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Repair of the injured spinal cord by regeneration therapy remains an elusive goal. In contrast, progress
in medical care and rehabilitation has resulted in improved health and function of persons with spinal
cord injury (SCI). In the absence of a cure, raising the level of achievable function in mobility and self-
care will first and foremost depend on creative use of the rapidly advancing technology that has been so
widely applied in our society. Building on achievements in microelectronics, microprocessing and
neuroscience, rehabilitation medicine scientists have succeeded in developing functional electrical
stimulation (FES) systems that enable certain individuals with SCI to use their paralyzed hands, arms,
trunk, legs and diaphragm for functional purposes and gain a degree of control over bladder and bowel
evacuation. This review presents an overview of the progress made, describes the current challenges
and suggests ways to improve further FES systems and make these more widely available.
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Introduction

The foundations for modern management of spinal cord

injury (SCI) were created more than half a century ago by the

pioneering work of Dr Donald Munro in the United States

and by Sir Ludwig Guttmann in the United Kingdom. Munro

opened the first SCI unit, but Guttmann created the first

comprehensive SCI center for medical and rehabilitation

care. Under his strong leadership the care of persons with SCI

was completely changed.

I was lucky enough to meet Sir Ludwig once in person. It

was in the late 1970s at a meeting in New York City. He

clearly was a man of great energy and self-confidence, who

addressed my question to him with interest. At that time, I

was involved in research relating to the neuroendocrinology

of persons with SCI, especially production of catecholamines

during episodes of autonomic dysreflexia. Most descriptions

of the clinical symptoms of autonomic dysreflexia at that

time stated that there was increased sweating above the level

of the cord lesion. For example, one textbook contained the

following statement: ‘In complete lesions the lack of

thermoregulatory sweating below the level of injury is often

associated with excessive diaphoresis above the level of

injury’.1 Because sweating is controlled by the sympathetic

nervous system which has all its efferent nerve fibers exiting

from the thoracic cord, I had difficulty understanding which

autonomic nerves control sweating of the head and neck

‘above the level of injury’. Sir Ludwig pointed out to me that

sweating of the head and neck was not a thermal regulatory

response in persons with tetraplegia and was generated by

activity of the sympathetic nerves below the level of the

lesion. In other words, sweating of the head and neck was a

below level phenomenon and it was wrong to state that

excessive sweating in autonomic dysreflexia occurred above

the cord lesion in persons with tetraplegia.

Based on the work of Sir Ludwig Guttmann, specialized

SCI medical care and comprehensive rehabilitation has

focused on securing good health and maximum function

in mobility and self-care compatible with the neurological

condition, as well as to help each person with SCI to return

to the community and to achieve high quality of life.

Much has been accomplished by this approach. Life

expectancy of people with SCI has increased every year

since the 1940s. Morbidity, that is, medical complications,

has decreased and consequently people with SCI have

needed shorter initial hospital length of stay2 and fewer

rehospitalizations.3 Many medical conditions associated

with SCI can now be prevented or managed more efficiently,

for example, spasticity, thromboembolic disease, male sexual

dysfunction and infertility, heterotopic ossifications, pres-

sure ulcers, renal failure and respiratory insufficiency. More

people with SCI are discharged to their homes4 and live in

the community than ever before and it may be argued, but

not proven, that their quality of life has improved over the

years with better health, better equipment, more accessible
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urban environment and public recognition of their personal

rights.

In contrast to the advances in the care of SCI, decades of

intense efforts by basic research scientists have unfortunately

achieved little clinically to reverse the neurological loss

associated with SCI by protection or regeneration of axons

within the injured spinal cord.5 The neurological outcome of

SCI is still first and foremost determined by the extent of the

damage that is caused at the moment of injury. No treatment

offered today can verifiably change that outcome. Conse-

quently, persons with SCI still must contend with the

multiple neurological sequelae of SCI, that is, paralysis,

sensory loss, autonomic dysfunction, loss of bladder and

bowel control, and so on.

Although better medical care of persons with SCI has

helped to progressively improve their health and life

expectancy over the last six decades, gains in mobility and

self-care skills have remained relatively stagnant because

further improvements in these areas are dependent on

advancements in basic science that may lead to reversal of

the neurological loss. Prognosis for ambulation and inde-

pendence in the activities of daily living (ADL) continues to

be primarily predicted by the neurological level and the

neurological completeness of the SCI. Only some compen-

satory rehabilitation interventions have helped to further

increase function, for example, by providing state of the art

wheelchairs and other assistive technology, such as commu-

nication devices, by emphasizing education and training for

career opportunities, by facilitating emotional adjustment by

psychological support, by generating an enabling commu-

nity,6 and so on.

It is apparent that some of the most significant scientific

accomplishments of our civilization during recent decades

have been in the field of microelectronics. These have had

global impact and revolutionized human communication

and access to information. Medicine has benefited enor-

mously from this technological development as a vast array

of new medical devices have entered the market after being

shown scientifically to be of clinical value, both for diagnosis

and treatment of human disease. It may be further argued

that creative use of such technology in medicine may result

in quicker development of new effective compensatory

treatments to improve functions after SCI than the search

for a ‘cure’ through basic regeneration research involving

such experimental interventions as grafting and transplanta-

tion of Schwann cells, olfactory ensheathing cells, cloned

undifferentiated cells or varying types of stem cells. Despite

the remarkable knowledge that has been gained in molecular

biology during recent years by animal experiments,

such as the identification of factors which may inhibit or

enhance axonal regeneration, for example trophic factors,

guidance molecules and growth inhibitors (Nogo), the

profound complexity of human SCI is still only partially

understood. Achieving a ‘biological cure’ for SCI will still

require understanding of vast and yet to be discovered

scientific knowledge and overcoming enormous scientific

obstacles. Although basic regeneration research in this

field must be supported as a long-term investment, funding

of technological projects to improve function of persons

with SCI may prove to be a wiser investment for short-term

gains.

The spectacular scientific progress made in electronics and

microprocessor technology during recent decades has been

utilized by biomedical engineers and clinicians to the benefit

of patients suffering from a variety of conditions and

disabilities, including SCI. Building on this new technology

and on the old knowledge that muscle contraction can be

activated by electricity, rehabilitation engineers have de-

signed devices and systems that can apply electrical currents

to neural tissues in a synchronized fashion for the purpose of

restoring a degree of control over abnormal or absent body

functions, a technique referred to as functional electrical

stimulation (FES).

Although FES in a pure sense refers to the achievement of

certain functional motor activities, for example, standing,

transfers, stepping, ambulation, cycling, hand grasp and

release, arm reaching, breathing, coughing, bladder and

bowel evacuation, penile erection and ejaculation, it is often

associated with the considerable therapeutic benefits of

physical exercise. Therapeutically, FES has been used to

increase muscle bulk, improve cardiovascular performance,

prevent and treat pressure ulcers, osteoporosis and joint

contractures, control spasticity, and improve general well-

being. As a means to maintain the person with SCI in

optimal and physical and psychological condition, regular

physical therapy, preferably by FES, has been recommended

by Kakulas,5 who notes that regular sensory stimulation

through the skin has the effect of keeping retained neuro-

logical functions and returning reflexes closer to the normal

physiological state. It has been further speculated that the

normal neural circuitry within the spinal cord necessary for

gait and other motor functions needs continuous main-

tenance by FES and/or body weight supported treadmill

training (BWSTT) ambulation.7 Others have suggested that

such patterned neural activity may be important for both

development and recovery of neurological functions.8

Furthermore, there is substantial scientific evidence that

shows that physical exercise not only stimulates production

of endorphins, but contributes to the upregulation of brain-

derived neurotrophic factor (BDNF), which may promote

synaptic and functional plasticity within the brain and

spinal cord.9 In general, it appears that active exercise for the

paralyzed body parts is of considerable clinical value for

persons with SCI and may be essential for maintenance of

neural circuitry should a ‘cure’ for SCI be found.

Anatomical and physiological principles of FES

To generate muscle contraction by electrical stimulation, the

stimulus is generally applied to a peripheral nerve but not to

the muscle itself. The electrical stimulus may be applied

anywhere along the length of the nerve from its origin to its

motor point where it connects with the muscle. Using

current techniques, the electrical charge needed to activate a

muscle contraction by direct muscle fiber stimulation is too

great to be safely applied multiple times. Compared to nerve

membranes, the different qualities of muscle membranes are
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such that it would require more than 100 times stronger

stimulus applied directly to the muscle to generate an action

potential than by stimulating the nerve.10,11 Thus, preserva-

tion of the entire lower motor neuron (LMN), including the

neuromuscular junction, is essential for all forms of FES, and

muscles paralyzed by LMN damage cannot be utilized for FES

by using currently available technology.

The strength of the electrical stimulus in terms of

amplitude and duration determines the number of nerve

fibers activated and the force of the muscle contraction.

Large nerve fibers, for example fibers from a-motor neurons,

are more easily stimulated than small diameter fibers and

because large fibers generally provide innervation for large

motor units, these are activated with less current than small

motor units. Clearly, sensory fibers within the stimulated

peripheral nerve are activated as well as motor fibers, which

may be painful, if sensation is preserved. In addition to

amplitude and duration of the electrical stimulus, the pulse

frequency and waveform are also important. The pulse

frequency needs to be high enough to generate a smooth

muscle contraction. The stimulus itself may be either

monophasic or biphasic, but usually balanced biphasic

stimuli are used clinically, as they provide better control

over muscle contraction force and are less prone to cause

tissue damage.12,13

Muscle fibers are primarily of two different types, that is,

type I (red, slow, aerobic) and type II (white, fast, anaerobic),

and these are histologically and physiologically different.

Inactivity is known to lead to transformation of type I

muscle fibers into type II, but this change is reversible with

appropriate exercise.14–17 In the paralyzed limbs of persons

with SCI, proportionally more muscle fibers are of type II

than type I, but the fibers are also atrophied, leading to a

weak and fatigable muscle upon stimulation. An exercise

regimen of electrical stimulation can increase contraction

time and resistance to fatigue,14 probably as more muscle

fibers become type I.

Components of FES systems

Most FES systems are basically quite similar in design and

purpose, but the electrical stimulation may be delivered

either by surface (transcutaneous), percutaneous or im-

planted leads and electrodes. The main components of FES

systems (Figure 1) include a portable power source (recharge-

able battery), command microprocessor/control unit, stimu-

lator, lead wires, electrodes and sensors.18 Surface FES systems

have electrodes that are placed on the skin over the desired

nerves or their motor points and these are connected by

lead wires to the stimulator, which is carried by the

user. Surface FES systems can be safely used by clinicians

and are relatively inexpensive, but accurate placement

of the electrodes may be difficult and time consuming. It

may not be possible to generate isolated contractions of

specific muscles and deep muscles may not be activated

at all. Additionally, surface stimulation may be painful

and the systems visible appearance may be cosmetically

unacceptable. Although surface FES system’s are adequate for

therapeutic or short-term use, implantable systems seem

more desirable for long-term use.

Intramuscular electrodes with percutaneous leads have

mainly been used during the development of implantable

FES systems. To date, they are not part of any FES systems

approved for clinical use, but they are undergoing clinical

trials for shorter-term muscle conditioning paradigms, such

as for relief of pain in shoulder subluxation. They may be

inserted through the skin with a large gauge hypodermic

needle and placed at the motor point of the desired muscle.

When the needle is withdrawn, the electrode remains with

the lead wire exiting through the skin and connecting with

an external stimulator. In general, percutaneous lead wires

appear safe, but with prolonged use, utmost caution is

necessary to prevent infection and granuloma formation.19

Implanted FES systems are ideal for long-term use. Here,

the electrodes, lead wires and stimulator are implanted, but

the control unit and the rechargeable battery power source

are external. The stimulator receives commands and power

through a radiofrequency telemetry link (antenna) from the

control unit and batteries respectively, but these are usually

externally placed. Unfortunately, the power demands of

multichannel FES systems are too great to permit the use of

implantable batteries using current technology. Voluntary

activation of the system is achieved via external transducers

or switches connected to the control unit. The implanted

electrodes are surgically placed adjacent to a nerve (epineur-

al), around a nerve via helix or a cuff, or at the motor point

on the muscle surface (epimysial) or within the muscle itself

(intramuscular). Nerve-based electrodes provide good muscle

FNS SYSTEM: MAIN COMPONENTS AND ACTION SEQUENCE
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Figure 1 Schematic drawing of a functional electrical stimulation
(FES) systems main components and sequence of action (reprinted
with permission from Downey and Darling’s Physiological Basis of
Rehabilitation Medicine, Butterworth Heinemann 2001).
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specificity and allow stimulation of specific muscles and

excellent recruitment with relatively low electrical currents.

Care must be taken during the surgical procedure and during

long-term stimulation at relatively high frequencies to avoid

damage to the nerve. Fortunately, guidelines for safe

stimulation have been developed and these electrodes have

been used successfully in many applications, such as control

of bladder, phrenic nerve for breathing, peripheral nerve

stimulation for pain control, and cranial nerve stimulation

for epilepsy suppression. Epimysial electrodes generate

minimal damage and have proven to be durable for upper

and lower limb applications,20,21 but for activation of

deep and very small muscles, intramuscular electrodes are

preferable.

Normal motor activity depends not only on synchronized

muscle contractions but also on a highly sophisticated

sensory feedback processed through innumerable sensory

end organs, sensory nerves, the spinal cord and the brain.

Unfortunately, modern medical technology does not even

come close to providing such sensory information, which is

a major shortcoming of multichannel FES systems. Relatively

primitive sensory feedback signals from the limbs can be

obtained from externally placed goniometers and potenti-

ometers placed at various joints. These can measure joint

positions and motion, permitting the systems microproces-

sor to calculate the velocity and acceleration of movement

and consequently adjust and control the stimulator.22

The user and the control unit operate the FES system in an

interactive fashion. The control unit, which is located

external to the body in all currently used FES systems,

contains the system’s microprocessor (computer, intelli-

gence) and usually the battery. It has three main functions:13

(a) supplies power from its batteries to the entire system; (b)

extracts information from the user and the sensors; and (c)

transforms the received information into commands that are

transmitted by radiofrequency signals through an externally

located transmitting coil to the implanted stimulator. The

user is able to control the entire system by varieties of

sources, such as a joystick or switches that may use breath

force, myoelectric signals, and voice recognition or motion

sensors. Depending on the feedback and automatic control

provided by the system, the control can be classified either as

open loop or closed loop. In an open loop control,

preprogrammed patterns of electrical stimulation are indivi-

dually created for a specific function without automatic

correction for changes in muscle force or joint motion. In a

closed loop control, the control unit receives information on

muscle force and joint motion from the sensors and

automatically modifies the electrical stimulation.23

Several criteria for effective application of FES have been

identified as follows:13 (a) the strength of the FES-induced

muscle contraction must be forceful, controllable and

repeatable; (b) the electrical stimulus must not be painful;

(c) the LMN must be intact and the neural structures

must not be damaged by the FES; and (d) the method of

FES delivery must be acceptable to the user. These

criteria must be considered when the various methods of

applying electrical stimulation are selected for functional

purposes.

FES systems for upper limbs

Paralysis of hands and arms in persons with tetraplegia

reduces their dexterity, ADL skills, self-sufficiency, and

vocational potential. Restoration of tetraplegic hand and

arm function has been attempted by various means, for

example, therapeutic exercises, orthoses, assistive devices,

surgical reconstruction and FES systems, or by various

combinations of these. Application of upper limb FES

systems is often limited by the extent of LMN destruction

within the injured cervical spinal cord. However, many

persons with C5 and C6 level tetraplegia have preserved

LMN for C7 and C8 neurological segments and can benefit

by both surface and implantable FES systems, which may

restore a degree of hand grasp, hold and release. Addition-

ally, 12 channel FES systems are currently under develop-

ment for persons with C4 or higher level tetraplegia who

have the C5 and C6 LMN preserved.24 Such systems are

designed to provide shoulder stability and to control elbow

flexion and extension to position the hand and the entire

arm in space, in addition to providing grasp, hold and

release.

Currently, several upper limb FES systems are in clinical

use or under development. Candidates for such systems must

have intact LMN and minimal spasticity of the muscles to be

activated, no significant joint contractures, high degree of

motivation, and strong family support. The available systems

variously use surface, percutaneous or implanted electrodes.

The systems are able to provide palmar prehension to grasp,

hold and release relatively large and heavy objects, for

example, cans and bottles and lateral prehension for smaller

and thinner objects, such as keys, papers and floppy disks.

Surface FES systems for upper limbs

Surface FES systems can be applied during the early

rehabilitation of persons with SCI. Such system was first

described by Long during the 1960s.25 More recently,

researchers at the University of Alberta developed the Bionic

Glove which has not become commercially available, but

was used for persons with C6 tetraplegia.11 This system used

a glove with a forearm sleeve worn over surface electrodes

that were placed on the skin over the finger flexors and

extensors. The electrical stimulation was controlled by

voluntary wrist extension for grasping and flexion for

release. The clinical benefits of this system were found to

be insufficient owing to difficulties with donning, doffing

and achieving selective muscle stimulation and sufficient

wrist control.11

The NESS H200 (formerly Handmaster) system (Figure 2) is

currently the only commercially available upper limb

surface FES system. It was developed in Israel and consists

of a specially designed adjustable wrist hand orthosis with

five built-in surface electrodes for finger and thumb

extensors and flexors which are capable of generating lateral

and palmar grasp and release on stimulation.11,26,27

A flexible cable connects the orthosis to a portable external

control unit with preprogrammed opening/closing stimula-

tion patterns that the user can activate with push button

controls. Non-invasive and relatively easy to apply, it
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has been found to enhance the performance of specific

upper limb tasks for persons with C5 or C6 tetraplegia26

and may help to reduce impairments and complications

associated with central nervous system (CNS) injuries

(www.bionessinc.com).

Percutaneous FES systems for upper limbs

While they were in development, percutaneous electrodes

were used for systems that now are fully implantable. One

upper limb FES system with percutaneous electrodes, the

FESMate was developed and became commercially available

in Japan. It consists of a portable 30-channel stimulator/

control unit connected to percutaneous intramuscular

electrodes that are activated by a push button switch. A

later version, that is, NEC FESMate, has a fully implantable

16-channel stimulator and electrodes.28 These systems have

been shown to provide effective palmar and lateral grasp and

with its percutaneous electrodes few infections have been

reported.

Implantable FES systems for upper limbs

The surgically implantable ‘Freehand’ FES system (Figure 3)

was developed in Cleveland, Ohio29 and in 1997 it was

approved for clinical use by the USA Food and Drug

Administration (FDA). It was commercially available until

2001 when the manufacturer withdrew from the SCI

market.11 The Freehand system consists of an eight-channel

stimulator/receiver implanted in the anterior chest wall and

connected to eight epimysial or intramuscular electrodes for

the finger flexors and extensors which on stimulation

generate palmar and lateral grasp. The external components

include a radiofrequency transmitting coil, which is taped to

the skin on the chest over the implant, a programmable

external control unit and a sensor (transducer) for detecting

contralateral shoulder motions. The movement of the

contralateral shoulder proportionally controls the degree of

hand opening and closing.11,27 The Freehand system has

been implanted in more than 250 individuals with C5 and

C6 tetraplegia, 51 of whom participated in a multicenter

clinical trial where function was measured before implanta-

tion and after implantation and rehabilitation, as well as

with and without the Freehand system.30 Virtually all of the

participants were found to have greater pinch force, better

grasp and release, greater ADL independence, and they

expressed high satisfaction with the Freehand system, which

was noted to be safe and associated with very few medical

complications during a total of 128 cumulative implant

years. Other investigators have reported similar beneficial

clinical results.31,32 It is regrettable that the manufacturer of

the Freehand system chose to withdraw from the relatively

small SCI market for business reasons.

The Freehand stimulator is surgically implanted in a

subcutaneous pocket over the fascia of the pectoralis muscle

on the chest wall on the ipsilateral side, after an incision has

been made in a sensory intact skin.33,34 More recently,

minimally invasive surgical techniques have been used for its

implantation.35

Surgical reconstruction of the tetraplegic hand has long

been known to improve function for those who meet the

clinical criteria.36 Hand reconstruction has also been used in

combination with FES, especially when electrical stimulation

of the usual muscles cannot generate sufficient grasp and

release and no adjacent voluntary muscles can be trans-

ferred.37 For such clinical conditions, spastic hand muscles

paralyzed by UMN lesion and located in proximity to flaccid

paralyzed muscles or their tendons can be transferred to

flaccid muscles, similar to traditional transfers of tendons

from voluntary contracting muscles. Furthermore, thumb

and finger joints can be selectively fused to substitute for

paralyzed muscles and thus to improve hand function. The

transferred spastic muscles are subsequently electrically

stimulated for functional purposes using the Freehand

system.

Elbow extension is a desirable but absent function for

individuals with SCI and neurological level at C6 or higher. If

the C7 motor neurons are present, electrical stimulation of

the triceps muscle motor points as an addition to the

Freehand system has been shown to increase the users ability

to reach and move objects, but such FES system was not

brought to the market.38

A second-generation implanted FES upper limb system,

(Figure 4), has been developed and is being clinically

tested,11,27,39 but it has not yet been marketed. Here, greater

number of stimulation channels/electrodes allow activation

of greater number of muscles (12), which results in better

upper limb function, for example, better grasp and release,

and additionally it can provide forearm pronation and

reaching by elbow extension. Myoelectric signals from

implanted wrist-joint sensors and electromyography of

voluntary muscles, usually wrist extensors, are transmitted

to the control unit and stimulator which allows the user to

Figure 2 NESS H200 surface FES system for upper limbs (courtesy
of Bioness Inc., Santa Clarita, CA, USA).
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control the system by use of ipsilateral muscles, usually wrist

extension for grasp and wrist flexion for release. Other

muscles under voluntary command can also be used, for

example, shoulder and neck muscles to control the system.

This advanced system eliminates the need for contralateral

external shoulder position sensor and permits the system to

be implemented bilaterally. The system can be programmed

in an individualized manner, using up to 12 channels for

stimulation and different ipsilateral control mechanisms,

for example, implanted wrist joint sensor or myoelectric

signals. The system has been implanted in 12 persons with

tetraplegia27 and preliminary studies indicate that effective

grasp and release can be achieved and function improved

with high level of user satisfaction.

Future directions. The promising aspects of the implanted

system, which is now being tested clinically, addresses many

shortcomings of previous upper limb FES systems, that is, it

has ipsilateral muscle control, more implanted components,

greater number of muscles to be stimulated, capable of

Figure 4 Second-generation implantable FES system for upper
limbs (courtesy of PH Peckham, Cleveland FES Center, Case Western
University).
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Figure 3 First-generation implantable FES system for upper limbs (reprinted with permission from Keith MW, Peckham PH, Thrope GB et al.
(1988). Functional neuromuscular stimulation, Neuroprosthesis for the tetraplegic hand. Clin Orthopaedics 233: 25–33).
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providing elbow extension, streamlined programming cap-

abilities and permits implantation in both upper limbs. The

batteries and control unit are still external to the body, but

may be implantable before long using a radiofrequency link

to power and to control the system. Minimally invasive

surgical techniques may permit earlier implantation with

less trauma and earlier restoration of hand function. Further

miniaturizing of the system’s components and total im-

plantation of the entire system will undoubtedly increase its

acceptance by users who have C5–6 tetraplegia. Develop-

ment of implanted upper limb FES systems for persons with

high tetraplegia, that is, C4 or higher, may also be possible

with further advances in technology and surgical techni-

ques,40 that is, by nerve, muscle and/or tendon transfers.41

A clinical trial is soon to begin with a device known as

Micropulse II (NDI Medical, Cleveland, OH, USA), which has

many of the features described above but is also internally

powered and wirelessly controlled allowing elimination of

the external coil and control unit.

FES systems for lower limbs

During the early phases of rehabilitation, most persons with

SCI and their families hope for restoration of lower limb

neurological function sufficient at least to allow standing

and walking. Despite use of lower limb orthoses of various

design, energy efficient ambulation is still not possible for

persons with tetraplegia and thoracic paraplegia. Ever since

1960, when Kantrowitz reported that persons with para-

plegia could stand during electrical stimulation of both

quadriceps muscles simultaneously,42 have investigators in

numerous laboratories worldwide attempted to generate FES

systems to allow persons with SCI to stand and walk, but

they have had limited success. Even with the most advanced

implanted multichannel closed loop control FES systems and

the use of most modern orthoses, standing, transferring

and short distance stepping supported by a walker is the

most significant function that currently can be obtained by

this means.

There are numerous physiological and bioengineering

reasons for the inability to create FES systems for functional

walking, that is, high-energy expenditure, slow speed of gait,

absent lower limb proprioception, poor balance, insufficient

exercise response in persons with high thoracic or cervical

level SCI, lack of large and stable muscle forces for

stimulation, inadequate coordination of muscle activation

for efficient energy consumption, shortcomings in system

design, for example, reliance on visual feedback, user

control, heavy batteries, bulky and unreliable hardware,

and so on.13 Although the functional value of standing,

transferring and stepping by means of FES is clinically

significant, it is not anticipated that FES systems will replace

the wheelchair as the main mobility aid for persons

with SCI.11,13 Many surface FES systems have been tested

by various investigators and one such system, Parastep

(Figure 5), is commercially available in the United States

and many other countries. Hybrid systems, combining FES

with a reciprocating gait orthosis (RGO), have been tested

extensively but have not reached the commercial market.

Currently, an implanted FES system (Figure 6) for standing

and transfers is being clinically tested.43–45

During the development of lower limb FES systems, it has

been observed that regular electrical stimulation of paralyzed

lower limb muscles induced exercise-related physiological

changes, which were felt to have some therapeutic benefits.

On the basis of this observation, FES cycle ergometers have

been designed and extensively tested and prescribed for

persons with SCI based on established clinical benefits.

Figure 5 Parastep surface FES system for lower limbs (courtesy of
Therapeutic Alliances Inc., Fairborn, OH, USA).
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Figure 6 Schematic drawing of the ‘CWRU Standing System’, an
implantable FES system for lower limbs (courtesy of R Triolo,
Cleveland FES Center, Case Western University).
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Regardless of the type of FES system considered for

standing, transfers and stepping, it is important to recognize

that (a) the best candidates are persons with T4–T12

paraplegia who have intact lumbo-sacral LMN and good

upper body strength; (b) a walker is needed for standing

stability and safety; (c) most systems require the user to wear

ankle foot orthoses (AFO); and (d) the speed of walking is

slow and the energy expenditure is high.

Surface FES systems for lower limbs

As Kantrowitz demonstrated in 1960, persons with paraplegia

can stand by simultaneous electrical stimulation of the

quadriceps muscles bilaterally.42 Later, Kralj et al.46 and Bajd

et al.47 in Slovenia, demonstrated that stimulation of the

peroneal nerve generates reflex withdrawal with flexion of the

hip, knee and ankle joints, a motion that can simulate the

swing phase of gait. Stepping occurs when the quadriceps

muscle on the stance side is stimulated for knee extension,

whereas simultaneous peroneal nerve stimulation causes

flexion withdrawal on the swing side, followed by quadriceps

stimulation on the swing side, whereas the reflex is still

generating hip flexion. When the withdrawal reflex subsides,

both quadriceps muscles are stimulated to create knee

extension during the period of double support of the gait cycle.

On the basis of these findings, a lower limb surface FES

system was built, tested, FDA approved, and made commer-

cially available in 1994 under the brand name Parastep48

(Figure 5). This system uses four or six channels for bilateral

stimulation of the quadriceps muscles and the peroneal

nerves and optionally, when six channels are used, for the

gluteus muscles. The microprocessor control unit and battery

pack are worn at the waist and the user controls the system

with push buttons built into a walker. After meeting certain

clinical criteria,49 more than 750 persons with SCI, mostly

those with neurologically complete thoracic level paraplegia,

have obtained the Parastep system. One study showed that

following 20–30 training sessions, virtually all of the 16

subjects became able to stand and ambulate using the

Parastep system with a walker for short distances.49

Another follow-up study of 13 subjects showed that users

of the Parastep system found it easy to operate and be

cosmetically acceptable, but it had relatively limited value

for mobility in daily life due to the high-energy expenditure

associated with ambulation by this means.50 However, it was

felt to have value as a resource to maintain physical and

psychological fitness. No large follow-up studies regarding

continued use of the Parastep system have been reported.

Percutaneous and implanted lower limb FES systems for lower

limbs

Using the principles described above, development of

implanted FES systems began during the 1980s, with the

investigators depending on insertion of percutaneous elec-

trodes for stimulation,51 which enable better activation of

deep muscles and more reliable responses than surface

electrodes. Activation of as many as 48 different muscles

by this means was shown to allow more complex lower limb

motions to be performed,52 although such complex system

was never fully developed for extensive clinical use. More

recently, several groups of investigators have developed

implantable FES systems for standing and ambulation,53,54

but none of these have undergone sufficient clinical trials. A

12-channel FES system for stimulation of L2–S2 motor roots

was designed and tested,53 but was found to provide

inadequate selectivity for muscle activation and conse-

quently further development of this system was abandoned.

Based on the success of cochlear implant technology,

another group built a 22-channel implantable FES system,

which was found to permit standing and limited swing-

through gait in two subjects,54 but its further development

has been abandoned.

For long-term use, implanted FES systems are felt to be

superior to surface and percutaneous systems with respect to

their convenience, cosmesis and reliability.27 Recognizing

the inherit limitations of such FES systems as well as their

simple but significant benefits of allowing standing, trans-

ferring and stepping, it has been possible to more clearly

identify the optimal number of muscles in the lower limbs to

be stimulated and subsequently to reduce the number of

desired electrodes.

Currently, a first generation implanted lower limb FES

system for standing, trunk support and swing to/through

gait is being clinically tested at the Cleveland VA Medical

Center and Case Western Reserve University, that is, the VA/

CWRU Standing System27,43 (Figure 6). The implanted

components consist of an eight-channel receiver/stimulator,

epimysial and/or intramuscular electrodes and connecting

wires, whereas the external components include the control

unit, rechargeable batteries and a clinical programming

station.27 The electrodes are implanted into the quadriceps,

gluteus and lumbar erector spinae muscles bilaterally. One

subject with an incomplete SCI has received the eight-

channel implant, enabling reciprocal gait using a rolling

walker for stability. Reciprocal stepping in patients with

complete SCI can be achieved with 16 channels of stimula-

tion and by adding implanted electrodes to activate the hip

flexors and ankle dorsiflexors.27,55 Using this system,

subjects were able to stand with a walker and optional AFO’s

for more than 10min on the average and some were able

to release one hand from the walker and perform reaching

tasks above the shoulder while standing.27 Most subjects

supported over 90% of their weight in their lower extremi-

ties. Performance during reciprocal stepping has not been

reported but swing-through gait is possible for variable

distances. Stimulation of the lumbar erector spinae and

gluteus muscles bilaterally during sitting allows better trunk

control and seated posture56 without the need to lean on the

backrest or use hand support to prevent jackknifing.

Hybrid FES systems for lower limbs

Most lower limb FES systems include the optional use of

bilateral AFO’s, but hybrid FES systems generally refer to the

simultaneous use of FES and RGO in an attempt to improve

stability during standing and ambulation, as well as to

reduce energy cost.45,57,58 Such hybrid FES systems require
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the user to wear the RGO,59 which is a knee-ankle-foot

orthosis connected to a thoracolumbosacral orthosis by hip

joints and a cable coupling mechanism, whereas four-

channel surface electrical stimulation is delivered to the

rectus femoris muscle for hip flexion and to the hamstring

muscles for hip extension. Studies have shown that hybrid

FES systems moderately decrease energy expenditure com-

pared to ambulation with either FES or RGO alone,45,57,58 but

short stride length and mechanical difficulties with the RGO

present significant clinical drawbacks,27 which have pre-

vented widespread use.

Future directions

The energy cost of paraplegic ambulation at functional speeds

with orthoses, FES systems and combinations thereof is such

that these devices cannot be used practically for long distance

locomotion and therefore are not expected to replace the

wheelchair as a mobility device.60–62 However, lower limb FES

systems can provide relatively effortless standing, permit

overhead reaching with one arm, allow trained individuals

short distance stepping which is useful for transfers and for

locomotion within small spaces and additionally they can

improve sitting balance and posture. Exact identification of

the minimum number of muscles needed for such relatively

simple tasks and the development of a small, totally

implantable FES system (similar to cardiac pacemakers)

capable of generating the desired functions would provide

significant benefits for many persons with SCI.

For persons with neurologically incomplete SCI, combined

use of FES and BWSTT may prove to be more effective in

improving their ambulation skills than other clinical

approaches.63–65 In contrast to ambulation with orthoses,

which generate exclusively upper body exercise, ambulation

with lower limb FES systems generates active contraction of

lower limb muscles which may have significant health

benefits as is discussed below.

FES systems for respiratory muscles

A degree of respiratory insufficiency is present in all persons

with neurologically complete tetraplegia due to the loss of

intercostal muscle innervation, but the diaphragm, which is

innervated by the phrenic nerve, permits ventilatory free

breathing for most. The phrenic nerve consists of nerve

fibers that derive primarily from C3, C4, C5 and even C6

LMN and nerve roots, but most of its nerve supply comes

from the C4 neurological segment. Therefore, virtually all

persons with neurological level at or below C4 will be able to

breathe without the assistance of mechanical ventilation. An

injury to the spinal cord above C4 level will result in

respiratory failure requiring mechanical ventilatory assis-

tance, often permanently. A severe injury exactly at the C4

cord level may destroy the LMN’s for C4 and even for C3 and

C5 LMN as well, but a complete transverse lesion at C1 and

C2 levels may leave those neurons and hence the phrenic

nerves relatively or even completely intact, albeit without

supraspinal control. A clinical condition that spares the

C3, -4 and -5 LMN’s may allow electrical stimulation of the

phrenic nerves for ventilator-free breathing, a technique

generally referred to as electrophrenic respiration (EPR) or

sometimes as phrenic nerve pacing.

Clinical guidelines for choosing candidates for EPR have

been described by Carter et al.,66 but the most important

criteria are to have proven viability of the phrenic nerve,

healthy lungs and airways, good sitting tolerance, strong

desire and motivation, family support and professional

technical knowledge. Because spontaneous recovery of

diaphragmatic function occurs in many persons with high

SCI during the first year after injury, it is generally felt to be

appropriate to wait at least 4–6 months after the SCI before

EPR is considered.

Evaluation of diaphragmatic function usually begins by

establishing the absence of voluntary diaphragmatic motion

during fluoroscopic examination of the chest. This is

followed by electrical stimulation of the cervical portion of

the phrenic nerve, whereas simultaneously monitoring

diaphragmatic responses by electromyography using surface

recording electrodes located between the seventh and ninth

intercostal spaces66 during stimulation. The latency and

conduction time of the phrenic nerve should be recorded to

assess its integrity and a fluoroscopic examination of the

chest should be done to measure the diaphragmatic excur-

sions, which should be 4.5–6 cm bilaterally.66

EPR was first developed for central hypoventilation

syndrome, often referred to as Ondine’s Curse, but through

the pioneering efforts of Glenn et al. it has been used since

the 1970s for persons with SCI and neurological levels of C3

or higher. Currently, at least three EPR systems are commer-

cially available but these are fundamentally similar in

design, that is, the Avery Breathing Pacemaker System by

Avery Laboratories (Commack, New York, NY, USA), which is

FDA approved and currently has the widest use (Figure 7),

the Atrostim Phrenic Nerve Stimulator by Atrotech (Tam-

pere, Finland), which is FDA approved for investigational use

only, but widely available outside the United States, and the

MedImplant by MedImplant Biotechnisches Labor (Vienna,

Austria), which is available in Europe, but not in the United

States. Each of these systems has phrenic nerve stimulating

electrodes implanted bilaterally in the cervical or thoracic

regions, radiofrequency receiver/stimulator implanted under

the skin on the anterior chest wall and lead wires implanted

to connect the two main components. The stimulator

receives radiofrequency command signals from an externally

located control unit and power from a rechargeable battery,

both transmitted via an antenna, which is taped to the skin

directly over the implanted receiver/stimulator. Stimulation

of the phrenic nerve results in contraction of the diaphrag-

matic muscle with descent of the diaphragm that creates a

negative intrathoracic pressure and inhalation of air. When

the stimulation stops, the diaphragm relaxes and ascends,

resulting in exhalation. The amplitude and frequency of the

stimulus is manually adjustable, but ordinarily 8–14 stimuli

per minute are required for adequate ventilation.

The main differences between the three EPR systems lie in

the electrodes. The Avery system uses monopolar or bipolar

nerve cuff electrodes, but the Atrostim system uses a four-pole

sequential stimulation, that is, each electrode makes four
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evenly spaced contacts with the phrenic nerve. These contacts

are stimulated sequentially, apparently activating different

parts of the nerve (axons) and diaphragmatic muscle, which

may delay diaphragmatic muscle fatigue.67,68 The MedImplant

system uses a so-called ‘Carousel’ stimulation where four

electrodes are sutured to the epineurium of each phrenic nerve

and connected to a single eight-channel receiver/stimulator.

One of the four electrodes is used to stimulate each nerve

sequentially, also aiming to reduce muscle fatigue.11,68

Surgical implantation of EPR systems may be done by a

cervical or preferably by thoracic approaches.68,69 Although

the cervical approach is less invasive as it avoids the need for

thoracotomy, an electrical stimulus of the phrenic nerve in

the neck may result in submaximal response or cause pain by

stimulation of other nerves in the neck. The phrenic nerve in

the thorax is usually accessed by incisions through the

second or third intercostal spaces and the electrodes are

secured behind or over the nerve. The receiver/stimulator is

implanted subcutaneously through a second incision, which

is usually made in the lower anterolateral chest wall and

connected to the electrodes by wires placed subcutaneously.

In recent years, minimally invasive laparoscopic techniques

have permitted implantation of intramuscular diaphragm

electrodes near the diaphragm’s motor points70–72 (Figure 8),

a technique which reduces the length of surgery time and

minimizes the trauma to the person.

Postoperatively, the diaphragm is gradually reconditioned

to reverse disuse atrophy and to regain strength and

endurance. To allow for adequate healing, stimulation is

usually not started until 2 weeks postoperatively by using

supramaximum stimulus amplitude and the lowest fre-

quency capable of generating diaphragmatic response.73

Stimulation is initially done daily for 10–15min every hour

and gradually increased, but it may take 2–3 months before

muscle reconditioning is considered complete. An early goal

is to allow ventilator-free breathing by EPR during the

waking hours only, followed by EPR during sleep as well.

Respiratory rate is usually 8–12 breaths per minute and tidal

volume 500–750 cm3. For users of the Avery and Atrostim

systems, the tracheostomy is generally kept open, but

reportedly most users of the MedImplant system have had

the tracheostomy closed without ill effect.74 The open

tracheostomy may be capped, especially during waking

hours, but by leaving it open, suctioning and removal of

secretions is made easier and mechanical ventilation may be

Figure 8 Implanted intramuscular electrodes near the diaphragms motor points (reprinted with permission from DiMarco AF, Onders RP et al.
(2002). Phrenic nerve pacing in tetraplegic patient by intramuscular diaphragm electrodes. Am J Crit Care Med 166: 1604–1606.
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Phrenic nerve
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Figure 7 Avery Breathing Pacemaker System, an FES system for
respiratory muscles by phrenic nerve stimulation (courtesy of Avery
Biomedical Devices, Commack, NY, USA).
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restarted when medically necessary. Throughout the con-

ditioning phase and whenever the user experiences difficulty

breathing as well as periodically during follow-up, the EPR

function should be monitored by assessing tidal volumes

and blood gasses, as well as diaphragmatic excursions.75,76

EPR is generally felt to be safe and effective and its users

describe multiple advantages over mechanical ventilation,

for example, greater comfort and sense of well-being,

improved breathing and speech and better cosmesis.77,78 In

general, the incidence of complications and EPR system

failures is low but all users should have immediate access to

mechanical ventilation or other means of ventilatory

support when respiratory emergencies arise. No recent

longitudinal follow-up studies are available to describe the

successes and failures of EPR, but anecdotal reports describe

damage to the phrenic nerve due to direct mechanical

trauma, compromise of nerve blood supply and fibrosis

around the electrode.73,77,79,80 The incidence of nerve injury

may be reduced by use of monopolar electrodes or perhaps

by sequential stimulation provided by use of the Atrotech

and MedImplants systems. Failure of EPR systems may be

related to dysfunction of batteries, antennas, receiver/

stimulator, wires or electrodes, all of which need to be

evaluated systematically when failures occur. As with all

implanted electronic systems, magnetic resonance imaging

(MRI), shock wave lithotripsy and various types of diather-

my, which generate strong radiofrequency fields, are contra-

indicated. Respiratory complications do not appear to be any

more common than among persons requiring mechanical

ventilation, provided that patients are properly selected,

stimulation parameters are carefully determined and con-

tinuous monitoring is available. Upper airway obstruction,

usually by accumulation of airway secretions, requires

prompt suctioning, optimally via open tracheostomy.

Furthermore, tendency for negative inspiratory pressure

and upper airway collapse during sleep is alleviated by

maintaining an open tracheostomy, although during waking

hours, capping of the tracheostomy is appropriate and safe.

Future directions

Compared to mechanical ventilation, EPR offers an attractive

alternative that may increase the physical and emotional

comfort, mobility, communication, cosmesis and social

integration of persons with tetraplegia and respiratory

insufficiency. Unfortunately, relatively few individuals with

tetraplegia use this method of ventilation, as mechanical

ventilation continues to be the standard of care. A possible

underutilization of EPR may be related to the high cost of

surgical implantation and lengthy reconditioning phase, as

well as medical factors such as damage of the phrenic nerve.

Potential candidates for EPR may be ignorant of its benefits

or reluctant to have surgical implantation done many

months or even years after completing their inpatient

rehabilitation. Additionally, EPR systems have certain short-

comings. As noted above, stimulation of the phrenic nerve

causes a contraction of the diaphragmatic muscle, resulting

in inhalation only, but exhalation is passive. Therefore, EPR

does not produce an effective cough which would be

generated by a combined and synchronized contraction of

the abdominal and intercostal muscles, a function that none

of the available EPR system provides. Furthermore, contrac-

tion of the diaphragm by EPR is independent of upper airway

muscle activation, which places the user at a risk of upper

airway obstruction during sleep. Owing to these two factors,

EPR users need to have an open tracheostomy to secure safe

breathing during sleep and to permit suction of secretions.

It may be argued that more persons with tetraplegia who

are ventilatory dependent could become users of EPR, if

damaged phrenic nerves could be repaired by nerve grafting

techniques,81 if cost of implantation could be reduced by

placing electrodes less invasively and less costly through

laparoscopic surgery,72 and if implantations of electrodes

were performed laparoscopically earlier after SCI than is

currently done. Early implantation of electrodes and regular

stimulation may reduce the need for lengthy reconditioning

of the diaphragmatic muscle which might facilitate weaning

off the ventilator, if phrenic nerve function returns, a

development which would permit removal of the electrodes

and the entire EPR system.

In recent years, it has been shown that accurate mapping of

the phrenic nerve motor points permits successful laparo-

scopic implantation of intramuscular electrodes within the

costal portion of each hemi-diaphragm.51,73,71,72 Such proce-

dure involves placement of four laparoscopic ports to the

abdominal cavity for creation of a pneumoperitoeum, visua-

lization of the diaphragm, diaphragmatic mapping by elec-

trical stimulation and implantation of two electrodes at the

motor points in each hemi-diaphragm.73 The electrode wires

are tunneled subcutaneously to the chest wall where they exit

and connect to an external stimulator. Such system is felt to be

low risk, cost-effective and implantable during and outpatient

visit.71 Early implantation, even within weeks of acute SCI, of

all system components is ultimately envisioned.71

DiMarco et al.73 have recently described in detail short-

comings of currently used EPR systems and outlined needs

for their further development. In most cases, viability of only

one phrenic nerve is not sufficient to allow breathing

exclusively by EPR only. A development of an intercostal

muscle FES system, which could be used simultaneously with

a unilateral EPR, may generate effective ventilation and

eliminate the need for mechanical ventilation. There also is

need to develop an FES system for abdominal muscles that

upon stimulation would generate a more forceful active

expiration and cough.82–85 There is need to synchronize the

upper airway muscle activation with diaphragmatic activa-

tion to reduce the risk of upper airway obstruction during

sleep. This might reduce the need for maintaining an open

tracheostomy. There is need to develop a totally implantable

EPR system, similar to cardiac pacemakers, with elimination

of all the external hardware, for example, stimulator/

receiver, antenna and battery power source. This would

make EPR systems more attractive to potential users. Muscle

fatigue continues to be prevalent among some users of EPR.

It is possible that sequential stimulation, such as is currently

provided by Atrostim and MedImplant Systems will reduce

development of such fatigue.
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FES systems for bladder, bowel and sexual function

Contraction of the bladder by electrical stimulation of the

pelvic nerves was reported as early as the mid-nineteenth

century.86 This observation led to attempts to improve

micturition in persons with SCI by stimulation of the conus

medullaris, sacral nerve roots, pelvic nerves or even the

bladder itself, usually with unreliable results. Anatomical

studies revealed that the sacral nerve roots originating in the

conus medullaris provide somatic motor axons to the

external urethral and anal sphincters through the prudendal

nerves and also provide parasympathetic pre-ganglionic

efferent axons to the smooth muscles of the bladder, rectum,

sphincters and erectile tissue through the pelvic splanchnic

nerves. Sensory fibers from these organs also enter the conus

through the sacral nerve roots. During the 1970s, Brindley

reported the implantation of the first sacral anterior root

stimulator (SARS) for bladder control, which were initially

done in animals, but subsequently also in humans.87,88

Refinement of this approach led to the development of the

Finetech–Brindley bladder system (marketed as ‘Vocare’ in

the USA) (Figure 9) which has been implanted in more than

2000 individuals worldwide and has been FDA approved in

the USA. Successful application of this system has been

shown to produce bladder emptying and continence.89

Electrical stimulation of the sacral anterior nerve roots not

only results in contraction of the detrusor muscle of the

bladder, but also of the external urethral sphincter, which may

not appear to be ideal for effective voiding. However,

Brindley90 showed that intermittent bursts of stimulation for

a few seconds interspersed with intervals of no stimulation can

generate sustained detrusor contraction while permitting the

sphincter to relax rapidly during periods of no stimulation and

thus permit passing of urine. Longer bursts of such stimulation

and intervals can produce defecation for some users.91 In order

to secure urinary continence between stimulations, increase

bladder capacity, decrease detrusor and sphincter dyssynergia

and lower the risk of autonomic dysreflexia, it is usually

necessary to interrupt the reflex arc by performing S2–4

posterior rhizotomy,92 which unfortunately is associated with

irreversible loss of reflex erection and ejaculation.93

The Finetech–Brindley bladder FES system consists of

surgically implanted components activated by an external

transmitter, which is operated by the user. The electrodes are

usually implanted bilaterally and extradurally on the S2, -3

and -4 nerve roots by S1–S3 laminectomy.93 Intradural

placement on the anterior (motor) sacral roots may be

preferable for more accurate stimulation but is felt to

increase the risk of sacral spinal fluid leak and nerve trauma.

The electrodes are connected by lead wires to a receiver/

stimulator implanted on the anterior abdominal wall. The

implant is powered and controlled by an external control

unit with a transmission antenna. Posterior sacral rhizotomy

is performed by T11-L2 laminectomy which gives exposure

of the conus medullaris and the cauda equina.93

Candidates for bladder FES system must have neurologi-

cally complete suprasacral SCI and documented problems

with other forms of bladder management, for example, more

than three urinary tract infections during the preceding year,

uncontrollable reflex incontinence.93 Follow-up studies89,93

have shown that 80–90% of users can urinate on demand

with post-voiding volumes of o50ml. Bladder capacity

generally increases to more than 400ml and continence

between stimulation is achieved in more than 85% of cases.

At the same time, urinary tract infections, catheter use,

anticholinergic drug use and autonomic dysreflexia were all

greatly reduced.93 The most common postoperative adverse

event was stress incontinence.93 Although implant failures

occur, they are rare as mean time between implantation and

failure is almost 20 years.94

Defecation

Electrical stimulation of the sacral anterior nerve roots and

parasympathetic nerves has been shown to increase colo-

rectal motor activity,95 which increases the frequency of

defecation and reduces constipation. By adjustment of the

electric stimulus parameters, that is, by lengthening the

intervals between burst of stimulation, passage of stool may

occur. Users of the bladder FES system have noted signifi-

cantly less time spent on bowel evacuation and reduced use

of suppositories5and generally improved bowel function96,97

as fecal incontinence is not increased.93

Erection and ejaculation

Electrical stimulation of the intact sacral anterior nerve

roots, especially S2, has been shown to produce penile

erection which will last as long as the stimulus is sustained.98

Effective erection may thus occur with the use of the FES

bladder system but given other currently available means of

achieving erection after SCI, induction of erection is not felt

to be an indication for implantation of such systems.99

Ejaculation may be generated by electrical stimulation via

electrodes implanted on the presacral (hypogastric) sympa-

thetic plexus,100 but this method has not been applied

Spinal Column
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Nerves
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Sphincter Bowel
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Figure 9 Vocare, implanted FES system for bladder (and bowel)
control (courtesy of Neurocontrol Inc.).
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clinically, as semen can usually be obtained more easily by

electro-ejaculation using a temporarily inserted rectal probe.99

Future directions

The need for posterior sacral rhizotomy resulting in loss of

reflex erection has been the greatest clinical drawback of the

bladder FES systems. It has been demonstrated that stimula-

tion of afferent nerve fibers within the pudendal nerve or

sacral nerve roots101,102 can result in relaxation of the

detrusor muscle, a phenomenon referred to as neuromodu-

lation, that is, the influence of activity in one neural

pathway affects the pre-existing activity in another by

synaptic interaction.102 It has been shown that neuromodu-

lation can be used in combination with bladder FES systems.

Here, simultaneous stimulation of the sacral posterior and

anterior nerve roots can suppress detrusor hyperreflexia and

increase bladder capacity.103 Although there was incomplete

bladder emptying in the five subjects in the study, such

techniques utilizing natural inhibitory reflexes may ulti-

mately eliminate the need for posterior rhizotomy. It has also

been suggested that a fast acting and quickly reversible

neural block can be created by electrical techniques that

provide unidirectional propagation of electrical signals or by

use of high-frequency alternating currents.13,104

Therapeutic effects of FES

SCI adversely affects the physiological functions of most

organ systems.18 Most of these changes are directly related to

the loss of supraspinal control over voluntary and auto-

nomic functions, but they are compounded by the sedentary

lifestyle enforced by the disability and the lack of appropriate

exercise programs for persons with SCI. Table 1 shows some

of the clinical conditions associated with SCI sedentary

lifestyle and lack of physical exercise, conditions which may

be partly reversible by FES and other forms of exercise, for

example, BWSTT and wheelchair sports.

These conditions will be briefly discussed with respect to

their occurrence in persons with SCI and observed ther-

apeutic effects of FES-induced exercise. In general, the effects

of physical exercise on these conditions is directly related to

the size of the muscle mass involved and the duration of the

activity, that is, lower limb exercise is more effective than

upper limb exercise, and sustained activity is more effective

than brief spurts. Although ambulation by FES would likely

have a therapeutic effect, it is not easily achieved or available

to most persons with SCI and has not been studied much in

this respect. In contrast, FES leg cycle ergometers (FES-LCE)

have been FDA approved, commercially available for

more than 20 years and their use extensively studied

(Figure 10).17,105–108 It may be speculated that FES used in

combination with BWSTT63 may have similar and perhaps

additional therapeutic effect on persons with SCI.

Cardiovascular deconditioning

Cardiovascular fitness expressed as physical work capacity

and maximum oxygen consumption (VO2 max) is reduced

in most persons with SCI, but especially in those with

complete high cord lesions. There are two main reasons for

this reduction. First, there is loss of supraspinal control over

the autonomic nervous system that results in inadequate

exercise response (sympathetic) and over the numerous

striated muscles that cannot be activated voluntarily for

exercise. Second, physical inactivity and sedentary lifestyle

reduces cardiovascular fitness. Although the loss of suprasp-

inal control cannot be altered, numerous studies have shown

that aerobic capacity can be increased, even many years after

SCI with FES-LCE training.106,107,109

Decreased serum high-density lipoprotein – cholesterol

Lipid profiles are negatively affected immediately following

SCI. Although total cholesterol levels may be normal, serum

Table 1 SCI clinical conditions associated with sedentary lifestyle and
lack of exercise

1 Cardiovascular deconditioning
2 Decreased serum high-density lipoprotein
3 Increased body fat mass
4 Diabetes mellitus
5 Leg edema
6 DVT
7 Decreased muscle bulk, strength and endurance
8 Pressure ulcers
9 Osteoporosis

10 Depression
11 Impaired neural plasticity

Abbreviations: DVT, deep venous thrombosis; SCI, spinal cord injury.

Figure 10 FES leg cycle ergometer for lower limb exercise
(reprinted by permission from Downey and Darling’s Physiological
Basis of Rehabilitation Medicine, Butterworth Heinemann 2001).
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high-density lipoprotein cholesterol (HDL-C) is significantly

lower in persons with SCI than in the able-bodied popula-

tion,110–113 a finding that has been felt to be related to low

levels of physical activity. Among persons with SCI, serum

HDL-C has been found to be higher in women than in men,

and in wheelchair athletes than in persons with SCI who are

physically inactive.110 Serum HDL-C has been noted to rise

modestly during the first 2 years after SCI113 and in general,

serum HDL-C levels have been shown to rise in persons with

or without SCI with increased physical activity, increased

aerobic capacity and by participation in sports activ-

ities.110,111,114 Persons with motor complete SCI tend to

have lower HDL-C than those with incomplete SCI.115

Currently, it is not known if the physical exercise associated

with FES-LCE training is sufficient to raise serum HDL-C in

persons with SCI but it has been shown that both upper limb

exercise training for endurance and strength as well as

dietary intervention affects lipid profiles favorably.116,117

Increased body fat mass

Being overweight or obese is common among persons with

SCI,118 even more so than in the general population. Even

when body mass index, that is, body weight as a function of

height, is near normal, body fat mass is increased in persons

with SCI,118–120 that is, persons with SCI who do not appear

to be obese, carry relatively large amounts of fat tissue.119

Although obesity is associated with increased risk of sleep

apnea and lower functional skills, both obesity and increased

body fat mass are associated with increased risk of diabetes

mellitus, hypertension, cardiovascular disease, and so on.

Increased body fat mass and obesity are related to physical

inactivity and diet. It is not known if physical exercise can

alter the body weight of persons with SCI, but it has

been reported that FES-LCE training results in less fat

infiltration between exercised muscle fibers as evident by

imaging studies.121

Diabetes mellitus

Physical inactivity and obesity are recognized as major risk

factors for diabetes mellitus,122 which in turn is a risk factor

for cardiovascular disease. Increased prevalence of glucose

intolerance and diabetes among persons with SCI has been

well documented,123–125 which is not surprising given their

sedentary lifestyle and increased body fat mass. It has been

shown that peak serum glucose in persons with SCI is

associated with increased total body percentage fat, com-

plete tetraplegia, older age and male gender.125 Physical

activity, especially regular aerobic endurance exercise, has

been shown to reduce the incidence and prevalence of

diabetes in the general population122,126 and among persons

with SCI, it has been shown that following 8 weeks of FES-

LCE training, blood glucose levels were significantly reduced

and glucose utilization improved.127

Leg edema

Peripheral edema due to leg dependency, lack of muscle

activity and poor venous return is clinically apparent in

many persons with SCI. Such edema is generally felt to be

harmless, although usually of considerable concern to

the person affected. Leg edema as well as acrocyanosis of

the feet have been reported to improve during FES-LCE

training.128,129

Deep vein thrombosis

Venus thromboembolic disease is common and a leading

cause of mortality following acute SCI. Predisposing factors

include, venous stasis due to paralysis of leg muscles

associated with failure of the venous muscle pump as well

as changes in the clotting mechanism.130 Simple electrical

stimulation of leg muscles in combination with low dose

heparin therapy has been shown to be superior to using only

heparin to prevent deep vein thrombosis (DVT) in acute

SCI.131 Although DVT is relatively rare during the chronic

stage of SCI, it may be speculated that regular leg exercise by

FES-LCE might be helpful in preventing DVT, but no studies

have been published that have addressed this issue.

Decreased muscle bulk, strength and endurance

Following SCI, the paralyzed muscles develop atrophy, even

when spastic, and lose strength in response to electrical

stimulation as well as ability to forcefully contract repeti-

tively. In response to FES-LCE training, subjects with SCI

have been shown to increase their thigh circumference as

measured clinically by tape17 or as visualized on CT or MRI

imaging studies,17,121,132 increase the resistance while pedal-

ing the FES-LCE17,105,106,133 and all gained endurance, that

is, they could cycle for longer periods of time.17,105,133

Muscle biopsy studies have shown a switch from myosin

heavy chain (MHC) isoform II B muscle fibers (fast twitch,

fast fatiguable and glycolytic fibers) to MHC isoform II fibers

(fast twitch and fatigue resistant), with such exercise, which

is accompanied by doubling of the mitochondrial oxidative

capacity.17 These studies have confirmed the reversibility of

disuse changes in muscles paralyzed by spinal cord UMN

lesions.

Pressure ulcers

It is well known that persons with SCI are at a high risk and

frequently develop pressure ulcers at any time during their

lives. Pulsed electrical stimulation has been shown to

facilitate healing of stage II, III and IV pressure ulcers134,135

and is recommended for that purpose by the Agency for

Healthcare Research and Quality.136 Electric muscle stimula-

tion for prevention of pressure ulcers has been suggested

based on research which showed that such stimulation of the

gluteus maximus muscle produces increased muscle blood

flow and undulation of the buttock tissues, that is muscle

contraction and relaxation, with shape refiguration,137,138

effects which are in addition to the well-documented and

potentially protective increase in muscles bulk with such

intervention. It is not known how effective FES-LCE is in

prevention of pressure ulcers but none of the published

reports on this intervention has reported development of

pressure ulcers during the training period. An anecdotal

report describes the healing of pressure ulcer during FES-LCE

when traditional wound care seemed ineffective.139
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Osteoporosis

Immediately following SCI, bone resorption occurs at a faster

rate than bone formation, a process that results in clinical

osteoporosis within a few weeks of injury.140,141 Normal

bone remodeling rate, that is, resorption equals formation, is

re-established in 1–2 years after SCI, but by then loss of

approximately one-third of the original bone mass has

occurred.140 This bone loss remains constant throughout

the life of the individual and is associated with increased risk

of fractures. No effective intervention to prevent or to restore

bone loss after SCI is currently known. However, as the cause

of such bone loss after SCI is felt to be related to the paralysis

and disuse, it has been speculated that reversal of bone

loss may occur with weight-bearing activities142,143 and with

FES-LCE training. Most studies have failed to show any

significant increase in bone mineral density with FES-LCE

training144,145 or by lower limb FES ambulation (Parastep),146

whereas other investigators have shown that FES-LCE can

restore tibial bone mass by 10–30%.147,148

Depression

Mood disorders, such as depression and anxiety, are

common after SCI and are present in as many as 30% for 2

or more years after injury.149 Risk factors are felt to be similar

to those in able-bodied persons, as well as the extent of the

neurological impairment and the presence of medical

comorbidities.150 It has been well documented that there

may be an inverse association between physical inactivity

and mental health in both men and women151 and that

physical exercise has significant antidepressive effect152–155

and may even improve cognitive function. It is known that

SCI disturbs the hypothalamic–pituitary–adrenal axis,156,157

which affects production of various hormones, including

neuroendocrine stress hormones, for example, cortisol,

growth hormone, endorphins and norepinephrine. After

SCI, production of ACTH and cortisol does not follow

normal circadian rhythm156 and endorphin levels have been

shown to be low,158 both findings that may be associated

with depression. One study on persons with SCI showed that

with regular FES-LCE endorphin production increased, base-

line cortisol levels became better regulated and closer to

normal circadian rhythmicity and depression scores im-

proved,158 whereas another study showed that majority of

participants reported improvement in self image and

perceived appearance.128

Impaired neural plasticity

CNS plasticity refers to the CNS ability to change its structure

and function in response to environmental stimuli, such as

physical exercise. Undamaged spinal cord circuits have been

shown to be capable of significant reorganization which may

be induced by both activity-dependent and injury-induced

plasticity.159 Both clinical and animal studies have shown

that physical exercise is beneficial for neuronal func-

tion160,161 as clinically evident by better cognitive func-

tion.160,162 Animal studies have found that exercise elevates

the levels of neurotrophic factors in select regions of the

adult brain and spinal cord,9 including levels of insulin-like

growth factor,163 fibroblast growth factor II164 and BDNF.165

Several clinical investigators have shown that in persons

with incomplete SCI walking ability may be improved with

FES-LCE training,166–168 BWSTT169–171 or combinations

thereof63 or overground mobility therapy.172 Other investi-

gators have suggested that patterned neuronal activity with

FES and/or BWSTT is important for development and even

recovery of neurological functions8 or by using both BWSTT

and epidural spinal cord stimulation.7,173 In general, it is

now felt that the functional motor benefits of such exercise

training does more than improve muscle strength and

cardiovascular fitness in persons with SCI as animal studies

have shown that it may also have an influence on synapses

and motor neurons.174 If and when a treatment will be found

to reverse the neurological loss after SCI, it is unlikely that

such treatment will result in complete reestablishment of all

the descending and ascending projections within the spinal

cord. Therefore, it will probably be necessary to activate the

CNS plasticity, including neural circuitry within the spinal

cord to maximize locomotor recovery through exercise

training, such as FES and BWSTT.

The future for FES

The earliest observations of the use of FES to overcome

paralysis were published almost 50 years ago.25,42,175 Since

that time, the spectacular technological advances in electro-

nics and microprocessing have enabled scientists to develop

a variety of FES systems that have been shown to have

significant clinical benefits for their users. However, com-

mercial success has been limited for several reasons, includ-

ing the relatively small market, high cost of FES systems and

their implantation, reluctant third-party payors, technologi-

cal shortcomings, lack of totally implantable FES systems,

insufficient clinical trials to scientifically document benefits,

including reduced cost of care.

Several of these concerns are currently being addressed by

scientists in the field of FES11 who plan to use state-of-the-art

electronics to miniaturize all components of FES systems and

to create long-lasting implanted miniaturized batteries that

can be recharged transcutaneously by radiofrequency trans-

mission. Investigators are addressing the imminent need to

develop a totally implantable, easily manufactured, modular

FES system that can be used for all purposes, for example, for

upper and lower limbs, trunk, bladder, bowel and diaphrag-

matic functions. Such system will be upgradeable to provide

additional and advanced functions by adding different

components, for example, stimulator and sensor modules.

Implantation early after SCI using less-invasive surgical

techniques would make such FES systems a clinical option

during acute rehabilitation. Reconstructive hand surgery in

combination with implantation of FES system may enable

more persons with tetraplegia to achieve greater hand

function. Judicious application of orthoses similarly may

enhance functional performance of many users of FES

systems.

More futuristic scientific developments include the poten-

tial use of high-frequency alternating currents to create a
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quickly reversible nerve conduction block,104 which may

eliminate the need for posterior rhizotomy, which is often

needed for bladder FES systems, as well as to suppress

contractions of a hyperactive bladder, control pain, and so

on. Such conduction block appears to be more achievable in

nerve fibers of large diameter, for example motor fibers,

than those of small diameter, for example sensory fibers. If

electrical stimulation could be used to both activate and

inhibit nerve and muscle activity, the clinical benefits of FES

systems could be significantly increased.11

Advanced methods to control FES systems have been

proposed,11 and in some cases implemented, including the

use of myoelectric signals from voluntary muscle contrac-

tions and sophisticated closed loop systems that automati-

cally adjust stimulation patterns based on feedback from

peripherally placed sensors.176 It has been shown that

epidural spinal cord stimulation in conjunction with BWSTT

can facilitate functional walking in persons with chronic SCI

ASIA C, perhaps by eliciting greater activation of the

oxidative motor unit pool.7,173 Other investigators have

shown in animal experiments that stimulation of motor

neuron pools within the gray matter of the spinal cord by

implanted microelectrode arrays can activate large number

of individual muscle fibers in a relatively coordinated

pattern.177,178 These observations suggest that it may be

possible to activate by electrical stimulation the natural

neural circuitry in the spinal cord to generate functional

muscle activity.11

Perhaps the greatest attention in recent years has been

paid to research which aims to enable persons with

tetraplegia to control their environment by thought.179–181

Recently, investigators have shown that a persons with C4

ASIA A tetraplegia and a 96 microelectrode array surgically

implanted on the surface of the primary motor center area of

the brain was able to modulate cortical spiking patterns by

intended hand motion and use such neural control to open

simulated e-mail, operate devices such as television, open

and close a prosthetic hand, and perform rudimentary

actions with multi-jointed robotic arm.182 Such thought

created brain signals may ultimately allow persons with SCI

to create reliable commands and control FES systems by

thought, rather than by the current methods which rely on

external joint angle sensors, accelerometers and switches

operated by voluntary muscle power.11

Conclusions

At present, creative transfer of the vast available technology

in microelectronics to benefit persons with SCI appears to be

a swifter way to enhance their function, quality of life, and

community reintegration, than by waiting for science to find

methods to regenerate axons within the injured spinal cord.

With relatively limited research funding, development of FES

systems has rapidly advanced by using recent technological

developments, particularly those of advanced materials,

implantable rechargeable batteries, wireless communication

and miniaturization of electronics. These systems have been

shown to be of great clinical value to several select groups of

persons with SCI. People with C5–6 tetraplegia have become

able to open their hands, grasp, hold and release objects.

Those with T1–T12 paraplegia have become able to stand,

step and adjust their body positions. Ventilatory dependent

persons with tetraplegia at C3 and above have achieved

ventilatory free breathing and persons with neurogenic

bladder and intact S2–S4 LMN have been able to maintain

urinary continence and effectively evacuate the bladder and

even the bowel. Regular active physical exercise of the

paralyzed lower limbs by FES-LCE has been shown to have

numerous health-related benefits. Development of minia-

ture modular FES systems, totally implantable by minimally

invasive surgical techniques, are likely to simplify the

application of this clinical process and may ultimately make

FES technology a standard of care for many persons with SCI,

reduce their total cost of care and enhance their quality of

life. Enlarging the market for FES systems beyond SCI is

likely to drive down prices that in combination with reduced

cost of care may encourage third-party payors to more

readily reimburse its cost.
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