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The purpose of this article is to relate the concepts of mammalian nervous 
system plasticity to clinical practice. The clinical relevance of Dr. Bishop's four-
part review of prenatal and postnatal maturation, function-induced plasticity, 
and nervous system regeneration is discussed. The scope of this paper is limited 
to the relationship between plasticity and 1) the pathogenesis of congenital 
malformations, 2) skill acquisition in the infant, and 3) functional recovery and 
treatment. Limitations in current clinical evidence for functional recovery are 
examined, and research questions that must be answered are presented. Clinical 
evidence of functional recovery coupled with current concepts of neural plastic
ity will provide information to determine the efficacy of treatment intervention 
for the neurologically handicapped. It is hoped that this discussion will encour
age clinicians to renew their efforts to accurately document the clinical course 
of recovery and the treatment methods used to achieve this recovery and to 
report their findings. 
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Plasticity, as defined by Bishop in her series on 
neural plasticity, refers to the adaptive phenomena 
that occur in neural tissue when structural changes 
coincide with functional modification.1 The purpose 
of this article is to help relate the concepts of mam
malian nervous system plasticity to clinical practice. 
At the outset, the reader should recognize that the 
neural mechanisms responsible for the changes in 
functional behavior observed in the clinical setting 
are still being identified. Thus, this article cannot 
provide clinically relevant facts to optimize treatment 
of the patient with nervous system dysfunction. How
ever, speculations will be suggested as a means of 
encouraging closer scrutiny and accurate documen
tation of the clinical course of recovery and of the 
treatment methods used to achieve this recovery. 
Accurate clinical observations, coupled with the cur
rent theories of plasticity, may then lead to formulat
ing testable hypotheses. To that end, limitations in 
the current knowledge will be stressed, and potential 
areas for future research will be discussed. The scope 
of this article will be limited to the following areas: 1) 
the relationship between prenatal plasticity and the 
pathogenesis of CNS defects; 2) the relationship be

tween postnatal maturation of the nervous system 
and skill acquisition; and 3) the relationships among 
plasticity, functional recovery, and treatment inter
vention. 

PRENATAL PLASTICITY AND PATHOGENESIS 
OF C N S DEFECTS 

This section will relate the prenatal maturational 
events, previously reviewed by Bishop,1 to the etiol
ogy of several CNS-related malformations. Because 
the sequence of prenatal developmental events is 
remarkably stereotypic and predictable, teratologists 
(dysmorphologists) can use the timing of the sequence 
to understand the pathogenesis of congenital malfor
mations. Although teratology is not directly relevant 
to treatment, it does contribute to elucidating mech
anisms responsible for the birth defects in children 
treated by the clinician. 

Prenatal deficits occur in 7 percent of all newborns, 
and CNS anomalies comprise more than half of the 
congenital malformations that are incompatible with 
life.2 Factors responsible for CNS deficits include 
those of genetic origin and those that are environ
mentally induced. However, the cause of about 65 
percent of congenital malformations is still un
known.2, 3 For an agent to be identified as teratogenic, 
it must be able to induce a malformation. Malformed 
children have had a longer history of prenatal expo
sure to a teratogenic agent than non-malformed chil
dren.4 Such exposure is extremely difficult to docu
ment; therefore, only a few factors have been identi-
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fied as teratogenic in the human. Certain environ
mental factors have been linked to congenital anom
alies in the human on the basis of test results in 
laboratory animals.5, 6 One of the most familiar agents 
is the drug thalidomide, which produced phocomelia 
in children of mothers who had taken the drug for 
nausea during pregnancy. 

The stage of embryonic development at which the 
nervous system is assaulted influences the type of 
malformation that will be produced. By the end of 
the 4th week after fertilization, the CNS is a closed 
tubular structure detached from the overlying ecto
derm. The cellular components of the cerebral cortex 
are in evidence by the end of the 8th week, and the 
general structural features of the brain are present by 
the end of the 12th week.2'3 Therefore, proliferation 
of the basic CNS components is complete by the third 
month. The nervous system is most vulnerable to 
insult during the first trimester of pregnancy because 
it is going through its most rapid development. 
Women in the first three months of pregnancy are 
warned to avoid agents such as rubella, toxoplasmo
sis, and X-irradiation to avoid damage to the devel
oping nervous system of the fetus.7, 8 Some of the 
other factors that have been related to CNS anomalies 
are listed in the Table. 

Three of the most prevalent congenital defects of 
the nervous system familiar to therapists are anen-
cephalus, spina bifida, and hydrocephalus. Others 
include Arnold-Chiari malformation, microcephalus, 
and pilonidal cysts.3, 9 Mental retardation is also a 
primary abnormality but as yet is difficult to relate to 
specific CNS defects. 
Anencephalus. If the most rostral part of the neural 
tube fails to close properly on about the 24th day of 
development, both the cranium and the brain remain 
open. Failure of the neural tube to close results in the 
absence of cerebral hemispheres and the forebrain. 
Anencephalus has been experimentally induced in 
animals by environmental factors such as X-irradia
tion, fasting, vitamin deficiency, and hypoxia.5 

Spina bifida* Spina bifida results when the neural tube 
caudal to the potential brain fails to close. This term 
is used to cover a wide range of defects, some of 
which may be the result of a primary vertebral defect 
rather than of a primary CNS defect.2, 3 The devel
opmental mechanics are still unknown. Hypervitam-
inosis A and X-irradiation are among the agents that 
have experimentally produced this defect. Three types 
of spina bifida—spina bifida occulta, spina bifida 
with meningocele, and spina bifida with myelomen
ingocele—are schematically represented and de
scribed in the Figure. 
Hydrocephalus. In this condition, brain ventricles are 
dilated by an excessive amount of cerebrospinal fluid. 
Because the sutures of the fetal cranium are unclosed, 
both the cranium and the brain become enlarged. 

TABLE 
Factors Related to Congenital Malformations of the 

Nervous Svstema 

Physical Factors 
Temperature 
Radiation 
Chemical factors 

Maternal Infection 
Mumps 
Influenza 
Herpes zoster 
Cytomegalovirus 
Rubella 
Toxoplasmosis 
Syphilis 

Maternal Nutritional Dis
turbances 

Vitamin A deficiency 
Vitamin E deficiency 
Maternal fasting 

Drugs 
Antimetabolites 
Antimitotics 
Dyes 
Hormones 

Genetic Origin 
Chromosomal transloca

tion 
Inborn errors of metabo

lism 
Tay-Sachs disease 
Lesch-Nyhan syndrome 
Phenylketonuria 

Other 
Seasons of the year 
Social class 
Geography 

a Further information in Kalter,5 Harris,6 Wood et al,7 

and Leek.8 

Obstructive hydrocephalus, which is the result of a 
blocked exit from the ventricles, is the most common 
form of hydrocephalus. 

The development of sophisticated cytogenetic tech
niques has allowed more insight into the genetic 
control of prenatal developmental processes. This 
research effort may ultimately lead to decreasing the 
occurrence of congenital deficits by genetic engineer
ing. These techniques cannot eliminate the myriad of 
environmental factors that result in birth defects. 
Investigators are, therefore, examining the sequence 
of events in normal fetal maturation in an attempt to 
reestablish or prolong plasticity beyond the critical 
periods. 

POSTNATAL MATURATION AND FUNCTION-
INDUCED PLASTICITY 

The previous review identifies two important points 
relative to the postnatal neural processes: 1) techno
logical advances are now allowing the investigator to 
identify specific postmaturational changes in neural 
organization and to relate these neural changes to 
changes in behavior and 2) a growing body of evi
dence is available to support the clinical assumption 
that the expression of certain behaviors can be shaped 
by environmental experience. Most of this research 
has been limited to studying normal maturational 
events in animal models and to studying dysfunction 
in animals with an experimentally induced rather 
than a naturally occurring lesion. 

As described by Bishop,1 the primary components 
of the mammalian nervous system are present at 
birth, but substantial remodeling of the neural con
nections occurs with maturation. Remodeling of the 
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Figure. Three types of spina bifida: A. Spina bifida oc
culta—A defect of the bony spinal canal in which there is 
failure of the neural arches to meet and enclose the spinal 
cord. The spinal cord and nerves are usually normal. This 
defect is usually located in the sacrolumbar region and is 
not noticeable at the surface except for a small tuft of 
hair. B. Spina bifida with meningocele—The meninges 
form a cyst filled with spinal fluid which bulges through 
the open neural arch. C. Spina bifida with myelomenin
gocele—The spinal cord and nerves are included in the 
cyst (myelo = cord, meninges = spinal cord covering, 
cele = sack or cyst). 

CNS is apparent in postmaturational behavior. The 
type and range of functional behaviors exhibited by 
the healthy newborn are distinctly different from the 
adult behavioral repertoire. Understanding the neural 
mechanisms responsible for this maturation and the 
role of the environment in shaping these behaviors is 
vital to understanding the potential for abnormal 
CNS development. 

Measuring Skill Acquisition 

It is obvious that a child's skill in throwing a ball 
into a basket changes with maturation. However, the 
specific sequence for the acquisition of such skills and 
the changes in the quality of this behavior are not 
adequately documented. Without this kind of behav
ioral information for the human, the neuroscientist 
can only speculate on the coincident changes within 
a specific area of the CNS. The development of 
precise standards that describe skill acquisition in 
healthy children would also provide a sensitive clini
cal tool for evaluating function in handicapped chil
dren. 

Many scales for documenting the chronology of 
behavioral development are already in use. Often 
cited scales that claim validity and reliability include 
the Bayley Scales of Infant Development,10 Denver 
Developmental Screening Test,11 and the evaluation 
developed by Gesell and Amatruda.12 However, the 
majority of these scales were developed before objec
tive measurement tools were routinely available to 
the clinician, and therefore, the scoring only indicates 
success or failure in performing a test item and not 
the quality of the effort. Using instrumentation to 
measure quality of effort on test items would allow 
the clinician to describe the degree of deviation from 
"normal" and to document treatment effects on alter
ing behavioral status. 

The development of the adult walking pattern is 
an area in which the quality of effort is being quan
tified and standards of normal performance are being 
developed.13-17 The usefulness of this approach is 
being recognized by both the clinician and the neu
roscientist. Walking performance standards or 
"norms" can be used to indicate the presence of a 
pathological condition that retards sensorimotor de
velopment and to measure the success of therapeutic 
intervention. The clinical application of objective gait 
measures in children is relatively new, and an ade
quate sample has not yet been surveyed to provide a 
normative data base. However, research to date in
dicates the age-dependence of the gait pattern, which 
confirms that walking is a behavior that reflects mat
uration.15-17 If the quality of walking performance is 
used as a tool for monitoring treatment progress as 
well as for indicating delayed motor development, 
then the following relationships must be considered: 
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1) gait pattern changes that are dependent on CNS 
maturation should be distinguished from those 
changes in the walking pattern that are stature depen
dent and 2) gait pattern changes that occur because 
of therapeutic intervention must be distinguished 
from those changes that occur because of maturation. 

The relationship of changes in time and distance 
measurements of foot contact patterns and ground 
reaction forces to age in 51 healthy children was 
described by Beck et al.17 Thirty-three of the children 
were examined at three-month intervals over a two-
year period. When assessed every three months, 
changes in the gait pattern did not correlate with 
changes in growth in the children between 4 and 16 
years old. Children less than 4 years old and children 
between 4 and 16 years old who were retested at 
intervals longer than three months had growth-related 
gait pattern changes. The interval between growth-
related changes in gait is relevant to the clinician who 
uses gait analysis to assess children before and after 
treatment. Variation resulting from age was present 
in velocity, stride length, cadence, stance time, swing 
time, double support time, and ground reaction 
forces.17 However, some of these variables were re
lated to changes in stature. For example, at a walking 
velocity of 1.04 m/sec (3.41 ft/sec), the stride length 
was 0.72 ± 0.04 m (2.36 ± 0.13 ft) for the 1- and 2-
year-olds and 1.14 ± 0.2 m (3.74 ± 0.07 ft) for the 
children 13 to 15 years of age who walked at 1.14 m/ 
sec. When normalized to the child's height, the length 
of the stride divided by height was 76 percent of the 
child's height regardless of age. In contrast, the peak 
vertical force was 1.37 times body weight for the 
youngest children and 1.13 times body weight in the 
4- to 5-year-old group. Therefore, stride length should 
be normalized to height to serve as a treatment pro
gress monitor, and the vertical ground reaction force 
may be a sensitive indicator of CNS maturation for 
children under 5 years of age. 

'Hard-Wired" Behavior 

Another issue relevant to postnatal maturation is 
the evidence that certain behaviors, such as reflex 
behavior or simple automatic movements, are "hard
wired" or devoid of plasticity.1 This may account for 
the clinical observation that muscles that have under
gone tendon transfer revert to their original function 
under such conditions as fatigue, lack of concentra
tion, or stress. Weiss and Brown cite evidence for this 
reversion phenomenon in patients with poliomyelitis 
whose biceps femoris tendons were transposed to the 
extensor side of their knees to substitute for weakened 
or functionally absent quadriceps femoris muscles.18 

Although the patients required very few trials to make 
the transposed biceps femoris tendons contract in the 
extensor phase, temporary relapses into the old flexor 

association still occurred years after the operation. 
Similar results were reported in a more recent study 
of the EMG activity of transposed ankle musculature 
during ambulation in patients with poliomyelitis and 
in patients with peripheral nerve injuries.19 This trans
position technique is also used to improve function in 
both the upper and lower extremities of patients with 
cerebral palsy, traumatic brain injury, and stroke.20"22 

It is assumed that the reversion phenomenon is also 
present in these patients, although no literature was 
found to substantiate this assumption. 

Faulty movement reported by users of a myoelec-
trically controlled prosthesis is another example of 
the persistence of primitive neural circuitry. These 
devices use muscle activity to control the prosthesis.23 

The device's success therefore depends on the pa
tient's ability to use a muscle in a novel way. For 
example, the contraction of the rectus abdominis 
muscle has been used to open a terminal device.24 

More recently, muscles close to the site of amputation 
have been selected because they more naturally relate 
in some way to the desired movement, and the chance 
of faulty movement is reduced.25 For example, finger 
flexor muscles are used to close the prosthetic hand, 
and finger extensor muscles are used to open the hand 
in a myoelectric below-elbow prosthesis.26 

Adaptive Behavior 

Another important aspect of these apparently rigid 
neural connections is their species-dependent adap
tive property. This ability to adapt allows the nervous 
system to override the circuitry responsible for some 
of the innate coordinative behaviors. Innervation was 
reversed in Sperry's studies: extensor motoneurons 
innervated flexor musculature, and flexor motoneu
rons innervated extensor musculature.27, 28 In the rat, 
the hind limb extended rather than withdrew from a 
noxious stimulus.27 The same reversed response was 
initially observed in monkeys whose biceps and tri
ceps muscle innervation was reversed. However, this 
behavior was quickly replaced by substitute or "trick" 
behavior; that is, the animal learned to passively flex 
and extend the elbow to accomplish the motor task 
without using the reversed innervation. Finally, sub
stitute behaviors were replaced by adaptive behavior 
in which the elbow was actively flexed and ex
tended.28 The superior adaptive capacity of the pri
mate as compared with the rat supports the presence 
of an adaptive property also in man. 

It is assumed that the original neuronal circuitry 
remained in the monkey inasmuch as reversed elbow 
activation persisted in nonpracticed tasks, a reversion 
similar to the one reported for the transplanted biceps 
femoris tendon in the poliomyelitis patients described 
above. However, it is clinically important that the 
basic pattern could be suppressed in most instances. 
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Patients should be warned that unwanted motor pat
terns may not be suppressed under circumstances, 
such as stress or fatigue, so that they can compensate 
for unexpected motor behavior. 

Adaptive behavior has also been reported for the 
vestibular ocular reflex, which helps maintain a stable 
retinal image during head movements. That is, when 
the head is turned to one side, this reflex helps the 
eyes rotate in the opposite direction to maintain the 
visual image. Melvill Jones and Gonshor demon
strated that this behavior can be modified and can 
undergo adaptive change when human subjects wear 
prisms, which reverse normal horizontal visual in
put.29 The reflex response showed a complete reversal 
when the subjects wore the prisms during all waking 
hours for periods up to 28 days. The neural mecha
nisms for these adaptive responses are still being 
investigated. However, this is another example of the 
flexibility of the adult human nervous system. 

Clinical Principles 

The evidence for function-induced plasticity re
viewed by Bishop1 supports the clinical principles 
that underlie current treatment to optimize behavior: 
namely, to avoid disuse, to inhibit unwanted behav
ior, to induce the desired motor response, and to 
repeat the behavior. However, much additional re
search is necessary to establish a direct correlation 
between the effect of treatment and neural change. 
For example, the precise effect of disuse on the CNS 
is dependent on the region of the brain being studied 
and remains unpredictable. However, there is sub
stantial evidence suggesting that deprivation results 
in atrophy and dendritic shrinkage and that various 
functional behaviors are also measurably altered.30 

A form of disuse is sensory deprivation, defined as 
any change in the internal or external environment 
that deprives an organism of sensorimotor stimuli.31 

Sensory deprivation not only occurs in the absence of 
limb movement but may also be present because of 
the quiet and controlled atmosphere of the intensive 
care unit, lack of familiar surroundings, or confine
ment to a bed in the supine posture. The literature 
suggests that chronic neural changes occur in response 
to sensory enrichment through pressure, touch, and 
vibratory receptors; the vestibular apparatus; and vis
ual or auditory systems. Additional work is necessary 
in higher primates, however, to determine the func
tional significance of these neural changes in the 
healthy and the injured human nervous system. 

PERIPHERAL NERVE PLASTICITY 

The experimental evidence for regeneration of pe
ripheral nerves that has been accumulated over two 
centuries has revealed many factors favoring success

ful regeneration (eg, age, lesion site, extent of lesion). 
However, methods to induce this regeneration, to 
maximize the regenerative process, or even to predict 
regenerative success for an individual remain specu
lative. Therefore, clinical treatment at this point is 
limited to surgical repair and care for the denervated 
muscle. 

A variety of surgical techniques have been at
tempted with one or more of the following objectives: 
1) to minimize the gap between the proximal and 
distal cut ends of the muscle, 2) to assist the regener
ating fibers into the vacated endoneural sheath, and 
3) to remove scar tissue through which the nerve 
cannot penetrate.32 The most recent clinical approach 
is to use a surgical microscope to remove scar tissue 
within the epineurium and to suture individual funic
uli. The results to date do not show that this technique 
is superior to the original technique of suturing end-
to-end.33 That more careful surgery does not mark
edly improve regeneration suggests that something 
more than proper apposition is necessary for success
ful regeneration. Investigators are examining the role 
that axoplasmic transport, nerve growth factor, and 
the Schwann cell play in retarding or stimulating the 
regeneration process of the axons in an attempt to 
make full use of the regenerative process. 

Multiple Uses of Electrical Stimulation 

When the nerve innervates muscle, it appears to 
influence it through its impulse activity as well as 
through a trophic effect.34 At this time there is no 
treatment technique that can replace the trophic effect 
that the nerve exerts. Electrical stimulation to the 
muscle appears to substitute to a degree for the loss 
of impulse activity and to prevent some of the disuse 
phenomena.34, 35 

The denervated muscle should not be neglected 
during the process of peripheral nerve regeneration. 
The changes that result from disuse of denervated 
muscles are not desirable and include cell atrophy, 
tissue scarring, an increase in resting membrane po
tential, a decrease in speed of contraction, a spread of 
acetylcholine sensitivity, and an increase in ability to 
accept synapses from foreign nerves.34, 36 Determining 
the extent to which electrical stimulation prevents 
disuse phenomena or restores innervated properties 
to a denervated and atrophied muscle requires further 
study and documentation. There is a paucity of lit
erature directly addressing these issues. The literature 
consists primarily of studies in which a denervated 
muscle from an animal serves as the model by which 
to examine a physiological principle; the discussion 
section of this type of paper often alludes to the 
significance of the results of the basic animal-model 
experiment to the denervated muscle seen in the 
clinic. 
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Caution must be exercised, however, in transferring 
the knowledge gained in the experimental laboratory 
to the clinical setting. When reading the results of 
research that examines the effect of electrical stimu
lation on denervated muscle, consider the following 
questions: 1) What is the purpose of the experiment? 
2) What species of animal is being examined? 3) Is it 
a single muscle fiber or a whole muscle preparation? 
4) What is the muscle fiber-type composition? 5) Has 
the muscle been acutely denervated or is it a chronic 
preparation that demonstrates disuse phenomena? 6) 
Is the muscle directly stimulated or is the stimulus 
applied through a severed nerve trunk? 7) What are 
the stimulus parameters? 8) What is the treatment 
time? Although more extensive investigation is re
quired to substantiate these findings, results from 
studies using an animal model indicate that electrical 
stimulation retards the degeneration of the original 
neuromuscular junction, helps maintain the mem
brane potential, and prevents de novo synthesis of 
multiple acetylcholine receptor sites.34, 35 

A current rationale for electrical stimulation is that 
it aids in directing the axonal sprouts to the original 
neuromuscular junction.34 Research to date on the 
rabbit in an acute denervation preparation that has 
not atrophied suggests that continuous low-frequency 
stimulation through the nerve is accompanied by a 
reduction in muscle fiber diameter. This reduction in 
muscle bulk does not appear to indicate a degenera
tive process.36'38 Salmons and Henriksson36 and 
Salmons and Vrbová39 suggest that fiber diameter 
reduction may be part of an adaptive process that 
facilitates diffusion of oxygen from capillaries to mus
cle fiber centers. The reduction in fiber diameter 
should be examined in a model in which electrical 
stimulation is used to increase muscle strength in an 
intact preparation. There are clinical reports for the 
human that electrical stimulation increases atrophied 
muscle fiber diameter and range of motion.37 There
fore, the research to date indicates that electrical 
stimulation has a physiological effect on acutely or 
chronically denervated muscle. The extent of the 
effect will be elaborated in on-going research ef
forts.34, 35, 39 

The research on the peripheral nerve and its regen
eration is providing significant knowledge that can be 
used in the management of neuromuscular disorders. 
For example, the clinical use of electrical stimulation 
has gone beyond its traditional clinical use as a tool 
to prevent atrophy of partially denervated muscle. 
Programs in which electrical stimulation are being 
used include maintaining or increasing joint range of 
motion, strengthening muscle, facilitating voluntary 
movement, and inhibiting spasticity.40 The manual 
developed by Benton et al provides electrical stimu
lation techniques and guidelines for patient selection 
and treatment.40 

Although our current ability to stimulate muscle 
directly or indirectly through a peripheral nerve is 
nonphysiologic, it appears adequate to induce neu
romuscular plasticity. Electrical stimulation is cur
rently serving as an adjunct to clinical treatment of 
both neuromuscular and musculoskeletal disease. If 
used properly, it can assist in preventing disuse, in 
preventing the establishment of unwanted motor be
havior, and in facilitating volitional movement. For 
example, range of motion at the ankle can be effec
tively maintained through electrical stimulation of 
the tibialis anterior muscle to move the ankle through 
its range.37, 40 If both the anterior and posterior com
partment muscles are spastic, the posterior compart
ment muscles can also be stimulated to create a 
reciprocating pattern of joint motion. 

Stanic et al are examining the efficacy of using 
multiple stimulation sites to improve the locomotion 
pattern in patients with hemiplegia.42 The electrical 
stimulation is provided to nerve and muscle in the 
involved limb to enhance swing-phase flexion of the 
limb and to prevent "extensor thrust" in stance. Craik, 
Cozzens, and Miyazaki43 are using stimulation of a 
sensory nerve at the time of involved limb heel-off to 
facilitate swing-phase flexion in patients with hemi
plegia. Although the sample size for both of these 
studies was small, preliminary results indicate that 
the walking pattern can be functionally altered in the 
presence of the stimulation. 

Another use of electrical stimulation is to produce 
contraction in paralyzed forearm musculature in 
quadriplegic patients to provide functional prehen
sion and release in the hand.41 This technique takes 
advantage of the function-induced plasticity present 
in skeletal muscle to change fiber types to produce a 
strong, fatigue-resistant contraction of controllable 
strength.36 In this case, electrical stimulation is used 
to develop strength in the absence of volitionally 
controlled strengthening and to convert fatigable 
muscle into fatigue-resistant musculature. However, 
animal studies have shown that the muscle reverts to 
its prestimulation characteristics when chronic stim
ulation is discontinued.38 

Because of the increased interest in electrical stim
ulation, technological advances have been made to 
produce stimulating units that are small, lightweight, 
portable, and easy to operate. These devices can 
supplement the traditional equipment whose use is 
confined to the clinical setting. On-going research is 
documenting the effect of chronic electrical stimula
tion on function-induced neuromuscular plas
ticity.40, 44, 45 Inasmuch as chronic electrical stimula
tion can induce properties of a slow-twitch fiber in a 
fast-twitch muscle fiber, the clinician should carefully 
consider the use of electrical stimulation and should 
clearly establish the goals of treatment. The available 
literature provides guidelines in selecting stimulus 
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characteristics, such as wave form, amplitude, dura
tion, and pulse width. 

CNS Plasticity Underlies Treatment Approaches 
The existence of CNS plasticity is still extremely 

controversial, unlike the plasticity of the peripheral 
nervous system. In fact there are still claims that the 
basis of functional recovery is the resolution of 
trauma-induced edema rather than CNS reorganiza
tion.46 Despite this controversy, the assumption that 
the CNS retains its plastic property following a CNS 
lesion is one of the principles underlying the majority 
of treatment approaches. 

Evidence that regeneration of axonal and dendritic 
processes occurs in vertebrates finally altered the 
long-held view that the spinal cord cannot reestablish 
nerve connections.46 As might be expected, techniques 
to make full use of regeneration in the spinal cord are 
being developed with a variety of animal models, 
tissue cultures, and human volunteers. One goal is to 
determine the most appropriate treatment regimen to 
reduce swelling and shock and thereby maximize the 
inherent regenerative capability of the cord. Current 
therapies being evaluated include use of cortico
steroids, hyperbaric oxygenation, cooling, dimethyl 
sulfoxide, and opiate antagonists. The rationale for 
examining opiate antagonists is based on the hypoth
esis that endorphins are involved in the production 
of spinal shock. Therefore, the role of naloxone hy
drochloride as well as other opiate antagonists in 
blocking the action of the endorphins and preventing 
shock is being examined.47 This research is an exam
ple of attempts to alter therapeutic regimens to max
imize the inherent CNS plasticity that has been dem
onstrated from basic animal studies. 

Plasticity of the CNS is requisite to any successful 
treatment outcome that involves acquisition of a new 
skill because structural neural change is believed to 
accompany learning.48 The new skill may be as simple 
as learning to perform an isometric contraction of the 
quadriceps femoris muscle or learning to perform a 
four-point crutch gait. Little knowledge exists about 
the precise neural change associated with learning 
and about the relationship between changes in cell 
function and changes in behavior in man. The limi
tation in knowledge can be generalized to all of the 
evidence of plasticity in the CNS. Many theories have 
been proposed to account for the return of function 
after a CNS lesion, but as yet, there is insufficient 
evidence to determine what exactly is responsible for 
recovery. These theories include the following: axons 
near the lesion site sprout to occupy a denervated 
postsynaptic site, denervation supersensitivity occurs, 
or transsynaptic changes occur secondary to new 
patterns of use or new patterns of disuse.1 

The terms "function-induced plasticity" and 
"regeneration" have been treated as two separate 

neural processes in this article. Function-induced 
plasticity was used to describe the primate's behavior 
after cross-innervation because the animal produced 
the movement that was the expected result of surgery 
but developed the ability to override the crossed 
innervation and to produce a "normal" or nonre-
versed pattern. The retention of both behaviors indi
cated that the surgically induced neural organization 
remained but that some other region of the nervous 
system had changed to compensate for this deficit. 
The neural mechanisms that account for the recovery 
behavior demonstrated by the brain-injured patient 
are not as obvious. Both regeneration or reorganiza
tion at the site of the lesion and compensation for the 
behavioral loss by other parts of the CNS appear 
possible. Evidence is lacking that demonstrates that 
neural change is specific to a behavioral change. It is 
not yet known whether behavioral recovery and a 
specific neural change are coincidental. 

Another unknown that confounds this problem 
further is the extent to which the injured nervous 
system can spontaneously recover as compared with 
the effect of training on enhancing or retarding this 
recovery. Clinicians cannot resolve this question, but 
they can contribute to its resolution by providing the 
neuroscientist with carefully documented observa
tions of postlesion behavioral changes and the con
ditions under which the changes are manifest. 

Documenting Clinical Recovery 

Thus, while the precise mechanism for recovery is 
being pursued, the clinician should provide evidence 
as to whether the return of postlesion function is the 
result of treatment intervention and not just sponta
neous recovery. In fact, studies were done that con
cluded that an intensive rehabilitation program did 
not appear to have any effect on the functional out
come of the stroke population.49 Although these stud
ies were poorly controlled and thus the validity of the 
conclusions are questionable, many of the studies that 
conclude that treatment intervention improved func
tion are also poorly controlled and have questionable 
conclusions. A major problem with these kinds of 
studies is developing a protocol that carefully matches 
patients in the control and experimental groups and 
that takes into account extraneous variables such as 
patient-therapist interaction, patient-family interac
tion, and the testing environment. Because matching 
control and experimental groups is so difficult with 
human subjects, randomization designs and case stud
ies may aid in controlling these variables and should 
provide useful information. A number of studies that 
may assist the reader in formulating an experimental 
design include those by Gonnella,50 Martin and Ep
stein,51 Currier,52 and Wolery and Harris.53 
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A review of the clinical studies that document the 
effect of a specific treatment on improved function is 
beyond the scope of this article. There are certainly 
carefully controlled investigations that have success
fully achieved their original purpose. However, much 
of this work has been done with the newer treatment 
adjuncts, such as electrical stimulation and biofeed
back therapy, which leaves a gap in our body of 
knowledge. Scientific principles have to be applied to 
the evaluation of all current treatment approaches. 
Without such evaluation, it is difficult to relate treat
ment to CNS plasticity, to define limitations in our 
current clinical management, or to rationally develop 
new techniques. Listed below are some of the more 
recent attempts to document clinical recovery. 

Wolf et al conducted a study on 48 upper and 44 
lower extremities of 52 stroke patients to analyze 
factors that could predict the successful use of a 
specific modality in a patient population.54, 55 The 
modality was EMG biofeedback, and the factors 
analyzed included age, sex, hemiparetic side, duration 
of stroke, and number of treatments. The treatment 
was considered successful when a clinician not partic
ipating in the study determined that independent 
function was gained in an extremity with a concom
itant reduction in spasticity, increase in strength, and 
increase in active range of motion. Spasticity was 
considered reduced when the time required for the 
EMG activity to return to preslow and prefast stretch 
levels was reduced. Of the patients who completed 
the study, 18 of 32 lower extremities were treated 
successfully and 5 of 32 upper extremities were treated 
successfully. Results indicated that aphasia and pro
prioceptive impairments tended to reduce a successful 
outcome initially. However, there was no significant 
correlation between the factors listed above and the 
training outcome. This study serves as an example of 
how to identify and to treat the other variables besides 
the treatment itself that may affect treatment out
come. This type of research paradigm is necessary to 
make definitive statements regarding the effect of a 
specific treatment on recovery. Other factors, such as 
motivation, family support, and environment, can be 
examined in a similar manner. 

An approach to testing the effect of treatment on 
recovery is to use animal models. Yu reviews a variety 
of these studies with brain-injured animals.56 Using 
animals allows the investigator to control some of the 
factors discussed in the study conducted by Wolf et 
al.54, 55 For example, siblings can be used, subjects of 
the same sex can be selected, the environment can be 
controlled, and the same lesion can be experimentally 
induced in both the experimental and control groups. 
The clinical relevance of these kinds of studies is 
limited because it cannot be assumed that similar 
results occur in man. In addition, there is no easy way 
to assess the role of motivational or emotional factors 

on recovery in animal studies. However, the results 
are enlightening despite these limitations. Results of 
recovery with training in experimental animals have 
indicated that training, such as forced usage and 
operant learning, plays an active role in functional 
improvement. The studies were repeated in which 
permanent behavioral and neural deficits had been 
reported so that deprivation at certain developmental 
stages could be investigated. When vigorous training 
and forced usage were added to the protocol, a pre
viously unreported change both in behavior and in 
neural activity was achieved.57 

Several investigators have selected patients with 
chronic problems to demonstrate that treatment in
tervention rather than spontaneous recovery was re
sponsible for behavioral change. For example, hemi-
plegic adults who had experienced a cerebrovascular 
accident an average of 2½ years before the study were 
selected to be taught to stand with their weight equally 
distributed on both legs.60 An auditory tone signaled 
to the patient the amount of weight that was borne 
on a limb. The results indicated that 16 of the 20 
patients who were initially unable to stand symmet
rically were able to "learn" this task; that is, sym
metrical standing was retained in the absence of the 
auditory tone. Sixteen of these patients retained sym
metrical weight bearing during a follow-up test one 
month after treatment termination. This study did 
not include an evaluation of neuromuscular status, so 
it is difficult to generalize the results to the hemiplegic 
population. Further, because the patients in this study 
were outpatients responsible for unsupervised prac
tice in the home, the findings cannot be used to 
predict the amount of treatment necessary to accom
plish the symmetrical standing task. However, this 
study demonstrates the effective use of patients with 
chronic problems as experimental models to distin
guish between spontaneous recovery and treatment 
effect and supports the hypothesis that the damaged 
nervous system retains plasticity. 

Sensory Substitution 

Sensory substitution is an area of research that 
demonstrates the plasticity of the human brain. It also 
holds promise as a mechanism for enhancing recovery 
of function. Sensory substitution systems have been 
developed and are being refined for both the blind 
and the deaf.58, 59 A tactile vision substitution system 
has been developed to deliver visual information to 
the brain via an array of stimulators in contact with 
some part of the body such as the abdomen, back, or 
thigh.59 Optical images are picked up by a television 
camera and transferred into vibrations or direct elec
trical stimulations that can be sensed by skin recep
tors. After sufficient training, congenitally blind sub
jects report experiencing the image in space instead 
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of on the skin and learn to make such perceptual 
judgments as depth perception. 

The use of EMG biofeedback is also an example of 
sensory substitution in that muscle activity is dis
played to the patients using an alternate sensory 
channel, namely, the visual or the auditory channel. 
Although the neural mechanisms responsible for 
achieving improved control of paralyzed muscles by 
this technique are unknown, the findings indicate that 
plasticity is retained in at least some regions of the 
adult human CNS after prolonged disuse of these 
regions.54, 55, 60 

Evaluating Treatment Principles and Variables 

In addition to evaluating the effect of a specific 
treatment on improved recovery, general principles 
that pervade all treatment approaches need to be 
evaluated. For example, in normal learning of motor 
skills, periods of no learning, or plateaus, are 
reached.61 Bach-y-Rita suggests that patients with 
CNS involvement may also encounter plateaus.62 If 
so, therapy should be discontinued temporarily to 
avoid frustration and then resumed when the patient 
is ready to make further progress. This approach 
requires further study to determine its efficacy. 

Related to this issue is the question of how early 
after an injury should treatment be initiated. The 
studies of Black et al indicate that functional improve
ment is greater when therapy is initiated early.63 

Active retraining was studied in a group of rhesus 
monkeys who underwent a motor cortex lesion. Post
operative training of the involved limb began imme
diately for the early group and was delayed by four 
weeks for the late group. The effect of six months of 
training on each group was evaluated. Six months 
after the injury, those in the early group had achieved 
82 percent of their preoperative performance. The 
late group was examined 10 months after the injury, 
which was equivalent to 6 months of training. This 
late group achieved 67 percent of the preoperative 
performance. This study indicates the important ef
fect that timing of treatment has on functional reor
ganization. Other variables, such as duration of treat
ment and frequency of task repetition, should also be 
considered.64 

Another issue that must be addressed is the degree 
to which the behavior produced in the clinical setting 
is incorporated into the patient's motor repertoire. 
Behavior can be examined in the clinical setting 
immediately after treatment and at designated follow-
up intervals. An example of the use of this approach 
is a study by Carnstram, Larsson, and Prevec, which 
examined the increase in voluntary power in foot 
dorsiflexion (ie, the carry-over effect) immediately 
following the removal of electrical stimulation from 
the peroneal nerve.65 All seven patients in the study 

had spastic paresis; five patients had spastic parapa
resis, and two had spastic hemiparesis that had re
sulted in gait disturbances ranging in duration from 
2 to 19 years. Among the monitored variables were 
dorsiflexion moment and integrated EMG, which 
were calculated from force and EMG measurements 
during a maximum isometric voluntary contraction. 
Data were collected before stimulation and immedi
ately after stimulation at five-minute intervals until 
baseline behavior was recorded. Grouped data 
showed an inverse relationship (p < .01) between 
poststimulation increase and prestimulation strength. 
Dorsiflexion moment and level of integrated EMG 
increased and the increase was retained up to 35 
minutes poststimulation. No further statistical analy
ses were done. 

The results of such a study could have been more 
conclusive had a single-subject research design been 
used.50-53 Statistical comparison of each subject's 
poststimulation performance with prestimulation per
formance would have enabled each subject to serve 
as his own control in this small sample in which 
several medical diagnoses, varying durations of pa
resis, and a wide age range were represented. How
ever, the variables selected in this study to measure 
improved walking following stimulation are sensitive 
performance indicators, and the authors propose to 
continue this research effort. The biofeedback studies 
cited above by Wolf et al54, 55 and Wannstedt and 
Herman60 have similarly evaluated the long-term re
tention of the behavior that was acquired in the 
clinical setting. 

In addition to examining the long-term retention 
of a clinically acquired behavior, Leiper et al, in a 
study using a single-subject design, examined the 
patient's ability to retain the behavior when the be
havior was just one of several tasks being performed.66 

The child's ability to retain head position without a 
biofeedback device that had been used to gain head 
control was examined. Selection criteria, which in
cluded lack of head and trunk control and the ability 
to make corrective head movements on command, 
were used to screen a sample of 6- to 12-year-old 
children with cerebral palsy. Descriptive clinical in
formation related to each child's method of commu
nication, gross motor skills, body image, and left-right 
awareness was collected for the sample. Objective 
head position performance factors included time of 
training session, time spent in the desired angular 
zone of head position, and number of crossings into 
the desired zone of head position. Head position was 
monitored in the clinical setting and in the classroom, 
where the child was expected to retain head position 
while performing other tasks. Each child improved 
the ability to maintain the head in a more central and 
upright posture while receiving auditory feedback 
information related to performance (p < .05); three 
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children achieved self-monitoring, which was defined 
as the ability to retain head position with the biofeed
back device and without the clinician. Performance 
declined following 10 days of no feedback and no 
monitoring. The authors suggest that the decline in 
performance indicates that corrected head position 
had not become automatic by the end of the training 
but remained under volitional control. In addition to 
suggesting a model by which to examine treatment 
"carry-over," this study is an excellent example of a 
carefully designed clinical study. Results from this 
type of study may assist in defining the mechanisms 
that are involved in postlesion recovery. 

The knowledge that plasticity does exist in the 
human CNS should be sufficient encouragement for 
proponents of rehabilitation to objectively evaluate 
the effects of various treatments on recovery. The 
efficacy of the various treatment techniques cannot 
be established until controlled research studies docu
ment their effects. As evidenced by this cursory re
view, research methods have been established for 
such studies and for developing a firm theoretical 
basis for treatment techniques that maximize recovery 
of function. 

SUMMARY 
The research in neural plasticity holds the promise 

of providing evidence of recovery and tools by which 
to document the effect of treatment on enhancing 
functional recovery in the patient with neurological 
problems. In addition, this research may lead to 
developing innovative treatment techniques that will 
further augment neural reorganization. However, the 
efficacy of current treatment techniques cannot be 
evaluated without objective documentation of the 
changes in behavior observed in the clinic. Well-
controlled, carefully planned studies must be con
ducted to evaluate the effect of current treatment 
techniques on functional recovery in humans before 
the knowledge about neural plasticity can be fully 
and effectively applied in the clinic. 
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