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Electrical stimulation has long been reported to relieve chronic human pain.
Although the application 1s rather old, stimulation parameters used,
unfortunately, are still not clear. Various forms of signal have been tried in
different subjects including human by many researchers. There are not
satisfactory medical reasons for the preference of these signal forms. Chaos in
this field sometimes leads to misuse of this otherwise clinically useful treatment.

Because electrical parameters of commercially available nerve stimulators are
E}'etty limited, a purpose built test stimulator was constructed at Liverpool
niversities Pain Research Institute to evaluate the comparative effectiveness of
different stimulation modes. At the early stage of this research, a pilot study was
done by randomly delivering three different transcutaneous stimulation modes
(conventional constant, burst and frequency modulation) to 27 patients. This
pilot study demonstrated that patients preferred modulated stimulation modes
such as frequency modulation and burst rather than conventional constant mode
of stimulation. Considering the results of the pilot study, the test stimulator was
modified; two different types of frequency modulated stimulation (high rate
frequency modulation, HRFM and low rate frequency modulation, LRFM) were
included, and a double blind controlled long-term clinical trial was carried out
on 14 patients with 21 pain conditions to assess whether the long-term
therapeutic effects validate the immediate test results. Fourteen pain conditions
out of 21 (66%) responded well to the therapy, the majority preferred the
HRFM and burst type of stimulation. These results validate the initial testing of
different stimulation modes before assessing long-term stimulation therapy.

Epidural spinal cord stimulation is an established surgical method for the control
of wide spread and bilateral persistent pain. It has recently been reported that
this surgical procedure also has therapeutic effects on other conditions such as
vascular disease, movement disorders and angina pectoris. As the demand for
the method is increasing, the high-cost of the existing dorsal column stimulator
implants severely limits wide-sEread use of the treatment. On the other hand,
methodologic aspects of the therapy have long been discussed. To overcome
these methodologic problems such as electrode migration and breakdown of the
components, a new simple and low-cost implant system based on inductive
coupling principles has been developed and tested on pain patients
percutaneously and peroperatively.
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ABBREVIATIONS

AC Alternating Current

AM : Amplitude Modulation

B : Burst mode of stimulation

BPS : Brachial Plexus Syndrome

c : Conventional constant mode of stimulation

CNS Central Nervous System

CPSP: Central Post Stroke Pain

CTH : Chronic Tension Headache

DC Direct Current

.

DCS : Dorsal Column Stimulation

FM : Frequency Modulation

HRFM: High Rate Frequency Modulation
LBP : Low Back Pain

LRFM: Low Rate Frequency Modulation

pcb Printed Circuit Board

PhL : Phantom Limb Pain

PHN : Post Herpetic Neuralgia

PRF

..

Pain Relief Foundation
PTSP: Post Thoracotomy Scar Pain

RF Radio Frequency

.

TENS: Transcutaneous Electrical Nerve Stimulator
TNS : Transcutaneous Nerve Stimulation

VAS Visual Analog Scale
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CHAPTER 1

GENERAL INTRODUCTION



11 Pain & Electrical Stimulation

Pain is a subjective experience arising from activity
within the brain in response to damage to body tissues,
to changes in the function of the brain itself as a
result of injury or disease, or to biochemical changes
(Bond, 1979). The primary purpose of pain perception is
protection of the organism from potential or further
damage, as in the rapid withdrawal of a hand following a
pinprick. It is usual to describe two forms of pain:
Superficial pain - well localized, rapidly conducted and
not outlasting the provoking stimulus; deep pain - poorly
localized, slowly conducted and outlasting the provoking
stimulus. Superficial pain is generally associated with
external injury or trauma and is similar to laboratory
pain evoked in experimental studies. Pain of deep origin
produced by diseases is normally divided into pain from
viscera and pain from somatic structures beneath the skin
such as muscles, ligaments, bones and joints. 1In
practice, the physician is most concerned with deep pain,
whereas our present knowledge about pain mechanisms are
based on experimental studies in which noxious stimuli
were applied to the tegument. Using this method, it has
been possible to investigate the properties of skin

receptors and their central nervous system connections.

According to the traditional theory of pain, free nerve
endings are pain receptors. Frey (1895) proposed that
there were four specific types of cutaneous receptor:

Meissner corpuscles for touch, Ruffini end organs for



excessive stimulation; anything very hot, very cold,
pressing very hard on the skin, a very bright 1light to
the eyes, causes pain. If pain is due to excessive
stimulation of every kind of sensation, then there is no

stimulus-specific modality of pain.

Many histologists (Woollard et al., 1939; 1940) had
failed to find structered end-organs on non-hairy skin,
such as that of the human back. Weddell et al. (1955)
showed that Frey's basic four modalities of sensation -
touch, pain, warmth and cold - could be felt in parts of
the skin where none of the required structered end-organs
were present. They found that various kinds of cutaneous
sensation could be experienced when the only nerve
endings in the tissue were free nerve endings, all
looking exactly the same under the microscope. They also
showed that some end-bulbs merely develop with aging.
From these findings, the group proposed that the best
theory of sensation was a pattern theory. According to
this theory, the differences in the discharge
characteristics of peripheral nerve fibers and their
central nervous system connections are the source of the

various kinds of sensation we experience.

In 1962, Melzack and Wall proposed a code selection
approach to somatosensory mechanisms to answer two
essential questions: 1. How information is coded in
receptor-fibre units when the skin is stimulated? 2. How
do central cells select or abstract from this information

for perception of different qualities. Their approach is



warmth, Krause end-bulbs for cold, and free nerve endings
for pain. It was assumed that each of these receptors
were sensitive to one form of stimulus. This specificity
theory implies four fixed, direct line from the skin to

the brain.

Frey's postulation led to a search for modality-specific
peripheral nerve fibers. Each class of sensory receptor
activates certain fibers: Touch and 1light mechanical
stimuli - large myelinated A-f and small myelinated A-§
fibers; pain - A-§ and unmyelinated C fibers; warmth and
cold - A-§ fibers; and temperature is not excluded from C
fibers (Bishop, 1946). Experiments in the cat (Iggo,
1959; Hunt & McIntyre, 1960a, 1960b; Douglas & Ritchie,
1962) showed that 1light pressure can stimulate all
cutaneous fibers. Whereas, in man, all cutaneous C
fibers are linked to high-threshold receptors (Hallin &

Torebjork, 1974).

Head (1920) was the first investigator who putforward a
different theory. He proposed that when the nervous
system disintegrates, the higher controlling or
inhibiting 1level disintegrates first, 1letting the next
level manifesting itself and concluded that the spatial
aspect of cutaneous sensibility depended on the fibers of

the posterior columns.

An alternative theory to stimulus-specific neurons, in
fact, had existed since the time of Aristotle. According

to this conception, pain results from every kind of



presented as a series of propositions as follows: 1) Skin
receptors transduce particular physical stimuli into
patterns of nerve impulses. 2) Impulses produced by
stimuli may be filtered out by the terminal
arborizations. 3) Central cells detect some
characteristics of stimuli from the impulse patterns by
their temporal summation. 4) Central cells detect some
characteristics of stimuli from the impulse patterns by
their spatial summation. 5) Central cells detect some
characteristics of stimuli from the impulse patterns by
special afferent connections. 6) A single fibre may
carry more than one impulse or more than one fibre may
transmit one impulse. 7) The somatic system is a
unitary, integrated system. 8) Each somatic perception

is produced by a unique patterns of nerve impulses.

Following these propositions, a few years later, in 1965,
Melzack and Wall postulated 'the spinal cord gate control
theory'. From histological studies, they identified
densely packed cells in the substantia gelatinosa and the
grey matter of the dorsal horns of the spinal cord which

form the functional units of the gate systemn.

To understand pain mechanisms, it is essential to be
familiar with the organization of the spinal grey matter.
Rexed (1952) showed that the cells of the spinal grey
matter are arranged in nine laminae; from dorsal to
ventral - laminae I corresponds to the marginal 2zone,
laminae II and III to substantia gelatinosa, laminae IV,

V and VI to the nucleus proprios, laminae VII and VIII to



the intermediate nucleus, and . laminae IX ' ‘to ‘the
motoneurones of the ventral horn. A tenth surrounds the
central canal. Unmyelinated peripheral afferent fibers
are believed to terminate in the substantia gelatinosa.
Small myelinated A-delta fibers end in the nucleus
proprius (laminae V), substantia gelatinosa and marginal
zone. When the intensity of stimulation is increased to
tissue-damaging levels, nociceptors and their associated
small wunmyelinated C fibers will be activated, thus
generating impulses in cells of the substantia
gelatinosa. The neurones of laminae V will, in turn,
receive convergent excitation from the substantia
gelatinosa in addition to direct @excitation from
peripheral A-§ fibre afferents. This will bring about a
degree of excitation sufficient to activate deeper
located fibers of 1laminae VII and VIII, resulting in
upward transmission of information through spinoreticular
tract (Bowsher, 1957) (Fig. 1.1). The dorsal column is
composed of large diameter myelinated primary afferents
originating from low-threshold receptors. On their entry
into the spinal cord, they give off collaterals which
make synaptic contact in the dorsal horn of the spinal
grey matter. Information carried by C fibres and
substantia gelatinosa cells may be reduced or prevented
from reaching laminae VII and VIII by the inhibitory
action of segmental collaterals of the low-threshold
large myelinated fibres. The gate may be either closed
or partially open for the transmission of pain

information depending on the activation of the
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transmission cell (T cell) by 1large and small nerve
fibres (Fig. 1.2). As in daily experience, rubbing an
affected area only activates the 1large low-threshold
fibres whose segmental collaterals reduce the amount of
information generated by the excited «cells of the

substantia gelatinosa.

The impulses generated by skin receptors may be inhibited
or modified during transmission by descending impulses
(Hagbarth & Kerr, 1954) or by impulses ascending in other
fibres (Wall & Cronlyn-Dillon, 1960). Schmidt (1972)
pointed out that the number of impulses arriving at the
spinal cord is far larger than it can deal with, and so

there must be mechanisms to reduce this input.

While talking about pain mechanisms, apart from the
anatomical and physiological facts mentioned,
phsychological factors must be considered. There is not
simply a one-to-one relationship between the dimension of
physical stimuli and the dimension of perception. Pain
perception is also determined by past experience (Melzack
& Scott, 1957), attention and expectation (Hall & Stride,
1954), anxiety (Hill et al., 1952) and the situation in
which the injury occurs (Pavlov, 1927, 1928; Beecher,
1959). Under certain circumstances, for example in
sporting activities and at the battle front, even major

injuries may occur without pain being experienced.

Since its first publication in 1965, the gate-control

theory has been greatly accepted and supported by



physiologists and clinicians, but there have been some
critics, too (Nathan & Rudge, 1974; Nathan, 1976).
Nathan (1976) warned that the theory did not account for
every part of the subject, neglegting the facts known
about stimulus specificty of peripheral nerve fibres. "If
one talks about pain fibres, it will be thought that
there are fibres solely concerned with causing pain and
that any other fibres, for example touch fibres, have
nothing to do with pain" he said. Zotterman (1939a,
1939b) had shown in the cat that merely stroking the
animal's fur excites the C fibres; and that all kinds of
stimuli produced an after-discharge in the C fibres.
Maruhashi et al. (1952) later confirmed this work. 1Iggo
(1960) also showed in the cat that mechanical stimuli and

cooling the skin excited C fibres.

However, whatever the pain mechanisms are, pain itself is
a great deal for patient, medical people and all
community. As a result, a lot of research have been
undertaken to manage chronic human pain. The spinal
gate-control theory has been a milestone in this
progress. The first therapeutic implication of the
theory has been that control of pain may be achieved by
selectively influencing the 1large fibres, and hence,
severe clinical pain may be abolished or diminished by
electrical stimulation of low-threshold peripheral nerves
or the dorsal column of the spinal cord (Wall & Sweet,

1967).



Conventional transcutaneous nerve stimulators (TNS)
typically produce biphasic rectangular 200 usec pulses
with no DC, a maximum current of 50 mA, at frequencies of
between 30 Hz and 100 Hz. These stimulators using high-
frequency, low-intensity stimuli are designed to initiate
impulses in the largest, lowest threshold (A-f) sensory
fibres that normally carry sensations of touch and can
respond at high frequencies (McGlone et al., 1990). It
has been reported that post-operative pain (Cotter,
1983), backache (Eriksson, 1979) some arthritic pains
(Littler, 1983; Harvey, 1987; Moncur & Shields, 1987),
central post stroke pain (Eriksson et al., 1979; Tasker
et al., 1983; Leijon & Boivie, 1989), 1labour pain
(Champagne et al., 1984; Heinze, 1984; Steptoe, 1984;
Chernuka et al., 1985; Keenan, 1985; Stewart, 1986;
Lechner et al., 1988), skin ulcers (Kaada, 1983 ;
Biedebach, 1989) and angina pectoris (Mannheimer et al.,
1982, 1985, 1986) can be treated by this form of
stimulation. Some neck pains and tension headaches may
also be helped. The response to the therapy often varies
from patient to patient; the reasons for this are not yet
fully understood. Some commercially available
stimulators in addition to conventional TNS have burst
mode of stimulation using low-frequency, high intensity
stimuli. These stimulators deliver trains of pulses, at
low frequency (1-4 trains per second). The mechanism of
this form of stimulation may involve the activation of A-
§ fibres. Since these fibres are naturally stimulated by

a pinprick or heat of sufficient intensity, it is evident



that the equivalent electrical stimulus has to be of high
intensity. The refractory period of these fibres is long
and that of their central connections even longer; hence,
there is no point in stimulating at more than twice per
second (McGlone et al., 1990). This form of stimulation
is indicated for the relief of painful conditions
including sciatica (Sjdélund et al., 1979; Tulgar et al.,
1991a, 1991b), osteocarthrities and other musculoskeletal
pains (Sjdélund et al., 1979; Levine, 1984; Tulgar et al.,
1991a, 1991b). Dorsal column stimulation using similar
parameters to conventional TNS has been found to be
effective for neurogenic and neuropathic pain, but
patient selection for this surgical procedure is very

important (Miles & Lipton, 1978; Miles, 1983, 1984).

As a symptom, pain usually indicates the presence of a
disease and with the resolution of the disease, the pain
clears. In the case of incurable disease like malignant
tumors, pain may persist. However, there are also
chronic painful syndromes unassociated with malignancy
(Miles, 1984). In clinical practice identification of
the nature of a chronic pain condition is not often easy.
It is generally agreed that there are two different
categories of chronic pain: (1) nociceptive or
somatogenic pain, which arises from the activation of
peripheral nociceptors and (2) neurogenic or
deafferentation pain, which occurs as a result of damage
to nervous system itself, peripheral or central.

Nociceptive pain is characterized by deep, dull pain of



varying intensity and 1localized in a territory not
presenting any sensory disorders. Neurogenic pain is
characterized by pain of generally burning type,
sometimes stinging, stretching, electrical discharges,
tearing and is 1localized in a territory presenting
sensory disturbances (Bowsher, 1989; Siegfried, 1990).
Sensory abnormalities for neurogenic pain may be present
in the form of hyperfunction, allodynia, dysesthesia and
hyperalgesia (Lindblom, 1985). Phantom limb pain, plexus
avulsion, and anesthesia dolorosa are typical examples
for such pain. There are indications that allodynia to
cold is a typical sign of pain associated with

sympathetic dysfunction (Frost et al., 1988).

Management of prolonged pain in man has been a major
problem for clinicians. Analgesic drugs may cause side-
effects as dosage and dependance. As a result
alternative approaches have long been sought. There are
a number of reports indicating that neuropathic pain is
generally resistant to opioids (Tasker, 1987; Arner and
Meyerson, 1988; Meyerson, 1990). In a recent study

performed with three groups of patients representing

different forms of pain - nociceptive, neuropathic, and
idiopathic pain - Arner and Meyerson (1988) investigated
the differential analgesic effect of opioids; the

morphine test applied to the patients having chronic
neuropathic pains revealed that their pains were
resistant to opioids; the majority of these patients were

subsequently subjected to electrical stimulation of the

10



central nervous system, which provided efficient pain
relief. Neuropathic pain does not result from the
activation of specific nociceptors and does not
presumably involve endogenous pain control mechanisms.
This could be the reason that neuropathic pain is
resistant to opioids. It has been observed that the
concentration in spinal cerebrospinal fluid of
endorphinlike substances is lower in patients with
neuropathic pain conditions than in normals (Knorring et
al., 1983). Pharmacotherapy has 1little to offer for
neuropathic pain; analgesics, both opioids and
peripherally active substances, are usually ineffective,
and though some cases respond to membrane stabilizing
substances (e.g. carbamazepine) and tricylic
antidepressants (e.g. amitriptyline) (Maciewicz et al.,
1985). Anesthesiological methods often supply only
temporary relief (Noordenbos & Wall, 1981). An effective
method of treatment can be electrical nerve stimulation,
percutaneous or by means of implanted devices (Miles &
Lipton, 1978; Miles, 1983, 1984; Meyerson, 1983; Gybels &

Kupers, 1987; Gybels & Van Calenbergh, 1990).

If the pain persists in spite of adequate pharmacological
therapy, then surgery may be considered. For malignant
persistent pain, destructive surgery to some part of the
nervous system, especially to the sensory pathways is
effective and appropriate (Miles, 1983, 1984). The
disadvantage of such surgery is the risk of excessive

destruction and following a temporary relief pain

i |



eventually returns. Afterall, patients suffering from
malignant pain have limited 1life expectancy and these
risks, therefore, may be acceptable in order to provide
prompt relief. Patients with benign persistent pain,
such as phantom 1limb pain, post herpetic neuralgia,
spondylosis or spinal degeneration have a normal life
expectancy. For these patients, non-destructive methods
are to be preferred. These methods include
psychotheraphy, hypnotherapy, behavioral therapy, bio-
feedback, acupuncture and electrical stimulation.
Electrical stimulation is, therefore, a step in pain

management protocol.
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1.2 Neurophysiologic Basis Of Electrical Stimulation

The neuronal membrane contains pores that function as
pathways for the transmission of ions. These ionic
channels are characterized as either passive - always
open, or active - gated. Gated channels may be
controlled by synaptic transmitters or, in receptive
level, by physical stimuli. Non-gated passive channels
play an important role in determining the resting
membrane potential. Potassium (K) ions tend to leak out
of the neuron, whilst Sodium (Na) ions tend to move in.
Various physiological mechanisms, particularly a
metabolic active transport process called the Na-K pump
keep Na and K concentration constant to prevent the
potential gradient across the membrane from breaking
down. This pump continually extrudes Na ions and pumps
in K ions. At rest, a nerve cell is positively charged
on the outside and negatively charged on the inside. The
resting membrane potential may range from -40 mV to

-75 mV, but it is usually about -60 mV.

Sensory receptors transform the sensory energy such as
stretch, 1light, sound, odors, into electrical energy,
which is used by neurones for signalling. For example, in
a stretch reflex, the mechanical energy is converted into
electricity. The change in muscle length releases the
electrical energy previously stored in the resting
potential of the membrane of sensory neuron. The receptor
potential is a local signal, which can only propagate

passively. These passively propagating signals can not

3



be conveyed for a distance greater than 1 or 2 mm,
usually 1 mm down to the axon, the amplitude of the
signal being only about one-third of its value at the
site of Ggeneration. They <can be depolarizing and
excitatory, which reduce the membrane potential and bring
it close to firing an action potential or hyperpolarizing
and inhibitory, which increase the membrane potential and
move it away from the firing threshold for an action

potential.

Synaptic potentials are the means whereby one neuron can
excite another neuron, to which it projects. The
presynaptic neuron releases a chemical transmitter that
interacts with molecules on the surface of the
postsynaptic cell. Synaptic potential may be
depolarizing and excitatory or hyperpolarizing and
inhibitory. They are, like receptor potentials,

passively propagating local signals.

A specific site of the neuron, typically the initial
segment of the axon having the lowest threshold to fire
an action potential, is called trigger zone. The trigger
zone does the algebric integration of excitation and
inhibition produced by 1local input signals (receptor
potentials and synaptic potentials) and decides whether
or not an action potential is discharged. Action
potentials are generally confined to axons. In most
neurons the dendritic membrane is not able to produce
action potentials. Some cell bodies can initiate action

potentials, but with a high threshold. Action potentials
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