely in
the activation of a number of processes resulting in the release of NO as well as of
other substances important not only in the mediation of vessel widening but also in
their growth. Due to lower blood flow the capacity of the endothelial cells to pro-
duce NO was decreased and arteries as well as smaller vessels, arterioles, did not
dilate in response to various stimuli. Although not yet explored, similar changes
may occur during space fights. It would be impossible to prevent these changes by
training, but electrical stimulation may prevent them — a field that has to be
explored.*

Another type of immobilisation, linked with injuries, such as plaster casts or
metal pins also result in muscle wasting but not necessarily in loss of capillaries.
As muscle fibres become smaller, the distance between capillaries diminishes, and,
if immobilization does not last for a very long time, the actual proportion of capil-
laries supplying individual muscle fibres decreases relatively little. However, a
small proportion of capillaries have damaged endothelium. Blood flow in immobi-
lized muscles is lower and increases less when the demand for oxygen is increased.
Experimental work showed that electrical stimulation prevented muscle atrophy
and loss of capillaries in muscles immobilized by casts. However, its effect on the
changes in muscle circulation is still not quite clear.*!

2.8.2 Denervation (Disruption of the Nerves)

Whenever the nerves supplying muscles are interrupted or damaged, muscles can
no longer be activated and undergo atrophy. However, blood flow during the first
1-2 months after denervation is similar to control muscles because the size of the
vascular bed remains relatively constant while the bulk of the muscle fibres
diminishes. Velocity of flow in capillaries is actually increased, possibly because
the arterioles are dilated due to release of dilating metabolites from the degenerat-
ing muscle fibres. Loss of capillaries after long-lasting denervation*? is linked to a
decreased level of various growth factors. Changes in arterioles appear with pro-
longed time after denervation particularly in glycolytic parts of muscles. Electrical
stimulation has been used to alleviate muscle atrophy after denervation but its pos-
sible role on capillary growth after nerve disruption has still to be explored.

2.8.3 Diseases of Muscle

Although there are many forms of muscle diseases, relatively little is known about
the changes in blood vessels.

Duchenne dystrophy (named after the person who described it in the second half
of the 19th century), is a hereditary disease characterised by gradual muscle wast-
ing including muscles involved in respiration leading to death in the second or third
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decade of life. Muscle blood flow or capillary supply does not seem to be impaired,
but alterations in the capillary ultrastructure (e.g. endothelial cell swelling, narrower
lumen) have been described. These could contribute to a limited capillary transport
capacity.”® Other muscle diseases due to inflammation have lower capillary supply.
However, there is no data on the effect of electrical stimulation on microcirculation
in any of these diseases.

2.8.4 Spinal Cord Injuries

The changes in the function of the heart and blood pressure are different in individual
patients and vary with the site of injury. Experimental data showed that alterations
of the heart rate and blood pressure were different in injuries occurring in the upper
or lower part of the spinal cord. Patients with damage at the level of upper thoracic
vertebrae resulting in paralysis of upper as well as lower limbs (tetraplegia) had
decreased heart rate and blood pressure. However, with damage at a lower level
which leads to paralysis of only the lower part of the body (paraplegia), heart rate
and blood pressure increased. The higher the level of injury, the lower the blood
pressure. Patients with tetraplegia had relatively small heart ventricles, smaller car-
diac output and lower systolic, diastolic and mean pressure. Cardiac output is lower
in tetraplegic as well as in paraplegic patients with lesions in the lower thoracic
region of the spinal cord, both at rest and during electrically induced muscle con-
tractions. On passive standing (assisted by an electrically operated system) cardiac
output, stroke volume and blood pressure decreased even more. Electrical stimula-
tion of the calf muscles during standing activated the venous pump in contracting
muscles and thus increased venous return and prevented the reduction of cardiac
output. It also helped to normalise the blood pressure.**

Blood flow in thigh muscles was lower in patients with damage at higher levels
due to a higher tone of sympathetic vasoconstrictor fibres. The diameter of the
femoral artery was smaller and consequently increase in blood flow, either after
temporary arrest of blood supply (reactive hyperaemia) or in response to muscle
contractions elicited by electrical stimulation was also smaller than in normal
subjects. Changes in the diameter of arteries and in muscle blood flow appeared
within 3 weeks after the injury and remained constant during the following months.
Most of these differences could be eliminated by electrical stimulation of thigh
muscle. Stimulation increased the muscle fibre oxidative capacity and normalized
the decreased capillary supply.” (Fig. 2.13).The vascular bed in the body above the
level of injury was not affected: the diameters of the brachial and carotid arteries
did not change.

Although there is no data on blood flow in stimulated paralyzed muscles, it is
possibly higher at least during muscle contractions. That would mean that the
capacity of the endothelium of the vessel to generate NO and thus preserve normal
endothelial function would be improved with stimulation. This seems indeed to be
the case. Normal endothelial function is essential in preventing thrombus formation.
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Fig. 2.13 Number of capillaries around muscle fibres. The number of capillaries around muscle
fibres of different fibre types in a thigh muscle of normal people, in muscles of patients with
muscle atrophy after spinal cord lesion denervated and in patients with spinal cord lesion whose
muscle were electrically stimulated for 10 weeks. (Values for control muscles based on data
from* and values for denervated and denervated stimulated from*.)

Thrombosis is more frequent in patients with spinal cord injury and was prevented
by short lasting (60 min) electrical stimulation of calf muscles.*’

2.9 Wound Healing

Electrical stimulation has been used only in the treatment of wounds of the skin.
Therefore the process of wound healing is described only in this tissue.

The simplest form of wound is surgical wound after an operation. Healing is
dependent on growth of new vessels which is preceded by a sequence of events.
Disruption of vessels, be it in surgical wound, in an ulcer or in bed sores, leads to
some bleeding, coagulation of blood and filling of the wound with fibrin — a sub-
stance formed in blood clots. White blood cells start to migrate to the fibrin clot to
remove the debris very soon afterwards. After only a few days they are replaced by
another type of white blood cells which contain growth factors that stimulate
growth of new capillaries. At the same time, cells at the edge of the wound called
fibroblasts start to divide and produce collagen, a protein which strengthens the
wound edges and forms the scar tissue. Capillaries in surgical wounds appear about
2 days after surgery and are gradually transformed into large vessels so that the
vascularization is completed within 67 days. Capillary growth is faster when the
levels of oxygen are increased by exposing the wound to high oxygen pressures
while wound healing is impaired in situations with low blood flow, such as in
patients with extensive bleeding, low blood pressure or ischemia. On the other
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hand, increased blood flow, whether by heat, by compression and decompression
(which increase the venous pump) or by growth factors or factors that produce dila-
tation, improves wound healing.

Electrical stimulation has been used as a method to accelerate wound healing
although the mechanism is still not understood. It has been demonstrated that there
is a negative electrical potential in the wound during the phase of healing and that
direct current with the negative electrode close to the wound accelerates migration
and proliferation of fibroblasts and collagen synthesis and thus increases the
strength of the connective tissue forming the scar. Capillary blood flow was
improved and the size of the wound rapidly decreased with direct current stimula-
tion. The increase in flow is probably due to vasodilating peptides (calcitonin gene
related peptide or substance P) which might be released from the stimulation of
sensory nerves. Stimulation decreased oedema and accelerated removal of the
debris from wounds, a process which is particularly important in healing of bed
sores or ulcers. Different other types of stimulation (asymmetric biphasic pulses,
low frequency sinusoidal current) and low or high frequency were also used. It can
be concluded that various forms of electrical stimulation have been shown to acceler-
ate healing of different kinds of wounds, and there is a general consent that electri-
cal stimulation increases flow and stimulates proliferation of various categories of
cells involved in wound healing. However the exact mechanism is still not known.
In cases of venous ulcers, electrical stimulation may be successful as it increases
the function of the venous pump.*

2.10 Conclusions: Comparison Between the Effects of Training
and Electrical Stimulation in Disease

The main cardiovascular effects of endurance training occur in skeletal mus-
cles and in the heart with increased capillary supply and the whole vascular bed
in both tissues. Blood flow increases only in skeletal muscle and only during
maximal performance. The heart hypertrophies, stroke volume increases and
heart rate is lower. In contrast, stimulation does not appreciably alter the cardiac
function, but has a greater effect on skeletal muscles with a much faster and
greater increase in capillary supply and increased blood flow even at rest. Both
training end electrical stimulation increase the ability of vessels to dilate due to
increased generation of NO and other factors by the endothelial cells. The effect
is restricted to the stimulated muscles while training improves endothelial
function in most vessels including the aorta.

Endurance training improves endothelial function also in old age. It improves
capillary supply in oxidative skeletal muscles and reduces the stiffness of the aorta.
Stimulation increases capillary supply only in the treated muscles, but as it prefer-
entially induces capillary growth in fast glycolytic muscles (where it is impaired
during aging and is the cause of fatigue), it has a potential use in old people. Both
procedures improve endothelial function.
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The beneficial effect of training in hypertension has been long recognised. It can
diminish heart hypertrophy and lower both systolic and diastolic pressure. It
restores the deficit in arteriolar and capillary numbers and the capacity to increase
muscle blood flow during contractions. The latter is to a great extent due to the
correction of the endothelial dysfunction in most vessels resulting from hyperten-
sion. The effect of long-term electrical stimulation in hypertension has so far not
been reported.

Training has been used successfully for a long time to enhance the function of the
heart after myocardial infarction. It is also used in other types of heart failure where
the physical fatigue is partly due to the inadequate supply of blood to skeletal muscles.
The beneficial effect is mainly due to the correction of the endothelial dysfunction in
all vessels and therefore improved vasodilatation. It can also increase stroke volume.
However, these effects occur only when the training includes large groups of muscle
and this, of course, increases the demand on the heart function. Thus the effect of
training is beneficial only in a mild form of heart failure. In contrast, electrical stimu-
lation increases muscle strength and blood flow, improves venous return and can
reduce limb oedema without increasing the demand on the heart.

Training is acknowledged as the most effective type of therapy in PVD.
However, as these diseases are usually connected with arteriosclerosis and possible
problems with diminished heart performance, it is important to find therapy which
would not increase demand on the heart (and training certainly does that). Electrical
stimulation is definitively a therapy of choice. It can be used in one leg only thus
improving walking distance. It improves muscle blood flow, corrects the endothe-
lial dysfunction and thus the capacity of vessels to dilate and it diminishes muscle
fatigue.

Similarly, electrical stimulation can be used in the treatment of oedema whether
in heart failure (see above), in stroke patients or during long-haul flights. It is also
used as a therapy for various types of immobilisation (casts, denervation, decreased
muscle activity due to lack of gravitational forces, spinal cord injuries) where the
use of endurance training is not applicable and where it can improve the endothelial
dysfunction.
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Chapter 3
Electrical Stimulation as a Therapeutic
Tool to Restore Motor Function

Gerta Vrbova!, Olga Hudlicka? and Kristin Schaefer Centofanti?

Abstract Electrical stimulation of muscles and nerves to improve recovery of
function is used in the following conditions: (1) after injury to the joints or muscles.
It appears that in these cases electrical stimulation can restore motor functions more
quickly and more completely then in the absence of this intervention or following volun-
tary exercise. (2) Following damage to the central or peripheral nervous system or
during muscle diseases; motor functions can be improved by electrical stimulation
of muscles or nerves. Electrical stimulation has been most widely used after spinal
cord injury. Moreover, particularly designed methods of stimulation of muscles
of spinal cord injury patients are able to initiate and control the lost movements.
In patients with stroke and head injuries electrical stimulation can also help to
restore function. (3) The consequences of inactivity as a result of long lasting
bed rest are also successfully counteracted by electrical stimulation of muscles.
Moreover, lack of gravity, such as during space flight, leads to changes of the
neuromuscular system that resemble those during bed rest, and these too can be
successfully treated by electrical stimulation.

Keywords Electrical stimulation, knee injuries, neurological disorders, muscle
diseases, bed rest, space flight

3.1 Introduction

The previous two chapters summarise results to show that muscle properties as well
as their blood flow can be modified by electrical stimulation applied by external
devices. In view of these findings it is clear that this approach may be beneficial
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both for improving the function of normal human muscles and for maintaining and
restoring movement in different conditions where due to various insults the normal
function of muscles is prevented or altered.

It is well known that inactivity (disuse) of skeletal muscles leads to their wasting,
increased fatigability, and often irreversible structural damage. In people who leave
a sedentary life, electrical stimulation of their muscles (EMS), or stimulation of
muscles via their nerves (NMES) can restore muscle tone, strength and fatigue
resistance in a similar way as voluntary exercise program. Indeed, recent research
indicates that both methods of stimulation can bring about improvements of muscle
function and structure faster and more efficiently than conventional exercise (see
Chapter 4).

In this chapter we will discuss the use of electrical stimulation for restoring
muscle function and structural integrity in conditions leading to prolonged forced
inactivity such as (1) injury to joints and muscles as a result of accidents or sport
activities, (2) disease or damage to the central or peripheral nervous system or the
muscles themselves so that the person is unable to carry out voluntary movement,
(3) inactivity as a consequence of systemic diseases when the patient is bedridden
or unable to move. We will summarize the evidence that shows that in all three
conditions electrical stimulation can replace the missing natural activity.

3.2 Muscle Stimulation to Aid Recovery After Injuries
to Joints and Muscles

Following injuries to joints and muscles the injured parts of the body are often
immobilized for some time to allow the damaged joints and muscles to heal. While
immobilisation is usually necessary, it has deleterious consequences on the function
of muscles, and recovery is often slow because muscles have deteriorated during
the period of immobilisation. It is in these cases that electrical stimulation of mus-
cles during the period of immobilisation and afterwards is beneficial and speeds up
recovery.

The most thoroughly explored condition is that after knee injury, particularly
after the rupture of the anterior cruciate ligament. This injury affects young
active people, and is usually a result of exercise. Traditionally, the leg is immo-
bilized and often surgery has to be carried out to re-suture the anterior cruciate
ligament. Interestingly, even months after surgery the thigh muscles, particu-
larly the quadriceps muscles, do not regain their normal strength, which for
active individuals is a disadvantage.! There is much evidence that when the
quadriceps muscles are electrically stimulated during the period of immobilisa-
tion and subsequent recuperation, the recovery of force of the muscle is more
complete and the period of restricted movement shorter than without this inter-
vention? (see Table 3.1).

In most cases of knee immobilisation NMES is effective in preventing the
decrease in muscle strength, muscle mass and the oxidative capacity of thigh
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muscles. Most studies indicate that it is more effective in preventing muscle atrophy
when compared to no exercise, isometric exercise of the quadriceps muscle group,
isometric co-contractions of both hamstrings and quadriceps groups and combined
isometric exercise.’ In these studies electrical stimulation was carried out using
percutaneous stimulation and no invasive methods were necessary. Knee injuries
affect 80% of sports people, particularly those engaged in rugby or football and it
follows that even in cases where surgery is not necessary, a period of enforced rest
will quickly lead to muscle deterioration. A programme of rehabilitation using
NMES to strengthen the quadriceps can vastly accelerate the rate of recovery of the
leg and its use.* Table 1 summarises results obtained by various types of stimulation
on recovering of function after knee injury.

Inactivity of other joints of both upper and lower limbs are likely to have similar
effects on the muscles involved in movement of these joints as that described for
quadriceps, i.e. they become atrophic, produce less force and are fatigable. Their
recovery is likely to be more complete and faster if electrical stimulation is used
both during and after immobilisation.

When specific parts of the body need to be immobilised for long periods of time
in a cast or brace due to a fracture of bone, tears of ligaments or tendons, in order
to allow healing of the damaged area to take place, stimulation of the muscles by
placing self adhesive electrodes under the cast or brace or into the opening of the
cast will prevent development of the detrimental changes and help to follow a more
intensive rehabilitation regime later on.

Unfortunately, these approaches and avenues of treatment are not sufficiently
explored and not used frequently enough in spite of the fact that recent knowledge
about the ability of muscle to respond to electrical stimulation and its benefi-
cial effects on muscle properties have been so clearly documented (see Chapters
1 and 2).

3.3 Muscle Stimulation During Disease or Injury
to the CNS and/or Muscle

3.3.1 Neurological Disorders

There is evidence to show that in some neurological conditions such as multiple
sclerosis, stroke and particularly spinal cord injury skeletal muscles atrophy and
become very fatigable. Electrical stimulation of such affected muscles can either
prevent or reverse these changes.>® The benefit of the maintenance of the muscles
in good condition may not be immediately obvious since in many neurological dis-
orders the problem is the inability of the person concerned to use the muscle, and
the muscle atrophy and fatigability is the result of this lack of use. Nevertheless
there are distinct benefits to maintaining the muscles in good condition. These vary
with the specific disability the person is suffering from. To give but a few examples:
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for patients with multiple sclerosis the better condition of their muscles may mean
that they could use them more readily during remission and this would allow the
patients to return sooner to normal activities.

Indeed, there is some evidence that in patients with multiple sclerosis following
NMES the lower limbs showed an increase in range of movement, and the majority
of patients could walk faster following NMES.”

3.3.2 Spinal Cord Injury

Following spinal cord injury the muscles below the injury are not used, or used
inappropriately. This is due to the fact that the connections between the parts of the
brain that initiate and control the movement and the neurones that are responsible
for giving the command to the muscles to execute the movement are disrupted.
According to the type of the injury different symptoms and disturbances of move-
ment develop but in most cases muscle deterioration and fatigability occur.’ It is
important to assess the patients’ clinical condition to devise the correct use of elec-
trical stimulation and choice of muscles that need stimulation. Once established
which muscles are affected by the spinal cord injury, their deterioration can be pre-
vented or their function restored by well chosen regimens of electrical
stimulation.

It is important for the muscles paralysed after spinal cord injury to be kept in
good condition, for later on the patients may be trained to carry out movements
using various programs of rehabilitation. For these functions the muscles used in
the movement need to be able to develop reasonable forces and be resistant to
fatigue. Table 1 summarises the effects of different patterns of stimulation used in
rehabilitation of patients with spinal cord injury.

The treatment known as functional electrical stimulation (FES) uses either the
muscles themselves or the remaining neural circuitry of the damaged spinal cord to
achieve movement, in the case of lower limbs standing and walking. When the
muscles themselves are stimulated movement is achieved by sequential stimulation
of various muscle groups in a pattern that resembles normal movement. In prepara-
tion for this training electrical stimulation of the muscles that enables them to gain
sufficient strength and fatigue resistance is necessary before the start of the FES
training. Once established the FES itself maintains the muscles condition.

Restoration of movement of patients with spinal cord injury by FES was
attempted in the 70’s by Vodovnik and colleagues.® The first trials to elicit a specific
movement by muscle stimulation was dorsiflexion of the ankle joint (lifting the toes
off the floor) during the swing phase when the leg is off the ground and moving
forward during the walking cycle so as to prevent the foot from being dragged.
This was achieved by stimulating the muscles of the front of the calf by special
devices that regulated the onset of the stimulation by a switch on the heel of the
patient which turns on the stimulator during walking just before the beginning of
the swing phase of the movement. There is a vast literature on the subject, and the



3 Electrical Stimulation as a Therapeutic Tool to Restore Motor Function 59

use of different devices using percutaneous stimulation as well as various compli-
cated implantable devices, and feedback loops. A recent review summarizes the
available technology.®

Functional electrical stimulation has also been used successfully for combined
control of elbow extension and hand grasp in C5 and C6 tetraplegics.’

In most patients where electrical stimulation of muscles has been used the mus-
cles in question are innervated and although they can not be activated voluntarily
by the person in question they can be activated by stimulating their motor nerve

Table 3.1 Examples of parameters of electrical stimulation used in the treatment of spinal cord
injuries and immobilisation

Spinal cord injury

Lesion Details of stimulation Effect Reference
C,Th, Glutei, vastus, hamstrings Improved strength 39
30Hz, 5s on, 10s off
16Hz, 2s on, 10s off Improved endurance
15-30 min/day in week 1 up Improved transcutaneous pO,
to 120 min/day in week 8
C,-Th Low frequency (10Hz), 5s Increased endurance 40
on, 5s off
C,-Th, As above Enhanced oxidative capacity, 41
increased % of type I fibres
and C/F
35Hz, 30 min/day 10 weeks Increased capillaries around 42
fibres, increased % type [
fibres
Paraplegia 35Hz, 11s on, 60s off, 30 min Assisted standing 43
Tetraplegia No details Prevention of decrease of blood
pressure on passive standing
30Hz, 11s on, 60s off, 60 min Increased venous return 44
decreased blood clotting
50mA increasing to 150mA for Increased leg blood flow and 45
30min 2-3/week for 4 weeks femoral artery diameter
Immobilisation
Knee surgery 40Hz, 0.3 msec biphasic Smaller reduction in muscle 46
rectangular fibre area
Knee surgery 30Hz, 2s on, 10s off, 1h/day Smaller loss of muscle bulk 47
6 weeks
Knee surgery High intensity stimulation 70% increased strength 3
Low intensity stimulation 51% increased strength
Exercise 57% increased strength
of quadriceps
Bed rest
30 days 60Hz, for 4s, 4 x 5min, with Attenuated decrease in fibre 48

10 min intervals, 3 days
on, 1 day off

cross sectional area and
strength, smaller decrease
in oxidative capacity
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either percutaneously or by implanted electrodes. Movement is therefore elicited
through the normal nerve-muscle connection, and the muscle is made to contract in
response to its neural input (see Chapter 1). Even if paralysed such innervated
muscles maintain their ability to respond to electrical stimulation of their motor
nerves. This is a great advantage, for the excitability (i.e. response to an electrical
stimulus) of nerves is much lower, i.e. less current is needed, than that of muscles.
It is much more difficult to achieve contractions of muscles that have lost their
nerves and are denervated. Electrical pulses of much higher intensity have to be
used to produce contractions of denervated muscles, and this often causes pain and
discomfort to the patient.

3.3.3 Denervated Muscles

Nevertheless, in a group of spinal cord injury patients that damaged their motor
nerves, and because of the nature of the injury also lost their perception of pain
below the lesion, it was found that by using a very special method of electrical
stimulation, muscle strength and bulk can be restored even in long term denervated
human muscles.' In order to elicit contractions of denervated muscles, pulses of
longer duration and higher amplitude that provide more current need to be used.
Moreover, electrical pulses that take a long time to reach peak amplitude are more
effective, unlike for stimulation of innervated muscle where pulses that reach peak
amplitude rapidly are favoured. As concluded in a study by Kern et al.!! “our results
show that denervated muscle in humans is indeed trainable and can perform func-
tional activities with FES. Furthermore this method of stimulation can assist in
decubitus prevention and significantly improve the mobility of paraplegics”.
Consistent with these results is the work of Modlin et al.'> on stimulation of dener-
vated muscles which reports marked increase of muscle mass and improvement of
the condition of muscles in the denervated lower limbs.

3.3.4 Stroke and Head Injuries

After stroke, when parts of the body are paralysed, skeletal muscles deteriorate
rapidly. In this situation too, electrical stimulation of the paralysed muscles can
help to keep them in a condition where they can be used and help the patient to
move.

Since, in stroke patients and after head injury, the upper limb is also affected,
electrical stimulation of muscles of the upper limb is recommended.'* A particular
complication of stroke patients is damage to the shoulder joint, i.e. partial disloca-
tion. Electrical stimulation of the muscles of the shoulder girdle can correct the
displacement and allow the recovery of movement of the shoulder joint.!* Stroke is
the number one cause of disability in the USA, and positive effects of stimulation
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are not only encouraging but very important. Newsam and Baker!® showed that
electrical stimulation facilitation programme significantly improved motor unit
recruitment in muscles of patients after cerebrovascular accidents. In so far as the
mechanisms of improvement are concerned, it has been suggested that the sensory
nerves are also excited during the stimulation and this excitation may elicit central
nervous system responses important for voluntary recruitment of motor
pathways. !¢

3.3.5 Electrical Stimulation to Achieve Artificial
Respiration and Control of the Urinary Bladder

In some spinal cord and head injury patients the lesion affects the function of the
respiratory muscles, in particular the diaphragm. In these persons it is possible to
achieve artificial respiratory support by stimulating the diaphragm via its phrenic
nerve. In this case the electrodes have to be implanted so as to get access to the
phrenic nerve and this is an invasive procedure. This method of artificial ventilation
has been very successful.'” There are now several phrenic nerve pacing systems
commercially available.

Another condition where special devices for electrical stimulation are being
used is urinary bladder function.'® Disturbances of bladder function are quite com-
mon after spinal cord injury and again using various implantable devices a better
bladder function can be achieved by electrical stimulation. However, their use
should be preceded by non implanted devices."

3.3.6 Neuromuscular Diseases

Finally, in some neuromuscular diseases where the muscles themselves are affected
and movement is impossible due to their malfunction, as in the case of children
with Duchenne and Becker muscular dystrophy, electrical stimulation can be
applied to improve the function of diseased muscles. Studies of boys with Duchenne
muscular dystrophy show that the progressive deterioration of their muscles, typi-
cal of this condition, was halted when their muscles were electrically stimulated
using low frequency stimulation.?’ However, only slow frequency electrical stimu-
lation was effective; using higher frequencies of stimulation had no effect.?! Some
of these results were confirmed in studies by Zupan and colleagues,??* where boys
who had their muscles stimulated in one leg for 9 months showed a slower rate of
deterioration of force of the stimulated muscles than that of the unstimulated mus-
cles in the other leg.

As explained in Chapter 1 (plasticity of the motor unit) of this book, activity can
modify gene expression of skeletal muscle fibres, and the pattern of activity delivered
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to the muscle is important. This ability of muscles to change their gene expression by
activity can be used in diseases of the muscle where the genetic program is faulty.
It is possible that the slow frequency stimulation induced a specific change of gene
expression in the diseased muscles that was beneficial and delayed the progress of
the disease Thus, electrical stimulation may induce the muscle to express genes that
would substitute the missing or faulty gene (see ).

3.4 Bed Rest

It is well known that prolonged bed rest has many detrimental effects not only on
inactive skeletal muscles but also on bones, cardiovascular, immune, neuroendo-
crine systems and psychological functions.? Prolonged bed rest has been studied in
normal volunteers to reveal many of these changes and it was also used to study the
effects of immobility particularly in conjunction with simulated antigravity for vari-
ous periods of time between several days and 17 weeks.

The greatest changes occur in muscle mass and strength, which decrease as
well as the cross sectional area of the limb. These changes are most pronounced
in the lower limb. The decrease in muscle mass, i.e. muscle atrophy, is due to a
decrease in muscle fibre diameter. As a consequence of this reduction in muscle
tissue there is a reduction of muscle strength and power of contraction as well
as other changes in muscle. The deficit in the force of contraction develops
already after 1 week of bed rest, and continues to increase with the duration of
bed rest. It is greater in slow than in fast muscles and more visible in elderly than
in younger people. After 16 days of bed rest muscles become more fatigable,
probably due to a combination of decreased blood flow and capillary supply and
their decreased capacity to utilize oxygen. However, although bed rest causes a
shift from tonic to phasic activity judged by recording of electrical activity from
muscles in the pelvic region, there was no substantial change in the distribution
of muscle fibre types and their contractile properties even after 4 months of bed
rest. The decrease in muscle strength is not entirely related to the decreased
muscle cross sectional area and other factors such as changes in both muscle
fiber function and neural (particularly neuromuscular transmission) may con-
tribute to it.?

Bed rest affects also the cardiovascular system. As there is very little movement,
the return of the blood to the heart is decreased and this results in a smaller
filling of the heart ventricles, smaller stroke volume and mild atrophy of the
heart muscle. Cardiac output is thus decreased in spite of some compensation
by increased heart rate. The blood flow in skeletal muscles also decreases
together with a reduction of capillarization and maximal oxygen uptake, all of
which contributes to the decrease in power of contraction and increased muscle
fatigability?”-2® (Fig. 3.1).

Very substantial changes were observed in bones which are loosing minerals,
become more brittle, and are therefore more prone to damage. The demineralization
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Fig. 3.1 The time course of changes in muscle power (MVC), muscle mass, maximal oxygen
consumption (VO,max), cardiac output and femoral artery blood flow while heart rate is illustrated.
The values are expressed as % of values before bed rest

starts after 4—6 weeks of bed rest and the recovery takes a long time (4-8 weeks or
longer). This is particularly important in elderly people who have to be very careful
during their recovery after bed rest to avoid falls and eventual fractures.”

Spontaneous recovery after bed rest depends on the duration of bed rest and is
different for various parameters that had changed during bed rest; it is fastest for
muscle strength, and slowest for bone remineralization. The recovery of strength
takes about 4 weeks after 3 weeks of bed rest. Exercise, particularly strengthening
exercise, speeds up the recovery of muscle strength. However, brief periods
of exercise do not prevent changes in any of the studied parameters during and after
short bed rest (3 weeks), although exercise reduces the extent of changes that occur
during bed rest lasting for long periods of time (3 months).

Exercise after bed rest can accelerate the recovery of all parameters and can even
reverse the changes occurring with increased age but electrical stimulation of par-
ticularly leg and back muscles was more effective in preventing muscle atrophy and
loss of muscle strength. However, it did not prevent the changes in the cardiovas-
cular system. As mentioned in chapter two, stimulation of individual muscle
groups, though it increases blood flow through them, does not increase venous
return sufficiently to affect heart performance.

Combination of strength training and electrical stimulation (so called hybrid
training®’) seems to be more successful that any of the procedures used separately.
This method combines training by voluntary contractions of muscle extensors (for
instance quadriceps) with electrical stimulation of their antagonist (hamstrings).
The increase in muscle strength and muscle cross sectional are was greater than that
achieved by either training or electrical stimulation alone.
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Sometimes research follows indirect routes: although there are millions of
patients that at any one time are bed ridden because of illness or accidents, and the
deteriorating effect this enforced inactivity has on muscles has been known for a
long time, most of the research into using electrical stimulation for helping muscu-
lar recovery and reversing the loss of muscle bulk has been carried out on astro-
nauts. There are many similarities between the effect of space flight and bed rest on
the human body, and some exciting results on the beneficial effects electrical stimu-
lation during space flight and bed rest have been reported.

Russian researchers used electrical stimulation during simulated weightless-
ness. Subjects on enforced bed rest received stimulation on their abdominal
region, back, thigh and shin, twice a day for 25-30 min. After 45 days, “mor-
phological studies showed a positive effect of electrostimulation on the muscle
tissue, preventing the development of atrophic changes”.?! Cherepakin et al.*
concluded that electrostimulation of muscles increased their strength and toler-
ance to static loads and prevented their atrophy although a combination of
electrical muscle stimulation and physical exercise was necessary to maintain
the cardiovascular system.

In 1996, the crew of Columbia space shuttle carried out some experiments on
the human musculoskeletal system monitoring muscle activity and used a special
device for muscle stimulation. A year later, in 1997, the software of a FES
(Functional Electrical Stimulation) device used to elicit movement of muscles in
spinal cord injury patients, was merged with the control system of a robot used by
astronauts in space, termed by NASA the Remote Manipulator System (NASA,
STI, Spinoffs).

In a pilot experiment on astronauts on the Russian MIR space station, a stimula-
tion device via electrodes fitted to specially designed trousers that enabled simulta-
neous stimulation of 4 muscle groups for 6h a day was designed and tested. It was
concluded that “the synchronous activation of antagonists of the thigh and lower leg
prevented uncoordinated movements”.*

The healing of pressure sores, another consequence of spending long periods of
time in bed or in a wheelchair, is twice as fast when treated with low frequency
pulsed currents. Electrical stimulation also improved healing in cases where the
natural healing mechanisms of the body were not sufficient (chronic wounds, older
subjects).? 3

3.5 Facial Rehabilitation

This Chapter could not be finished without adding a summarised section on the
treatment of Facial Paralysis, a disorder that has dramatic consequences for suffer-
ers, who are unable to smile, laugh or even cry, have speech difficulties, eating and
drinking are problematic, self esteem is often non-existent as they are aware of
what they look like and how people see them, negativity abounds.
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Damage to all or some axons in the facial nerve is the main cause of Facial Palsy
and recovery depends on axons regrowth and muscle reinnervation, the capacity of
regenerated axons to keep neuromuscular connections with the denervated facial
muscles, and the muscles condition at the time of reinnervation.

Advances have also been made in studies on the positive effects of electrical
stimulation on accelerating nerve regeneration after injury or disease® and restoring
specific connections between sensory and motor axons with their respective tar-
gets.” It is well established that the shorter the time of denervation and the fewer
axons are misdirected into inappropriate targets, the better the recovery after den-
ervation. Electrical stimulation of activity of regenerating nerves should be benefi-
cial for the recovery after facial palsy.

It is known that the condition of the target muscles is important for recovery of
function on reinnervation. On reaching the target muscle, the nerve terminals of
individual motor axons should be able to make functional contacts with as many
muscle fibers as possible, so as to allow even few axons to activate a large propor-
tion of the reinnervated muscle. In addition the muscle should be kept in a condition
where even a few axons can elicit strong contractions. Moreover neuromuscular
activity of immature nerve terminals during sprouting increases the motor unit ter-
ritory and enhances the strength of the muscle.®

As more research is done into the therapeutic benefits of electrical stimulation
for the treatment of Bell’s palsy, there is hope that sufferers will see important
improvements in their lives.
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Chapter 4
Electrical Stimulation for Health, Beauty,
Fitness, Sports Training and Rehabilitation

A Users Guide

Kristin Schaefer Centofanti

Abstract With the development of modern electronics, electrical stimulation has
become a widely accepted therapeutic tool for muscle rehabilitation and recovery.
However the scientific and medical communities have tended to sideline or dis-
miss the use of electrotherapy for healthy muscles. This chapter covers the various
applications and benefits of electrical stimulation on normal healthy individuals for
toning, strengthening, body shaping and general fitness. This section also offers
practical protocols for both the training of healthy muscles and the recovery or
improvement of muscles and tissues that have been damaged or are diseased.

Keywords Biphasic, body shaping, electrode pads, electrotherapy, frequency,
intensity, motor point, motor unit, pad layout, pulse width, pulses per second, ramp
time, TENS, waveform

4.1 The Use of Electrical Stimulation

4.1.1 Electrical Stimulation Devices

When looking at Electrical Stimulation (sometimes known as ES, or EMS, or NMES)
and its applications, a primary focus must inevitably be on the development of relia-
ble and readily available machines that can deliver biologically appropriate impulses
to living tissue. Since the 1950s, with the emergence of mass produced circuit boards
and battery controlled devices, a variety of systems have not only been made available
to research scientists, doctors and therapists, but also to the general consumer.

Indeed, the launch of one of the very first commercially available battery
operated stimulators for the general public was in the UK.! The small four channel
units were safe, portable battery operated systems that used carbon graphite
embedded in rubber pads (electrodes) as a way to conduct the signal safely. The
operating instructions were simple and designed for individual home use as a
method for figure control and body shaping.

JKC Research Partnership, London E5 8AP, UK
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As a consequence, electrical stimulation entered the world of the consumer
before being generally used or accepted by the majority of the scientific research
community. This has been both a help and a hindrance to the development of
electrical stimulation. On the one hand, good market potential for stimulation
devices has assured a steady flow of high quality and reasonably priced machines
that offer more and more sophisticated and safe applications. On the other hand, the
scientific community has perhaps viewed electrical stimulation with a certain
amount of disdain and suspicion, as some health and figure shaping benefits have
been over emphasized to maximize the selling potential of these machines in a
highly competitive market. We are in the unusual position of having a vast choice
of stimulators available to us, both for therapists and home users, yet the question
“does it really work™ is still uppermost in many people’s mind.

4.1.2 Exercise and Dieting

Barely less than 50 years ago, the standard medical opinion was that only strictly
controlled dieting would lead to weight and inch loss. It was believed that active
exercise consumed calories only temporarily, with the metabolism returning to nor-
mal once the physical effort had stopped. With the emergence of a sedentary society,
doctors then began to understand the true relationship between lack of exercise and
weight gain. They observed the long term and cumulative benefits of exercise: once
muscles are activated, a combination of physiological processes takes place and
keeps on working long after the physical movement has stopped. Nowadays most
people are aware of the value of exercise and how important a role it plays in weight
and body shape control, as well as the importance of keeping healthy muscles toned
up and maintaining fitness levels. This has all become common knowledge.

But how should one exercise? Does a physical activity have to be exhausting to
be beneficial? Is crash exercising as harmful potentially as crash dieting? Is there
any other way?

It is at this juncture that the benefits of electrical stimulation become apparent, as
it provides a safe, fast and effective method for exercising and toning muscles, thus
shaping the body and keeping it active.>'® Does this mean that electrical stimulation
replaces active exercise? No, on the contrary, what it does imply is that if a person
tones his/her muscles with electrical stimulation, afterwards that person is more likely
to participate in sporting activities as the body is ready, fit, willing and able to take on
physical activity. Thus electrical stimulation can actually lead to exercise.

4.1.3 Concentrating the Benefits

As we have seen in the chapter about muscle plasticity, with electrical stimulation
“all motor units in the muscles (i.e., even those normally not recruited in exercise)
can be simultaneously activated by the same pattern of activity.”!" With ordinary
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exercise the muscles are recruited in a set hierarchical way; the small motor units
are activated first and only very progressively and after much effort are the large
body shaping muscles brought into action. Thus it can take up to half an hour of
vigorous active training to reach the muscles one wants to work on, and, unless the
training is intense and regular, the body shaping results can be minimal. With
electrical stimulation, preset pulses in varying sequences can reach those muscles
in seconds, faster than with ordinary exercise; in fact it is the large motor units that
tend to respond first at low current intensity.!!

In their 1999 study, Drs Pete and Vrbova state: “electrical stimulation can attain
much higher levels of activity over time than any exercise regime and, therefore,
the adaptive potential of the system is challenged to its limits”.!! They go on fur-
ther to explain that “high levels of activity can be imposed on the target muscle by
electrical stimulation from the beginning, because the central nervous, cardiovas-
cular, and other systems will not interfere with and limit the amount of activity, as
is the case in exercise.”

Thus electrical stimulation of healthy muscles can be used in conjunction with
exercise, as a way of enhancing the results of activity; as a form of preparation for
a sport, like football or ski, for example, which can be hard on an unprepared body;
or as a supplement to exercise when age or sedentary habits created by modern
lifestyles set in and allow muscles to deteriorate.'

The fact that specific muscle groups can be individually targeted, without effort, in
a concentrated manner unequalled by physical effort and that the protocols of electrical
stimulation can be specifically arranged in different sequences or patterns suitable for a
particular objective, makes ES a very useful tool for reaching the muscles that shape the
body and face. Whether the aim is fitness or appearance, strength or stamina, all are
human needs and ES represents a human solution for our times and for the future.

Paradoxically, it is this ‘unnatural’ form of generating muscle activity (electrical
stimulation) that has made it possible to study and understand the way muscles
work and how to reach them.

More in depth explanations of muscle properties and functions, how Electrical
Stimulation affects them and in turn how muscle activity helps to shape the body, restore
strength and stamina, aid recovery and rehabilitation, deal with injuries and disease as
well as improve fitness, are covered in previous chapters. Once these principles of how
an electrical signal affects the body and the plasticity of muscles are understood, both
the home user and the specialized therapists will be able to operate these stimulators
with realistic expectations and thus obtain optimum and reliable results.

This section deals specifically with the practical application and suggested pro-
tocols for use on normal healthy muscles as well as injured or diseased muscles.

4.2 Stimulation Parameters

Establishing the best waveform, an appropriate pulse width, the right frequency, the
correct stimulation and pause time are an essential part of electrotherapy treatments.
The following protocols have been devised by using models based on active exercise
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regimes combined with our present understanding of how electrical impulses affect the
body. We can thus make a muscle work quickly, slowly, vigorously or gently etc. as if
it were undergoing voluntary exercise and we also take into account the way electrical
impulses by pass the normal communication processes and stimulate tissue directly.

4.2.1 Basic Terminology

e Waveform: the shape of an individual impulse. The proliferation of commer-
cially available stimulators means that a variety of waveforms are offered and it
is often difficult to understand which signal is the most appropriate for therapeu-
tic use. Fortunately, an easy and general guideline is comfort. This is normally
achieved when the impulse reaches its peak rise time quickly.!? In more modern
machinery there is also a choice between a mono-phasic and bi-phasic wave-
form. A mono-phasic waveform current flows asymmetrically from the negative
pad to the positive pad; it can be perceived as smoother and more comfortable
with the negative electrode giving a slightly stronger stimulation. A bi-phasic
waveform has the current flowing in either direction and thus it has no negative
or positive pole. It is sometimes perceived as a sharper sensation, therefore many
machines deliver a mono-phasic waveform so that a stronger intensity can be
comfortably applied. The other advantage of a mono-phasic system is the use of
the negative electrode for areas that need more stimulation and the use of the
weaker positive electrode for areas that are more sensitive, although this does
not mean that biphasic waveforms cannot be used effectively.

o Frequency: this is the number of pulses per second (pps) and is measured in
Hertz (i.e. 40Hz would mean a frequency of 40 pulses per second). As has been
pointed out in this book, along with other supporting research, changing the
pulses per second affects the tissues differently.®'® Man and colleagues'’ estab-
lished that there is likely to be considerable subject variation in response to
electrical stimulation and optimization may relate more to the subject than the
stimulation parameters themselves, but the generally accepted stimulation
parameters for human skeletal muscles is 1-100Hz. As a general guideline low
frequency stimulation of 10-25Hz is best to encourage slow muscle fibre activ-
ity, whereas 45-75Hz will encourage fast muscle fibre activity.*’” Frequencies
between 1 and 10Hz are used for pain suppression, endorphin release and tissue
repair, 75-100Hz for improved circulation and gate transcutaneous electrical
nerve stimulation (TENS) pain suppression.'$-2

o Pulse width: this is the time each individual pulse is on (pulse duration) and is
measured in microseconds. Widening or narrowing the pulse width can alter the
depth of the current penetration and also specifically alter the amount of electricity
reaching the body tissues without increasing or decreasing the overall intensity.

e Stimulation time (sometimes referred to as contraction time): this is the total
time a sequence of pulses is on and is usually measured in seconds or parts of a
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second. It is also called a stimulation envelope as it groups a series of
impulses.

e Pause time (sometimes referred to as relaxation time): this is the time when the
stimulation is off.

e Ramp time: this is an electrical inhibition which ensures the smooth and
gradual delivery of a stimulation envelope (group of impulses) and is usually
measured in seconds or parts of a second.

4.3 Applying Electrical Stimulation to the Body

There are now many accepted uses for electrical applications: muscle toning,'”
strengthening and shaping, figure control,>” increasing blood flow,'>?! pain relief,?>#
tissue regeneration,? 2 oedema reduction?” and dermal repair,®=° to name but a few.

It is important to know which are the best positions for electrode placement
when using electrical stimulation in its different applications. Generally, either the
origin or insertion of a muscle or its motor point is used for placement as the pump-
ing action of the muscles enhances the desired effect, but in certain cases the elec-
trodes will be placed directly over the area that needs treating. In this case no
muscular movement is either seen or felt.

In order to optimize the functional aspect of electrical stimulation via the mus-
cles, it is extremely useful to be familiar with the location of skeletal muscles and
their corresponding motor points.

4.3.1 Mapping the Motor Points of Human Skeletal Muscles

A motor point is the area of skin overlying the muscle at which the smallest amount
of currents activates this muscle. It is closest to were the motor nerve trumk enteres
the muscle, usually over the belly of each muscle. (Large muscle may have more
than one motor point)." The following diagrams (Figs. 4.1-4.3) are a useful guide

Electrode

Fig. 4.1 Muscle motor point



74 K. S. Centofanti

Deltoid 1 8 Pectoralis Major

Biceps 2 9 Latissimus Dorsi

Triceps 3

10 External Oblique

Rectus Abdominus 4
Transverse Abdominus 5

11 Tensor Fascia Latae
12 Pectineus
13 Adductor Longus

14 Gracilis
15 Rectus Femoris

16 Vastus Lateralis
17 Vastus Medialis

//

Sartorius 6

A2

il‘, \b‘l
!
Y ,

Adductor Magnus 7

Quadriceps

Fig. 4.2 Skeletal motor points — front

to locate the trigger points for the major body shaping muscles. As a general rule,
electrodes are placed over these motor points to directly stimulate one or more
muscle groups. If the electrodes are placed accurately then the stimulation sensa-
tion is smooth, comfortable and easily tolerated. This means one can therefore
increase the intensity sufficiently to obtain good muscular contractions for fast and
reliable results.
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Fig. 4.3 Skeletal motor points — back
4.4 Protocols and Electrode Pad Placements

4.4.1 Stimulation Parameters

With each set of pad placement suggestions (Figs. 4.4—4.8) there are also stimula-
tion parameter suggestions (Tables 4.1 and 4.2) which are based on empirical
observation of results and the information gathered regarding the effects of different



Fig. 44 Abdominal pad layout small frame

Fig. 4.5 Buttocks pad layout small frame

Fig. 4.6 Waist pad layout
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Fig. 4.7 Waist pad layout back view
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Suitable for stimulators with at least 10
outlets (20 electrode pads).




78 K. S. Centofanti

frequencies, pulse widths, stimulation times and how the body responds generally
to physical activity.

These parameters are also gender specific in many cases as the differences
between male and female anatomy, such as muscle mass, fat and skin resistance,
are relevant to the application of electrical stimulation.

Generally, electrical stimulation can be applied every other day, sometimes once
a day with high quality stimulators which deliver a comfortable and easily tolerated
signal. Some body shaping results can be expected after 3—6 sessions. Normally
12-21 sessions are required to achieve good results.

Some stimulators do not allow you to change the pulse width or ramp time. In
this case simply adjust the stimulation time, pause time and frequency to approxi-
mate the protocol parameters.

In the electrode placements that follow, a positive and negative layout has been
used to take account of a monophasic type current where the negative electrode is
slightly stronger than the positive electrode. If a biphasic waveform is used, the
current will alternate from positive to negative, therefore the polarity of the elec-
trodes will no longer matter.

When using a monophasic current it is important to place the negative pad on
the area that needs the stronger stimulation and the positive pad on the more sensi-
tive area so that optimum and comfortable treatments are obtained.

4.4.2 Usage

Generally three sessions per week, over a period of 4-6 weeks, gives good initial
results depending on the body shaping, toning, sports training or rehabilitation and
recovery needs.

In the case of obese users, a daily stimulation may be required with sessions of
up to 1 hour as the externally applied signal will have difficulty penetrating thick
layers of fat.

It is ideal of course to also follow a healthy eating plan when embarking on a
course of stimulation sessions in order to maximize the health enhancing benefits
and accelerate the body shaping results whilst losing weight.

Once good results have been obtained the sessions may be reduced to once or
twice a week until the user feels that optimum body shaping has been achieved.

As mentioned before, one of the questions most often repeated at this stage is
“does using regular electrical stimulation replace active exercise?”’

In fact the reverse is true as in most cases the use of electrical stimulation
encourages people to do more active exercise not less. The effortless relaxing appli-
cation of specific signals to tone, shape and strengthen the body has the inevitable
effect of giving people the confidence and energy to lead a more physically active
life as the electrically trained muscles respond more readily. Thus a sporting or
physically demanding leisure activity, which may have been avoided in the past due
to an overly sedentary lifestyle, will no longer be seen as a chore but as an attractive
pastime as the body will be more willing and able to respond.
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4.4.3 Electrode Pads

The figures that follow will indicate suggested placement layouts of electrodes.
Commercially available electrodes come in a variety of shapes and materials.

Re-useable electrodes are normally carbon graphite. They need to be thoroughly
immersed in water so that there is adequate conductivity in order for the impulses
to penetrate the skin and give a comfortable effective stimulation. They will also
need to be held in place by stretch straps of differing lengths to accommodate vari-
ous body areas.

Self adhesive electrodes are also available and are extremely practical as a coat-
ing of sticky conductive gel is used on top of a wire mesh or thin flexible carbon
pad, thus eliminating the need for water or straps.

In the figures illustrated, the electrode shape is round with a pad diameter of
approximately 7 cm for body stimulation and 2.5 cm for the face.

There are also square, rectangular and oval electrodes of varying sizes commer-
cially available.

The essential element to remember when selecting an electrode is the purpose of
its application. A smaller electrode will send the impulse to a narrow specific area,
whereas a larger electrode will diffuse the signal over a wider area, making it
generally more comfortable and easier to reach motor points.

A 7cm diameter or square electrode for body stimulation and a 2.5 cm circle for
face has empirically been shown to be the best combination of size versus comfort
for general electrical stimulation use.

4.4.4 Index of Pad Placements

BODY SHAPING AND TONING

. Abdomen/Waist Stimulation

. Buttocks and Hips Stimulation
. Thigh Stimulation

. Bust/Pectoral Stimulation

. Arms Stimulation

. Calves/Ankle Stimulation

. Posture

. Facial Stimulation

SPORTS TRAINING

0NN B W

. Abdomen Stimulation

. Quadriceps Stimulation

. Gluteus and Hamstring Stimulation

. Pectorals, Biceps and Triceps Stimulation
. Gastrocnemius Stimulation

. Whole Body Stimulation

SN B WNo =
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INCREASING RANGE OF MOTION

TENS
REPAIR, RECOVERY AND REHABILITATION

4.5 Body Shaping and Toning

The following protocols and pad placements are suitable for normal healthy people
who wish to tone and shape their body to obtain a more attractive silhouette and to
enhance general fitness levels.

4.5.1 Abdominal Stimulation

When stimulating the Abdomen it is always useful to also stimulate Buttocks as
well, when possible, as the muscles work together to shape the trunk and re-align
the silhouette (see Figs. 4.4—4.10 and Tables 4.1 and 4.2).

Table 4.1 Abdominal stimulation parameters — female — total time 45 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 10 8 7 8 2
Stimulation in seconds 2 4 8 10 6 4 1.2
Pause in seconds 2.5 4 6 1 4 4 0.5
Frequency (Hz) 90 50 10 4 30 65 100
Pulse width in microseconds 200 300 500 600 360 300 80
Ramp in seconds 05 05 09 13 06 05 0.2

Table 4.2 Abdominal stimulation parameters — male — total time 40 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 10 5 5 8 5 2
Stimulation in seconds 2 4 8 10 6 4 1.2
Pause in seconds 2.5 4 6 1 4 4 05
Frequency (Hz) 90 60 10 4 45 65 100
Pulse width in microseconds 260 360 600 700 400 360 90
Ramp in seconds 05 05 09 1.3 06 05 02

Phase 1 — preparation: Turn up the stimulation gradually, until a gentle pulsed
tingling is felt, then increase the intensity until a fast pumping is felt.

Phases 2 to 6 — activation: Increase the intensity until a strong visible move-
ment is seen and felt.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling pulse
is felt. Pad placement suitable for stimulators with at least 4 outlets (8 electrode pads).



4 Electrical Stimulation for Health, Beauty, Fitness, Sports Training and Rehabilitation 81

For medium to small frame bodies with stimulators that have 8 electrode pads, a
pair of electrode pads may be placed on the buttocks also, as this will tense the gluteal
muscles along with the abdominal muscles and force the pelvis to tilt into a correct
postural position thus flattening the tummy and improving the postural stance.

Note: the negative (slightly stronger) pad has been placed on the left buttock as
most right handed people have a faster stimulation response on their right side,
thus the slightly weaker positive pad will give a good response whereas the weaker
left side will generally benefit from the stronger impulse of the negative electrode
pad. For left handed people you may wish to reverse the negative and positive pad

placement to balance the stimulation effect.
Pad placement suitable for stimulators with at least 4 outlets (8 electrode pads).

Fig. 4.9 Buttocks — to be
used with Fig. 4.8 — large
abdomen

4.5.2 Buttocks and Hips Stimulation

Phase 1 — preparation: Turn up the stimulation gradually, until an intermittent
tingling is felt, then increase the intensity until a gentle pumping is felt.

Phases 2 to 6 — activation: Increase the intensity until a strong, smooth, visible
movement is seen and felt.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling
pulse is felt.

Pad placement suitable for stimulators with at least 6 outlets (12 electrode pads).
(see Fig. 4.10 and Tables 4.3 and 4.4)
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Fig. 4.10 Buttocks & hips pad layout

Table 4.3 Buttocks & hips parameters — female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 3 6 8 4 3 5 1.2
Pause in seconds 2 5 4 4 4 5 0.5
Frequency (Hz) 100 65 10 50 75 45 100
Pulse width in microseconds 200 300 500 300 260 260 80
Ramp in seconds 05 0.7 0.9 0.5 0.5 0.5 0.2
Table 4.4 Buttocks & hips parameters — male — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 4 6 8 4 3 5 1.2
Pause in seconds 3 4 4 4 4 5 0.5
Frequency (Hz) 100 65 10 50 75 45 100
Pulse width in microseconds 300 400 600 340 300 300 90
Ramp in seconds 0.5 0.7 0.9 0.5 05 0.5 0.2

4.5.3 Thigh Stimulation

Phase 1 — preparation: Turn up the stimulation gradually, until an intermittent
tingling is felt, then increase the intensity until a gentle pumping is felt.

Phases 2 to 6 — activation: Increase the intensity until a strong, smooth, visible
movement is seen and felt.

Phase 7 - cool down: Turn down the intensity gradually until a mild tingling
pulse is felt.

Pad placement suitable for stimulators with at least 4 outlets (8 electrode pads)
(Figs 4.11 and Table 4.5 and 4.6).
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Fig. 4.11 Inner & outer thigh pad layout 1 R \'5‘ ('”(H“J g7
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Table 4.5 Thigh stimulation parameters — female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 5 3 1 10 6 4 1.2
Pause in seconds 4 4 0.7 1 4 4 0.5
Frequency (Hz) 10 65 100 4 45 8 100
Pulse width in microseconds 400 300 260 500 360 500 80
Ramp in seconds 0.9 0.5 0.3 0.9 0.6 05 0.2
Table 4.6 Thigh stimulation — male — total time 30 minutes
Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 6 4 1.5 10 6 4 1.2
Pause in seconds 3 4 0.8 1 4 4 0.5
Frequency (Hz) 10 60 10 6 50 8 100
Pulse width in microseconds 500 360 500 600 360 600 90
Ramp in seconds 0.3 0.5 1.3 09 06 05 02

Pad placement suitable for stimulators with at least 6 outlets (12 electrode pads)
(Fig. 4.12 and Tables 4.5 and 4.6).

W

-

Fig. 4.12 Inner & outer thigh pad layout 2
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4.5.4 Bust/Pectorals Stimulation

Phase 1 — preparation: Turn up the stimulation gradually, until an intermittent
tingling is felt, then increase the intensity until a gentle pumping is felt.

Phases 2, 5 & 6 activation: Increase the intensity until a smooth, comfortable
movement is seen and felt. The stimulation should not be too strong.

Phases 3 & 4 detox: Decrease the intensity until a mild pumping is felt.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling
pulse is felt (Figs. 4.13 and 4.14, Tables 4.5 and 4.6).

Pad placement suitable for stimulators with at least 4 outlets (8 electrode pads).
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Table 4.7 Bust/pectorals stimulation parameters female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 3 3 5 1 4 6 2
Pause in seconds 3 2.5 3 03 45 6 0.5
Frequency (Hz) 90 60 10 4 45 65 90
Pulse width in microseconds 150 150 220 300 200 200 80
Ramp in seconds 0.3 0.5 13 09 06 05 02

Table 4.8 Bust/pectorals stimulation parameters male — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 2 4 8 10 6 4 12
Pause in seconds 2.5 4 6 1 4 4 05
Frequency (Hz) 90 60 10 4 45 65 100
Pulse width in microseconds 200 200 260 300 220 220 80
Ramp in seconds 03 05 13 09 06 05 02

This layout is designed for women who have sagging muscles and a build up of
fat around the bra strap area. It is to be used in conjunction with Fig. 4.13 bust/
pectoral layout.

4.5.5 Arms Stimulation

Phase 1 — preparation: Turn up the stimulation gradually, until an intermittent
tingling is felt, then increase the intensity until a gentle pumping is felt.
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Table 4.9 Arms stimulation parameters female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 3 4 8 4 6 4 12
Pause in seconds 2.5 4 6 2 2 4 05
Frequency (Hz) 90 60 10 65 4 65 100
Pulse width in microseconds 220 220 300 200 300 200 80
Ramp in seconds 03 05 13 05 06 05 02

Table 4.10 Arms stimulation parameters male — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 4 4 6 10 6 4 1.2
Pause in seconds 2.5 3 3 8 4 4 0.5
Frequency (Hz) 70 60 10 50 10 65 100
Pulse width in microseconds 200 200 300 220 300 220 80
Ramp in seconds 03 05 09 09 0.6 05 0.2

Phases 2 to 6 activation: Increase the intensity until a smooth, comfortable
movement is seen and felt. The stimulation should be very vigorous but not
uncomfortable.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling
pulse is felt.

Pad placement suitable for stimulators with at least 4 outlets (8 electrode pads)
(Fig. 4.15 and Tables 4.9 and 4.10).

4.5.6 Calves/Ankles Stimulation

Fig. 4.16 Calves layout



4 Electrical Stimulation for Health, Beauty, Fitness, Sports Training and Rehabilitation 87
Table 4.11 Calves & ankles stimulation parameters female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 1 4 3 6 8 4 1.2
Pause in seconds 1 4 3.5 4 4 4 0.5
Frequency (Hz) 100 40 50 10 4 25 100
Pulse width in microseconds 200 220 200 300 300 220 80
Ramp in seconds 0.3 0.5 0.5 0.5 0.9 0.5 0.2
Table 4.12 Calves & ankles stimulation parameters male — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 1 5 4 6 8 4 1.2
Pause in seconds 1 4 3.5 4 4 4 0.5
Frequency (Hz) 90 40 50 10 4 25 100
Pulse width in microseconds 260 300 300 400 400 300 80
Ramp in seconds 0.3 0.5 0.5 0.5 0.9 0.5 0.2

Phase 1 — preparation: Turn up the stimulation gradually, until an intermittent
tingling is felt, then increase the intensity until a gentle pumping is felt.
Phases 2, 3 & 6 activation: Increase the intensity until a smooth, comfortable

movement is seen and felt. The stimulation should not be too strong.
Phases 4 & 5 detox: Decrease the intensity until a mild pumping is felt.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling

pulse is felt.

Pad placement suitable for stimulators with at least 2 outlets (4 electrode pads)

(Fig. 4.16 and Tables 4.11 and 4.12).

Pad placement suitable for stimulators with at least 4 outlets (8 electrode pads)

(Fig. 4.17).

Fig. 4.17 Calves & ankles layout
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4.5.7 Posture

Apart from lack of exercise which leads to flaccid muscles, poor posture is also a
contributing factor to a flabby drooping appearance. The importance of a good
posture is a major element for effective body shaping. Not only will ES improve the

Fig. 4.18 Posture layout — back

Fig. 4.19 Posture layout — abdominal — to
be used in conjunction with Fig. 4.18
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Table 4.13 Posture stimulation parameters female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 2 5 5 5 5 5 3
Stimulation in seconds 10 5 4 6 3 4 1.2
Pause in seconds 1 4 3.5 4 35 2 0.5
Frequency (Hz) 100 10 50 4 40 4 100
Pulse width in microseconds 140 220 140 220 140 240 80
Ramp in seconds 1.2 0.5 0.5 0.5 0.5 0.5 0.2
Table 4.14 Posture stimulation parameters male — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 2 5 5 5 5 5 3
Stimulation in seconds 10 5 4 6 3 4 1.2
Pause in seconds 1 4 3.5 4 3.5 2 0.5
Frequency (Hz) 100 10 50 4 40 4 100
Pulse width in microseconds 180 280 140 220 180 240 80
Ramp in seconds 1.2 0.5 0.5 0.5 0.5 0.5 0.2

silhouette but it will also relieve some aches and pains which are caused by postural
problems.

Although strong back muscles and relaxed shoulder muscles are seen as key
elements for a good posture, the abdominal and gluteus muscles actually play an
essential role in figure control.

Phase 1 — preparation: Turn up the stimulation gradually, until an intermittent
tingling is felt.

Phases 2 to 6: Increase the intensity until a very gentle pumping is felt under
the pads placed on the back and a smooth tensing is felt under the abdominal pads.
The stimulation should be comfortable and relaxing at all times.

Phase 7 — cool down: Turn down the intensity gradually until only a mild
tingling pulse is felt.

Pad placement suitable for stimulators with at least 10 outlets (20 electrode pads)
(Figs. 4.18 and 4.19 and Tables 4.13 and 4.14).

For stimulators with fewer outlets, split the stimulation into different sessions,
grouping pad layouts 1, 2, 9 & 10 in one session, then layout 5, 6, 7 & 8 in another
session and layouts 3, 4, 9 & 10 in another session.

This repeats the abdominal stimulation which is key to obtaining good posture
results.

4.5.8 Facial Stimulation

In the quest for a youthful appearance, facial muscles and skin may also be stimu-
lated to improve circulation, help activate fibroblasts which produce collagen and
elastin and also tone flaccid and sagging face muscles.> -
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Phase 1 — preparation: Turn up the stimulation gradually, until an intermittent
tingling is felt.

Phases 2 to 6: Increase the intensity until a very smooth tensing is felt under the
pads, there should be little visible movement. The stimulation should be comforta-
ble and relaxing at all times.

Phase 7 — cool down: Turn down the intensity gradually until only a mild tin-
gling pulse is felt.

Pad placement suitable for stimulators with at least 6 outlets (12 electrode pads)
(Fig. 4.20 and Tables 4.15 and 4.16).

For stimulators with fewer outlets split the stimulation into different sessions,
grouping 2 pairs of pad layouts and repeating the stimulation for areas that need the
most lifting and toning.

A female face illustration has been used as these treatments have largely been
feminine in the past, but the pad placements are also suitable for men as the facial
muscles shown in part of the diagram will be suitable for both male and female.

Fig. 4.20 Facial stimulation

Table 4.15 Facial stimulation parameters female — total time 15 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 2 3 2 2 2 2 2
Stimulation in seconds 2 4 3 6 3 4 12
Pause in seconds 2.5 4 3.5 4 3.5 2 03
Frequency (Hz) 100 10 50 4 40 4 100
Pulse width in microseconds 140 200 140 220 140 220 80

Ramp in seconds 0.5 0.5 0.5 0.5 0.5 05 02
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Table 4.16 Facial stimulation parameters male — total time 15 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 2 3 2 2 2 2 2
Stimulation in seconds 2 4 3 4 3 4 2
Pause in seconds 2.5 4 3.5 4 3.5 2 0.5
Frequency (Hz) 80 10 50 4 40 4 100
Pulse width in microseconds 140 220 140 220 140 240 80
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2

4.6 Sports Training

These protocols and parameters have been devised to help sports people train and
strengthen their muscles, whether they compete professionally or simply enjoy
sports for leisure. The advantage of training with electrical stimulation is that it
allows the body to activate muscles without strain or stress on load bearing joints,
thus minimising the risk of injury.

4.6.1 Abdominal Stimulation

Phase 1 — preparation: Turn up the stimulation gradually, until an intermittent
tingling is felt, then increase the intensity until a gentle pumping is felt.

Phases 2 to 6 — activation: Increase the intensity until a very strong, smooth,
visible movement is seen and felt.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling
pulse is felt. Pad placement suitable for stimulators with at least 4 outlets (8 elec-
trode pads) (Fig. 4.21 and Table 4.17 and 4.18).
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Fig. 4.21 Abdominal pad layout for
sports training
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Table 4.17 Abdominal training parameters female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 4 6 1 10 4 8 2
Pause in seconds 3 4 0.5 4 3.5 3 0.5
Frequency (Hz) 80 60 50 10 40 10 100
Pulse width in microseconds 300 340 300 400 300 400 80
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2
Table 4.18 Abdominal training parameters male — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 4 6 1 10 4 8 2
Pause in seconds 3 4 0.5 4 3.5 3 0.5
Frequency (Hz) 80 60 50 10 40 10 100
Pulse width in microseconds 300 340 300 400 300 400 80
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2

4.6.2 Quadriceps Stimulation

Phase 1 — preparation: Turn up the stimulation gradually, until an intermittent
tingling is felt, then increase the intensity until a gentle pumping is felt.

Phases 2 to 6 — activation: Increase the intensity until a very strong, smooth,
visible movement is seen and felt.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling
pulse is felt. Pad placement suitable for stimulators with at least 4 outlets (8 elec-
trode pads) (Figs. 4.22 and 4.23 and Tables 4.19 and 4.20).

Fig. 4.22 Quadriceps pad layout
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Fig. 4.23 Abductors and adductors pad
layout
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Table 4.19 Quadriceps stimulation parameters female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 2 7 5 5 4 2
Stimulation in seconds 4 3 8 3 4 8 2
Pause in seconds 3 2 4 3 3.5 3 0.5
Frequency (Hz) 65 85 10 50 40 10 100
Pulse width in microseconds 340 300 460 300 300 400 80
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2
Table 4.20 Quadriceps stimulation parameters male — total time 30 minutes
Phase 1 2 3 4 5 6 7
Time in minutes 5 2 7 5 5 4 2
Stimulation in seconds 5 3 8 4 5 8 2
Pause in seconds 4 2 4 3 3.5 3 0.5
Frequency (Hz) 60 70 10 50 40 10 100
Pulse width in microseconds 400 400 600 400 300 500 80
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2

4.6.3 Gluteus and Hamstrings Stimulation

Phase 1 — preparation: Turn up the stimulation gradually, until an intermittent
tingling is felt, then increase the intensity until a gentle pumping is felt.

Phases 2 to 6 — activation: Increase the intensity until a very strong, smooth,
visible movement is seen and felt.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling
pulse is felt. Pad placement suitable for stimulators with at least 4 outlets (8 elec-
trode pads) (Figs. 4.24 and 4.25 and Tables 4.21 and 4.22).

Pad placement suitable for stimulators with at least 6 outlets (12 electrode pads). For
stimulators with fewer outlets split the stimulation into different sessions, grouping 2
pairs of pad layouts and repeating the stimulation for areas that need the exercise.
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Fig. 4.24 Gluteus & hamstring pad
layout 1

Fig. 4.25 Gluteus & hamstring pad
layout 2

Table 4.21 Gluteus & hamstring parameters female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 2 7 5 5 4 2
Stimulation in seconds 2 5 8 4 5 4 2
Pause in seconds 1 3 4 3 1 4 0.5
Frequency (Hz) 90 60 10 50 8 70 100
Pulse width in microseconds 400 400 600 400 600 400 80
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2
Table 4.22 Gluteus & hamstring parameters male — total time 30 minute

Phase 1 2 3 4 5 6 7
Time in minutes 5 2 7 5 5 4 2
Stimulation in seconds 2 5 8 4 5 4 2
Pause in seconds 3 3 4 3 1 4 0.5
Frequency (Hz) 80 60 10 50 8 65 100
Pulse width in microseconds 460 460 600 460 600 460 80

Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2
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4.6.4 Pectorals, Biceps and Triceps Stimulation

Phase 1 — preparation: Turn up the stimulation gradually, until an intermittent
tingling is felt, then increase the intensity until a gentle pumping is felt.

Phases 2 to 6 — activation: Increase the intensity until a smooth, visible move-
ment is seen and felt.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling
pulse is felt. Pad placement suitable for stimulators with at least 4 outlets (8 elec-
trode pads) (Figs. 4.26 and 4.27 and Tables 4.23 and 4.24).

Use this pad placement in conjunction with the pectoral and biceps layout or on
its own. Suitable for either a 6 outlet or 2 outlet stimulator.
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Table 4.23 Pectorals, biceps & triceps stimulation parameters female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 2 4 6 4 6 3.5 2
Pause in seconds 2 3 4 3 1 4 0.5
Frequency (Hz) 75 60 10 50 4 70 100
Pulse width in microseconds 200 240 300 200 360 200 80
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2

Table 4.24 Pectorals, biceps & triceps stimulation parameters male — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 2 4 6 4 6 3.5 2
Pause in seconds 2 3 4 3 1 4 0.5
Frequency (Hz) 75 60 10 50 4 70 100
Pulse width in microseconds 200 240 300 200 360 200 80
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2

4.6.5 Gastrocnemius Stimulation

Phase 1 — preparation: Turn up the stimulation gradually, until an intermittent
tingling is felt, then increase the intensity until a gentle pumping is felt.

Phases 2 to 6 — activation: Increase the intensity until a smooth, visible move-
ment is seen and felt.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling
pulse is felt. Pad placement suitable for stimulators with at least 2 outlets (4 elec-
trode pads) (Fig. 4.28 and Tables 4.25 and 4.26).

Fig. 4.28 Gastrocnemius pad layout
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Table 4.25 Gastrocnemius stimulation parameters female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 4 4 4 4 6 4 2
Pause in seconds 2 3 4 3 1 4 0.5
Frequency (Hz) 10 30 60 50 10 30 100
Pulse width in microseconds 300 240 200 200 360 260 80
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2
Table 4.26 Gastrocnemius stimulation parameters male — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 5 4 4 6 8 4 2
Pause in seconds 3 3 4 3 2 4 05
Frequency (Hz) 10 30 65 50 10 30 100
Pulse width in microseconds 360 300 300 300 400 300 80
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 05 02

4.6.6 Whole Body Stimulation

Phase 1 — preparation: Turn up the stimulation gradually, until an intermittent
tingling is felt, then increase the intensity until a gentle pumping is felt.
Phases 2 to 6 — activation: Increase the intensity until a smooth, visible move-

ment is seen and felt.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling
pulse is felt. Pad placement suitable for stimulators with at least 10 outlets (20

electrode pads) (Fig. 4.29 and Tables 4.27 and 4.28).

Table 4.27 Whole body training parameters female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 4 1 4 10 3 6 2
Pause in seconds 4 0.5 4 3 3 4 0.5
Frequency (Hz) 10 80 60 4 40 4 100
Pulse width in microseconds 400 200 200 400 260 400 80
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2
Table 4.28 Whole body training parameters male — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 4 1 5 10 4 6 2
Pause in seconds 4 0.5 4 3 4 4 0.5
Frequency (Hz) 20 70 60 4 40 4 100
Pulse width in microseconds 460 240 220 400 280 400 80
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2
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Fig. 4.29 Whole body training pad layout

4.7 Increasing Range of Motion

The following protocols give parameters and pad positioning for people who have
had injuries or illnesses which have reduced their range of motion.>=® Electrical
stimulation can help restore or improve movement capacity with minimum stress,
strain or pain. It also lessens weight on load bearing joints as the stimulation treat-
ment is usually given in a reclining or resting position.

The protocols below (Tables 4.29 and 4.30) are suitable for patients who have
no permanent nerve damage.

For patients with nerve damage leading to paralysis, the pulse width and stimula-
tion time may need to be dramatically increased in order to elicit a movement. The
precise amount of pulse width increase and stimulation time increase will depend on
the individual response and should be established by the medical practitioner.
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Table 4.29 Range of motion stimulation parameters female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 3 6 2 10 4 4 1.5
Pause in seconds 3.5 5 2.5 3 4.5 4 0.5
Frequency (Hz) 50 10 70 4 35 65 6
Pulse width in microseconds 200 300 200 320 250 200 100
Ramp in seconds 0.5 0.5 0.3 1.3 0.6 0.5 0.2
Table 4.30 Range of motion stimulation parameters male — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 3 6 2 10 4 4 1.5
Pause in seconds 3.5 5 2.5 3 4.5 4 0.5
Frequency (Hz) 50 10 70 4 35 65 6
Pulse width in microseconds 200 300 200 320 250 200 100
Ramp in seconds 0.5 0.5 0.3 1.3 0.6 0.5 0.2

Electrode pad positions: the diagrams that follow (Figs. 4.30 to 4.32) show the
approximate pad positioning for the various movements. It is essential to experi-
ment somewhat with a light shift in electrode position until a smooth an comforta-
ble movement is obtained as each patient will have a slightly different motor point
trigger location. Once the correct electrode pad placement is found, it is advisable
to take a photograph of the position so that it can be easily duplicated for further

treatment sessions.

The intensity of stimulation for each pair of electrodes also needs to be moni-
tored very closely by the treating practitioner who will decide what sensation and
muscular movement is best according to the requirement of the patient.

. Ankle dorsiflexion

. Plantar flexion

Knee flexion

. Knee extension

. Shoulder abduction

. Hip abduction

. Finger flexion

. Finger flexion with wrist flexion
. Wrist extension

. Wrist extension and finger extension
. Elbow extension.

—_

—_—
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Fig. 4.30 Range of motion 1 — 4 pad layout
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5.

Fig. 4.31 Range of motion 5 — 8 pad layout
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Fig. 4.32 Range of motion 9 — 11 pad layout

4.8 TENS - Transcutaneous Electrical Nerve Stimulation

TENS has now become synonymous with the use of electrical stimulation for pain
relief*** and commercially available machines are indeed sold as “TENS” units.
This can be quite confusing if one examines the term “transcutaneous electrical
nerve stimulation”, as most stimulators used for muscle toning, strengthening and
body shaping will also stimulate the nerves.
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The important issue is to know what parameters are used to attenuate or mask
pain and to ensure that the stimulator in question can deliver these signals.

As a general guideline, most commercially available “TENS” units use a weak
signal as little intensity is necessary to impede or attenuate pain. This means that
very small battery operated machines can be extremely effective if the correct
sequence of signals is pre-programmed or made available.

The following protocols list some empirically tested TENS parameters along
with the latest consensus regarding the way an electrical signal can attenuate or
mask pain.

4.8.1 High TENS - Gate TENS

The gate-control theory suggests that there is a neural mechanism in the spinal cord
that acts as a kind of gate, shutting down or opening up the flow of signals from the
periphery to the brain. Whether the gate is open, closed or partially closed depends
on what sort of signal it receives from the brain to change the perception of pain in
the user’s body.

These frequencies interfere with the transmission of pain messages at the spinal
cord level, and help block their transmission to the brain. Generally, gate TENS
parameters are between 75 and 150Hz (pulse per second) with a narrow pulse
width (50-150 microseconds).*

4.8.2 Low TENS - Endorphin TENS

Another theory is called ‘Endorphin Release’, which suggests that electrical
impulses stimulate the production of endorphins and enkephalins in the body, the
natural morphine-like substances that block pain messages from reaching the brain.
An endorphin release TENS has a slow acting effect. The stimulation is applied at
a low repetition (pulse) rate between 2 and 10Hz (pulses per second). Endorphin
release type stimulation requires a longer application time, between 30 minutes to
2 hours, to reach a maximum level of endorphin release, but because endorphins
remain at effective levels in the blood stream for extended periods, a pain relief
period of up to 36 hours may be achieved. Sustained stimulation at low levels of
pulse intensity has the strongest effect on managing chronic nagging pain.*

The following protocols have varied stimulation parameters for optimum effect
and may be used on all the following electrode pad layout positions (Tables 4.31
and 4.32).

Turn up the intensity until the very mildest tingling is felt.

Turn up the intensity until the very mildest tingling is felt. For longer sessions
rotate the parameters as above.
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Table 4.31 High TENS — Gate TENS stimulation parameters — male & female — total time
30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 3 1 5 3 1 2
Stimulation in seconds 10 3 1 10 3 1 1.2
Pause in seconds 1 4 6 1 4 4 0.5
Frequency (Hz) 100 80 70 100 80 70 100
Pulse width in microseconds 90 90 90 90 90 90 90
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2

Table 4.32 Low TENS — Endorphin TENS stimulation parameters — male & female — total time
30 minutes-2 hours

Phase 1 2 3 4 5 6 7
Time in minutes 5 3 1 5 3 1 2
Stimulation in seconds 4 10 4 4 10 4 1.2
Pause in seconds 2 1 2 2 1 2 0.5
Frequency (Hz) 4 6 10 4 6 10 2
Pulse width in microseconds 120 120 120 120 120 120 90
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2

4.9 Repair, Recovery and Rehabilitation

The following suggested protocols and parameters are for general repair, recovery
and rehabilitation when there has been a recent injury or when a gentle exercise
pattern is indicated (see Figs. 4.33—4.43 and Tables 4.33—4.39).

Turn up the stimulation gradually, until a gentle pulsed tingling is felt. There
should be no movement.

Fig. 4.33 Ankle repair pad layout
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Fig. 4.34 Knee repair pad layout
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Table 4.33 Ankle & knee joint stimulation parameters — male & female — total time 20 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 3 3 3 3 3 3 2
Stimulation in seconds 2 4 8 20 6 4 1.2
Pause in seconds 2.5 4 6 1 4 4 0.5
Frequency (Hz) 90 4 10 4 30 65 100
Pulse width in microseconds 100 300 280 300 360 100 100
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2
Table 4.34 Calf & thigh stimulation parameters — male & female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 2 4 4 3 6 4 3
Pause in seconds 2.5 4 4.5 2 2 4.5 0.5
Frequency (Hz) 10 30 50 60 4 40 75
Pulse width in microseconds 300 250 200 200 400 200 90
Ramp in seconds 0.5 0.5 0.5 0.5 0.7 0.5 0.2

Phase 1 — preparation: Turn up the stimulation gradually, until a gentle pulsed

tingling is felt.

Phases 2 to 6 — activation: Increase the intensity until a smooth tensing is felt.
Phase 7 — cool down: Turn down the intensity gradually until a mild tingling
pulse is felt. Pad placement suitable for stimulators with at least 2 outlets (4 elec-

trode pads).



106 K. S. Centofanti

Fig. 4.35 Calf recovery & rehabilitation pad layout

Table 4.35 Inner & outer knee stimulation parameters — male & female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 2 4 4 6 6 4 3
Pause in seconds 2.5 4 4.5 2 2 4.5 0.5
Frequency (Hz) 10 30 50 10 4 40 75
Pulse width in microseconds 200 150 100 100 220 150 90
Ramp in seconds 0.5 0.5 0.5 0.5 0.5 0.5 0.2

Phase 1 - preparation: Turn up the stimulation gradually, until a gentle pulsed
tingling is felt.

Phases 2 to 6 — activation: Increase the intensity until a smooth tensing is felt.
There should be no movement.

Phase 7 - cool down: Turn down the intensity gradually until a mild tingling
pulse is felt. Pad placement suitable for stimulators with at least 2 outlets (4 elec-
trode pads).

The Pad placement below shows the position for either an inner knee ligament
injury or an outer knee ligament injury. Select the appropriate layout and place on
the injured limb accordingly.

Wil
\\“\lll

Fig. 4.36 Inner & outer knee liga-
ment repair & recovery pad layout
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Table 4.36 Quadriceps recovery & rehabilitation stimulation parameters — male & female — total
time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 2 4 4 6 8 4 3
Pause in seconds 2.5 4 4.5 2 2 4.5 0.5
Frequency (Hz) 10 30 50 10 4 40 75
Pulse width in microseconds 200 150 100 100 220 150 90
Ramp in seconds 0.5 0.5 0.5 0.5 0.9 0.5 0.2

Phase 1 — preparation: Turn up the stimulation gradually, until a gentle pulsed
tingling is felt.

Phases 2 to 6 — activation: Increase the intensity until a smooth tensing is felt.
There should be a gentle balanced movement on both legs. After three sessions,
gradually increase the stimulation until a vigorous but comfortable tensing and
movement is seen and felt.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling
pulse is felt. Pad placement suitable for stimulators with at least 3 outlets (6 elec-
trode pads).

The Pad placement below shows the position for recovery of an injured right
limb. If the injury has occurred on the left limb, simply inverse the pads.

Note: it is always advisable to also stimulate the non injured limb for muscular
balance.

Fig. 4.37 Quadriceps repair & recovery
pad layout
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Table 4.37 Gluteus & hamstring recovery & rehabilitation stimulation parameters — male &
female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 3 4 6 2 8 4 1.5
Pause in seconds 3.5 4 4 2 2 4.5 0.5
Frequency (Hz) 50 30 10 40 4 40 75
Pulse width in microseconds 250 30 400 200 400 200 90
Ramp in seconds 0.5 0.5 0.5 0.5 0.9 0.5 0.2

Phase 1 - preparation: Turn up the stimulation gradually, until a gentle pulsed
tingling is felt.

Phases 2 to 6 — activation: Increase the intensity until a smooth tensing is felt.
After three sessions, gradually increase the stimulation until a vigorous but com-
fortable tensing and movement is seen and felt.

Phase 7 - cool down: Turn down the intensity gradually until a mild tingling
pulse is felt. Pad placement suitable for stimulators with at least 2 outlets (4 elec-
trode pads).

The Pad placement below shows the position for recovery of an injured right
limb. If the injury has occurred on the left limb, simply inverse the pads.

Note: it is always advisable to also stimulate the non injured limb for muscular
balance.

After three sessions pad up both sides (suitable for stimulators with 4 outlets).

I

e
~

Fig. 4.38 Gluteus & hamstring
repair & recovery pad layout

Table 4.38 Hips & Lower back recovery & rehabilitation stimulation parameters — male &
female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 3 4 6 2 8 4 1.5
Pause in seconds 3.5 4 4 2 2 4.5 0.5
Frequency (Hz) 10 30 4 50 4 30 75
Pulse width in microseconds 250 250 300 200 350 200 90

Ramp in seconds 0.5 0.5 0.5 0.5 0.9 0.5 0.2
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Phase 1 — preparation: Turn up the stimulation gradually, until a gentle pulsed
tingling is felt.

Phases 2 to 6 — activation: Increase the intensity until a smooth tensing is felt.
No movement should be seen.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling
pulse is felt. Pad placement suitable for stimulators with at least 4 outlets (8 elec-
trode pads).
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Fig. 4.39 Hips repair & recovery
pad layout

Fig. 4.40 Lower back, gluteus
& hamstring repair & recovery
pad layout
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Table 4.39 Middle & back recovery & rehabilitation stimulation parameters — male & female —
total time 30 minutes

=
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Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 1.5 4 2 2 5 4 1.5
Pause in seconds 0.5 4 2.5 2 5 4.5 0.5
Frequency (Hz) 80 4 20 10 4 30 75
Pulse width in microseconds 150 250 200 220 250 150 90
Ramp in seconds 0.2 0.5 0.5 0.5 0.5 0.5 0.2

Phase 1 — preparation: Turn up the stimulation gradually, until a gentle pulsed
tingling is felt.

Phases 2 to 6 — activation: Increase the intensity until a very gentle tensing is
felt. No movement should be seen.

Phase 7 - cool down: Turn down the intensity gradually until a mild tingling
pulse is felt. Pad placement suitable for stimulators with at least 4 outlets (8 elec-
trode pads).

Fig. 4.42 Lower & middle back repair &
recovery pad layout
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Fig. 4.43 Upper back repair &
recovery pad layout

4.9.1 RSI - Repetitive Strain Injury

Often a repeated movement may lead to pain and strain of muscle, tendon and joint.
Electrical stimulation has been used as a very effective pain relief and recovery tool
for this condition and can also act as a preventative treatment. The following pro-
tocols for recovery and rehabilitation, may also be used to treat RSI (see Figs.
4.44-4 48 and Tables 4.40-4.43).

Table 4.40 Shoulders RSI, recovery & rehabilitation stimulation parameters — male & female —
total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 4 8 2 5 4 8 1.5
Pause in seconds 4 2 2.5 3 4.5 4 0.5
Frequency (Hz) 10 4 30 10 50 4 75
Pulse width in microseconds 300 300 200 300 150 300 90
Ramp in seconds 0.2 0.5 0.5 0.5 0.5 0.5 0.2

Phase 1 - preparation: Turn up the stimulation gradually, until a gentle pulsed
tingling is felt.

Phases 2 to 6 — activation: Increase the intensity until a very gentle tensing is
felt. A faint movement might be seen.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling
pulse is felt. Pad placement suitable for stimulators with at least 4 outlets (8 elec-
trode pads).

Turn up the stimulation gradually, until a gentle pulsed tingling is felt. There
should be no movement.
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Fig. 4.44 Shoulders RSI, repair & recovery
pad layout

Table 4.41 Elbow RSI, recovery & rehabilitation stimulation parameters — male & female — total
time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 4 6 2 3 4 8 1.5
Pause in seconds 2 2 2.5 3 4.5 4 0.5
Frequency (Hz) 80 4 30 10 20 4 75
Pulse width in microseconds 100 300 150 200 200 300 90
Ramp in seconds 0.2 0.5 0.5 0.5 0.5 0.5 0.2
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Fig. 4.45 Elbow RSI, repair & recovery pad layout
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Table 4.42 Wrist flexion RSI, recovery & rehabilitation stimulation parameters — male & female
— total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 4 8 2 5 4 8 1.5
Pause in seconds 4 2 2.5 3 4.5 4 0.5
Frequency (Hz) 10 4 30 10 50 4 75
Pulse width in microseconds 300 300 200 300 150 300 90
Ramp in seconds 0.2 0.5 0.5 0.5 0.5 05 02

Phase 1 — preparation: Turn up the stimulation gradually, until a gentle pulsed
tingling is felt.

Phases 2 to 6 — activation: Increase the intensity until a very gentle tensing is
felt. A faint flexing of the wrist should be seen.

Phase 7 — cool down: Turn down the intensity gradually until a mild tingling pulse
is felt. Pad placement suitable for stimulators with 1 outlet (2 electrode pads).

Alternate this pad placement (Fig. 4.46) and protocol with the wrist repair one
that follows (Fig. 4.47).

Fig. 4.46 Wrist flexion RSI, repair

& recovery pad layout \

Table 4.43 Wrist & hand repair stimulation parameters — male & female — total time 30 minutes

Phase 1 2 3 4 5 6 7
Time in minutes 5 5 5 5 5 3 2
Stimulation in seconds 4 8 2 5 4 8 1.5
Pause in seconds 4 2 2.5 3 4.5 4 0.5
Frequency (Hz) 10 4 30 10 50 4 75
Pulse width in microseconds 300 300 200 300 150 300 90

Ramp in seconds 0.2 0.5 0.5 0.5 0.5 0.5 0.2
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Turn up the stimulation gradually, until a gentle pulsed tingling is felt.
Pad placement suitable for stimulators with 2 outlet (4 electrode pads).

Fig. 4.48 Wrist & hand circulation & repair pad layout
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