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Professional Perspective 

Current Status of the Motor Program - 
Motor program theoly has provided physical therapists with one approach to un- 
derstanding how the brain controls movement. Analogous with computer p r o  
grams that specz& the operations of computer hardware, motor programs are 
thought to contain commands for muscles that allow movements to occur with- 
out the need for continuous peripheral feedback. A review of the physical therapy 
literature reveals many instances in which motor program theoly has been used 
as a theoretical framework for clinical practice. Yet despite the contribution pro- 
gramming theoly has made to the advancement of movement science, the motor 
program construct is currently under considerable threat. Keele's (I9G8) origr'nal 
definition no longer seems tenable, given the problems of program storage, motor 
equivalence, movement flexibility and context-conditioned variability. The finding 
that researchers from dtfferent disciplines define the motorprogram in a variety of 
ways adds dtpculty to the task of evaluating the eJicacy of the model. A critical 
appraisal of programming theoly and its use in physical therapy suggests that 
clinicians need to reconsider the usefulness of the motor program model as a 
basis for movement rehabilitation following brain damage and musculoskeletal 
disorders. [Moms ME, SummersJJ, Matym TA, lansek R. Current status of the mo- 
tor program. Pbys Ther. I99g 74: 738-752.1 

Key Words: Motor skills, Movement, Movement disorders, Physical therapy, 
Rehabilitation. 

Whether training motor skills in elite 
athletes or in patients with orthopedic 
injuries or  brain damage, therapists 
frequently refer to the motor program 
when seeking a theoretical framework 
for clinical practice. Often when pa- 
tients first attempt a new exercise 
sequence or motor skill, they rely 

heavily on vision and verbal feedback 
from the physical therapist to monitor 
performance. Accordingly, their move- 
ments are slow and inconsistent. With 
repeated practice, however, there 
appears to be a shift toward internal 
control of movement.' Eventually, 
patients can complete the task quickly 
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and skillfully in a manner that allows 
them to attend to changing environ- 
mental conditions or  secondary tasks. 
The need to understand the internal 
mechanisms that govern movement 
control provided the stimulus for the 
development of motor program the- 
ory. Programming theory argues that 
skills can be performed automatically 
due to the presence of motor pro- 
grams that provide the codes for 
movement.' Yet there is considerable 
debate as to the content, structure, 
and location of these programs. 

Origlns of the Motor Program 

The motor program was defined by 
Keele as "a set of muscle commands 
that are structured before a move- 
ment sequence begins, and that al- 
lows the sequence to be carried out 
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Table 1. Lines of Euidmce for the Motor Program 

programs provide commands for 
muscle contraction that are indepen- 
dent of sensory feedback. 

1. Movement is possible in deafferented subjects 

2. Rapid movements cannot be modified by sensory feedback while in progress 

3. Studies on anticipatory control in balance and reaching suggest that some movements are 
"preprogrammed" 

4. Electromyographic patterns remain consistent despite blockage of limb movement 

5. Reaction time is longer for more complex movements than for simple movements 

6. Evidence for central control structures such as central pattern generators 

uninfluenced by peripheral feed- 
back."3@383 The idea of central pro- 
grams for movement was put forward 
at a time when many believed that 
feedback was critical for the regula- 
tion of motor skills. "Closed-loop" 
theories of motor control such as that 
proposed by Adams4 emphasized that 
somatosensory and proprioceptive 
feedback was essential for skilled 
performance, whereas "open-loop" 
Qrogramming) theories argued that 
sequences could be prepared in ad- 
vance of movement and executed 
without feedback. Closed-loop models 
became less popular following an 
accumulation of evidence that some 
movements could occur without sen- 
sory feedback. For example, in 1917, 
Lashlev described how a man with 
damage to the dorsal column spinal 
pathways was able to walk and move 
his arms, despite the absence of sen- 
sation. Animal experiments, such as 
those by Taub,6 have also shown that 
movements such as reaching and 
grasping can be maintained following 
surgical transection of afferent spinal 
pathways. Patients with tabes dorsalis 
often lose peripheral feedback from 
the legs, yet can still walk.7 Even 
though the movement pattern can 
become irregular, these examples 
demonstrate that sequences of move- 
ment can occur in the absence of 
sensory feedback. Therefore, it ap- 
pears that central mechanisms may 
play a pivotal role in motor control. 
Advocates of programming theory 
suggest that motor programs are key 
central mechanisms that provide the 
commands for movement. 

Support for the Motor 
Program 

Converging lines of research point to 
the role of motor programs in skilled 
performance.8 This evidence is sum- 
marized in Table 1. In addition to 
studies that show that movement is 
possible in deafferented individuals,9 
evidence for the existance of motor 
programs arises from research on the 
control of rapid movements such as 
speaking, piano playing, and typing. 
These investigations show that, for 
long-loop reflexes, it usually takes 
more than 100 milliseconds for sen- 
sory feedback signals to reach the 
cortex, even though the interval be- 
tween successive movements in such 
actions is usually less than 100 milli- 
seconds.'O Therefore, it is unlikely 
that peripheral feedback alone could 
control rapid movement sequences 
while they are in progress. Instead, it 
seems logical to conclude that rapid 
movement sequences are structured 
in advance, or  "pr0grammed."2~10 

Research on anticipatory postural 
adjustments also supports the view 
that some movements are pro- 
grammed in advance of movement. It 
is well documented that postural 
muscles of the trunk, pelvic girdle, 
and scapula contract before a person 
lifts an arm in standing.I1-l4 This is 
not only the case for asymptomatic 
subjects, but also for patients with 
neurological impairments such as 
stroke15 and Parkinson's disease.16 
The function of anticipatory postural 
adjustments is to stabilize the body by 
minimizing displacement of the cen- 
ter of gravity. That these adjustments 
occur prior to overt movement pro- 
vides some suggestion that central 

Support for motor programming is 
also provided by investigations on the 
effects of perturbations to rapid move- 
ments of the limbs. Wadman et d,'' 
for example, observed the effects of 
mechanically blocking arm movement 
when subjects were asked to extend 
the elbow in order to quickly move a 
lever to a target. Usually during move- 
ments of this type, a triphasic pattern 
of muscle activity is observed. The 
agonist muscle contracts to initiate the 
movement, and then the antagonist 
contracts to decelerate the arm, fol- 
lowed by a second burst of agonist 
activity to guide the lever to the tar- 
get. When Wadman and colleagues 
unexpectedly blocked the movement 
of the lever, the triphasic muscle 
activation pattern continued to be 
exhibited for a period of at least 100 
milliseconds after the movement was 
stopped. The same basic pattern of 
electromyographic (EMG) activity 
continued to be recorded for the 
biceps brachii and triceps brachii 
muscles, even though somatosensory 
and proprioceptive feedback was 
readily available. This finding suggests 
that the pattern of muscle activation 
for rapid, goal-directed arm move- 
ments is prepared in advance of 
movement and can be executed for 
short periods uninfluenced by periph- 
eral feedback. 

Additional evidence for the existence 
of motor programs is provided by 
investigations on reaction time. Based 
on the idea that sequences of motor 
commands need to be organized in 
the brain prior to movement, reaction 
time studies measure how long it takes 
for the person to respond to sensory 
stimuli. The time from stimulus pre- 
sentation to movement onset varies 
according to the complexity of motor 
commands to be organized. Typically, 
longer reaction times are seen with 
more complex movements, presum- 
ably because it takes greater time to 
assemble the appropriate motor pro- 
gram. It is not surprising then that 
"programming" time has been seen to 
increase with the number of submove- 
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trol as presented by Schmidt? Essen- 
tially, there are two levels in this 

Figure. Model of motor program control. (Reprinted by permission from Motor 
Learning and Perfomnce Ip 811 by RA Schmidt, Champaign, Ill: Human Kinetics Pub- 
lishers Inc. Copyright 1991 by Richard A Schmidt.) 

ments in a movement sequence, the Model of Motor Program 
movement duration, and increases in Control 
timing c~mplexi ty.~~*J~ 

The Figure shows an example of a 
program-based model of motor con- 

systkm. ~t the executive level, external 
sensory information and interoceptive 
signals are mapped onto a reference 
of correctness based on past experi- 
ence for goodness of fit.'* The com- 
parison between incoming informa- 
tion and prior movement knowledge 
enables the system to determine the 
appropriate course of action8 In this 
way, executive functions include stra- 
tegic planning and goal monitoring. 
In contrast, the effector system exe- 
cutes the movement commands.8 
According to Schmidt, the motor 
program is part of the effector appara- 
tus. After the executive system has 
evaluated the environment and inter- 
preted internal information, the ap- 
propriate response is decided upon 
and a motor program is called up and 
run off, to activate muscles subserving 
postural control or movement.* In 
this light, the motor program can be 
seen to be the end result of move- 
ment planning. 

Where Are Motor Programs 
Located? 

Although the motor program was 
originally intended as a metaphor to 
help people to conceptualize the 
processes involved in planning skilled 
movements, a more literal interpreta- 
tion of the concept has emerged in 
selected areas of the motor behavior 
literature. Some researchers have 
taken a fairly literal interpretation of 
Keele's (1968) definition? which 
affords the motor program the status 
of a muscle commander. This is illus- 
trated in the following comment by 
Ghez in relation to motor control of 
reaching and grasping: 

Before we reach out for an object, our 
nervous system must first select a m e  
tor program that specifies (1) the se- 
quence of muscles needed to bring the 
hand to the desired point in space and 
(2) how much each muscle must 
contract. 19(p49*) 

A similar viewpoint is found in Mars- 
den's comments: 

To achieve an objective of movement, 
the subjects requires to assemble the 
series of motor programs required to 
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- 
Table 2. Challenges to Keele's (I968) Original Definition of the Motor Prograd 

1. Sensory feedback refines movement detail 

2. The term "commands" assumes a "commander" in the central nervous system 

3. Storage problem 

4. The problem of infinite regress 

5. Problems of movement variability, novelty, and motor equivalence 

6. Evidence for distributed organization of movement control system 

7. Does not account for movement dynamics, including environmental and biomechanical 
constraints on action 

move in the required direction, at the 
necessary time, and at the right pace. 
The individual components of the 
motor plan may be termed motor 
programs, each of which involves the 
activation of appropriate agonists and 
synergists with adjustment of antago- 
nists and postural f i ~ a t o r s . ~ ~ @ ~ 3 ~ )  

Attempts to identify anatomical corre- 
lates of motor programs have led 
some to suggest that the pre-Rolandic 
cortical motor areas,zl-25 posterior 
parietal c0rtex,~6 and basal ga11glia~7-~9 
play a role in the programming pro- 
cess. Furthermore, it has been argued 
that the stages of goal specification, 
motor programming, and execution 
of final motor commands correspond 
to the activation of the associative 
motor cortex, supplementary motor 
area (SMA), and primary motor cor- 
tex, respectively. Single-cell record- 
ings in behaving monkeys and studies 
on regional blood flow in different 
areas of the human cerebral cortex 
during sequential movements suggest 
that the premotor area plays an im- 
portant role in the formulation of 
motor plans in response to environ- 
mental ~ u e s . ~ l - ~ 5  These motor plans 
provide a global representation of 
how sequences of simple movements 
(or motor programs) are linked to- 
gether to form complex actions such 
as dressing, getting out of bed, or  
playing the piano. The posterior pari- 
etal cortex is also considered a site 
for the assimilation of sensorimotor 
information necessary for the formu- 
lation of motor plans, particularly for 
visually guided, targeted rnovemen t~ .~~  
The SMA, however, has a large pro- 
portion of neurons active in linking 
together the submovements of a se- 

quence before the commands are 
finally executed by the primary motor 
c0rtex.~3-~5 As an analogy, the SMA 
could be thought of as a motor pro- 
gram "buffer" for the temporary hold- 
ing and execution of motor programs 
that have been assembled by the 
premotor cortex and posterior pari- 
etal regions. The basal ganglia closely 
interact with the SMA in the program- 
ming process, not by storing the mo- 
tor programs, but rather by helping to 
initiate consecutive programs for 
automatic sequential rno~ernents .~~ 

A different set of arguments that could 
be put forward in relation to the 
neural correlates of motor programs 
is that low-level central pattern gener- 
ators (CPGs) for movement come 
very close to Keele's definition of the 
motor program. Central pattern gen- 
erators are thought to be oscillators in 
the spinal cord that generate com- 
mands for rhythmical movements 
such as stepping, walking, chewing, 
and breathing.sO Like in Keele's defini- 
tion of the motor program, it is be- 
lieved that CPGs specify the activation 
of motoneuron pools to regulate the 
timing of rhythmical movements such 
as the swing and stance phases of gait, 
without the need for peripheral feed- 
back or  cortical input (although these 
inputs can modulate the stepping 
pattern). This role is illustrated by 
studies on "fictive" locomotion in 
cats.31 In fictive locomotion, the spinal 
cord is partially transected to isolate it 
from the brain and brain stem, and 
the dorsal roots are severed below 
the transecti0n.3~ The hind-limb mus- 
cles are then paralyzed so that feed- 
back from muscles does not influence 
the activity of the spinal networks.32 

The spinal cord area is therefore 
functionally isolated from supraspinal 
and sensory influences. In these con- 
ditions, rhythmic bursts of activity 
corresponding to the phasing of mus- 
cle activation for locomotion are still 
observed in the ventral roots of the 
spinal cord when it is electrically 
stimulated or  when the animal is 
placed on a treadmill.30 This observa- 
tion strongly suggests that there are 
rhythm generators in the spinal cord 
that drive the stepping apparatus. 
Although it has been proposed that 
CPGs are widespread throughout the 
nonprimate animal kingdom,s0,31 the 
question of whether CPGs exist in 
primates remains unanswered. Re- 
search on the development of step- 
ping movements in infants33 does, 
however, provide some support for 
this proposition. 

Given these considerations, Grob- 
stein's3* opinion that CPGs constitute 
at least part of motor programs seems 
to be a reasonable one. Yet according 
to Schmidt,E motor programs involve 
purposeful, learned actions such as 
throwing, dancing, or riding a bicycle, 
whereas CPGs are more concerned 
with innate, o r  genetically deter- 
mined, movements. The discussion of 
motor programs and their neural 
representation presented in the physi- 
cal therapy literature we reviewed has 
not addressed the possibility that 
CPGs might comprise a significant 
component of motor programs. This 
possibility is not trivial, because the 
differences between a cortical versus 
subcortical location and genetic ver- 
sus learned movement may cany 
implications for the structuring of 
rehabilitation programs for patients 
with movement disorders. 

Challenges to Motor Program 
Control 

Criticisms of the motor program con- 
cept35 have been raised since its in- 
ception in the late 1960s and are 
summarized in Table 2. One of the 
main challenges to programming 
theory concerns the role of periph- 
eral feedback in movement regula- 
tion. Taub and Bergrnan suggested 
that "once a motor program has been 
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written in the CNS [central nervous 
system], the specified behavior, having 
been initiated, can be performed 
without any reference to guidance 
from the periphery."36@173) Yet, as 
highlighted by the deafferentation 
studies, movement accuracy, finesse, 
and coordination tend to be reduced 
when sensory feedback is precluded. 
Because feedback does have an effect 
on the fine details of movement, 
some critics have questioned the 
validity of Keele's concept of the mo- 
tor program.3' A closer examination 
of Keele's original definition, how- 
ever, reveals that even though motor 
programs may allow sequences to be 
performed without sensory feedback, 
they do  not require movements to be 
unaffected by feedback, as Rosen- 
baum32 has already pointed out. 

Current models of motor program- 
ming emphasize that both peripheral 
and central mechanisms interact to 
govern skilled performance.3"uite 
clearly there are some important 
conditions in which sensory feedback 
works in conjunction with open-loop 
mechanisms to help regulate perfor- 
mance. One example is when the 
performance environment changes 
unexpectedly, as is the case with a 
sudden perturbation. When move- 
ments are disturbed, sensory feedback 
eventually provides information to the 
CNS about the mismatch between the 
movement goal and its outcome. Even 
though sensory feedback is relatively 
slow to reach the cortex, its availabil- 
ity permits adjustment of movements 
scheduled for subsequent trials.39 
Therefore, feedback can play an im- 
portant monitoring role. This point 
was illustrated by the recent research 
of Abbs and Winstein,3'3 which 
showed that feedback can modify a 
range of movements, including ballis- 
tic movements. 

Peripheral feedback is also useful 
when the effector apparatus fails to 
adequately implement motor com- 
mands. Lough40 made the observation 
that some patients with cerebrovascu- 
lar accidents are unable to overcome 
hypertonicity during tasks such as 
reaching and thus cannot consistently 
achieve their movement goals. As a 

consequence, they rely on visual feed- 
back to monitor and guide perfor- 
mance. Although feedback-based 
control of this type is very slow and 
places heavy demands on attention, it 
still ultimately helps to refine move- 
ment behavior. 

One of the main questions raised in 
recent critiques of programming 
theory relates to what the motor pro- 
gram actually specifies. In his original 
definition, Keele3 proposed that mo- 
tor programs specify commands that 
allow muscles to be activated with 
optimum timing, phasing, and force 
to produce the desired movement 
sequence. Muscle commanck;, accord- 
ing to Schmidt's impulse timing 
model, are 

. . . a series of pulses of activation, de- 
livered to the musculature at the 
proper time and graded in duration 
and intensity so that the resulting mus- 
cular forces are sufficient to control the 
limbs.39@261) 

However, the idea that the brain con- 
trols movement via motor programs 
that contain commands for muscle 
activity has been questioned from a 
number of standpoints. The primary 
concern appears to be one of storage. 
It is not clear how the CNS could 
possibly store all of the motor pro- 
grams required to specify every mus- 
cle in the human body for the variety 
of observed movements. One-to-one 
mapping between motor programs 
and muscles would require a vast 
storage capacity. Mulder and Huls- 
t i ~ n , ~ l  among others, have suggested 
that higher CNS centers cannot be 
charged with specifying all of the 
possible details of movement. 

Another issue of contention stems 
from Keele's use of the term "muscle 
command." The word "command" 
invokes the notion of a commander, 
in charge of receiving sensory infor- 
mation then issuing instructions for 
movement. The question then arises: 
What type of CNS structure could 
possibly provide the dual executive 
functions of receiving information and 
allocating commands for particular 
movements? Also, if the commander 
were to decide independently on an 

appropriate course of action, it would 
have to be an intelligent or  knowing 
agent. If the commander carries out 
instructions from a higher authority, 
however, then one must question 
where they come from. This last 
problem could be seen to become 
one of in.nite regress. As stated by 
Turvey et al, "When trying to explain 
how it is that a person can, for in- 
stance, play tennis, you do  not want 
in your explanation a person inside 
the head playing tennis."42@243) 

Another problem with the term "mus- 
cle commands" relates to what is 
known as "context-conditioned vari- 
ability."42 This term refers to the find- 
ing that the manner in which muscles 
are activated changes according to the 
context in which movement occurs. 
Consider the action of arm muscles 
when the elbow is flexed from neu- 
tral to 90 degrees when a patient is 
lying on his or her back with the 
shoulder positioned in 90 degrees of 
flexion. If the patient flexes the elbow 
slowly from neutral to 90 degrees, the 
triceps brachii muscle contracts ec- 
centrically to control the movement. 
If the patient is asked to flex the el- 
bow at the same speed but against 
resistance, however, the triceps 
brachii muscle is not activated. The 
biceps brachii muscle contracts to flex 
the elbow. The same kinematic move- 
ment pattern is produced by different 
muscle groups, according to the task 
demands. Keele's original definitions 
does not accommodate this finding, 
nor does it embrace the related issue 
of motor equivalence, which Hughes 
and Abbs described as "the capacity 
of a motor system to achieve the 
same end-product with considerable 
variation in the individual compo- 
nents that contribute to them."*3@l*) 
For example, people can continue to 
speak reasonably clearly when they 
have a pipe in their mouth, are eat- 
ing, have paralyzed chest muscles, 
wear orthodontic braces, o r  have lost 
their teeth.44 Moreover, the move- 
ment system can usually achieve func- 
tional goals such as speaking o r  
reaching to grasp a cup despite sud- 
den perturbations. 
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A further consideration is the issue of 
movement novelty. The system con- 
tains many degrees of freedom, which 
permits flexibility in the way we per- 
form tasks. Even with simple move- 
ments, there are subtle changes in 
performance from trial to trial. At the 
extreme, every movement could be 
seen as a novel movement even 
though fundamental characteristics of 
an action remain stable from one 
performance to the next. Yet, in pro- 
gramming theory, it is not clear how 
new movements can be performed 
when no motor program exists to 
spec@ how the muscles should con- 
tract. The lack of an adequate expla- 
nation for the problems of movement 
novelty and motor equivalence could 
be seen as an inherent weakness of 
traditional programming theory. 

The Generalized Motor 
Program 

In an attempt to address the limita- 
tions of traditional programming 
theory, Keele45 modified his earlier 
definition of the motor program from 
a set of muscle commands for move- 
ment to an abstract representation for 
movement. Schmidt's concept of the 
"generalized motor program" 
(GMP),4'; which encompassed the 
abstract representations of a move- 
ment plan and was therefore effector, 
size, and speed independent, rein- 
forced this newer conceptualization of 
the model. 

Generalized motor programs can be 
thought of as algorithms that define 
classes of action, such as reaching, 
walking, and writing. (Algorithms are 
sets of equations that specify the com- 
putations for eliciting a particular 
response.) Close examination of 
movement patterns reveals invariant 
features for particular classes of ac- 
tion. This point was demonstrated in 
a handwriting study by Raibert.4' 
When Raibert analyzed writing per- 
formed with the dominant and non- 
dominant hands, the foot, and an 
immobilized hand, he noted that a 
particular style containing characteris- 
tic features was apparent for all condi- 
tions. This finding suggested that a 
fundamental or abstract pattern was 

stored in long-term memory that 
enabled consistent features to be 
reproduced regardless of the speed of 
movement, size of words, muscles, o r  
limbs used. It seemed feasible that 
these invariant features be coded in a 
GMP. 

For a specific movement to be exe- 
cuted in a given environmental con- 
text, variables need to be assigned to 
the generalized program. These vari- 
ables (commonly termed "parame- 
ters" in the motor control literature) 
define exactly how the motor pro- 
gram is expressed on a particular 
occasion. In relation to the handwrit- 
ing example, application of a size 
variable could lead to small, regular, 
or large letters according to the value 
assigned. Other variables of GMPs that 
have been indicated in experimental 
research include overall duration, 
overall force, and muscle selection 
variables.39 

The GMP or  abstract representation of 
movement comes some way toward 
tackling the movement novelty and 
variability problems discussed previ- 
ously. By setting different variables for 
an abstract program, a wide variety of 
movements can be produced. Specific 
movements, therefore, need not have 
been performed previously. Only the 
general action pattern has to be 
learned. The GMP also helps to allevi- 
ate the problem of storage. Rather 
than storing memories for every pos- 
sible movement sequence, only key 
programs for classes of action require 
representation, which would further 
assist with the storage problem. 

Nevertheless, there are two possible 
criticisms of the earlier versions of 
GMP theory. First, the search for in- 
variance in movement has yielded 
conflicting findings, and it is still not 
clear which aspects of movement 
remain stable across conditions. In 
particular, quite a few articles have 
recently challenged the hypothesis of 
relative timing invariance, which pro- 
vided the foundation for GMP theo- 
ry.48-51 The second criticism is that 
the earliest versions of the theory 
failed to adequately take into account 
how the biomechanics of movement 

and the context in which the move- 
ment is performed constrain motor 
behavior. Recent studies indicate that 
much of the movement we produce is 
"for free," as a result of factors such 
as gravity, momentum, and the elastic 
properties of soft tissue, rather than 
being specified by a higher order 
structure such as a motor program.52 
Along these lines, a direct challenge 
to the motor program is the dynarni- 
cal systems viewpoint.5- Although a 
detailed description or  critique of the 
dynamical approach is beyond the 
scope of this article, this approach 
will be briefly introduced as an alter- 
native way of conceptualizing how 
movement is controlled. 

The Dynamlcal Systems 
Approach 

Advocates of the dynamical approach 
argue that motor program theory 
places too much emphasis on brain 
computations for movement and 
insufficient emphasis on the dynamics 
of motor control. Their view is that 
movement is not prespeclfied by 
centrally located programs. Rather, 
characteristics such as the timing, 
force, and amplitude of movement 
are emergent properties of the dy- 
namics of the motor system as it in- 
teracts with the environment. As an 
example, consider the control of the 
timing of cyclical limb movements 
such as finger tapping. Whereas pro- 
gramming theorists might argue for 
the existance of a "central clock or 
temporal codes within motor pro- 
grams that control the tapping 
rhythm, those advocating a dynamical 
viewpoint suggest that the timing is a 
consequence of the natural frequency 
of oscillation of the limbs. The fre- 
quency of oscillation is dictated by 
coordinative str~ctures,5~ defined by 
Tuller and colleagues as "groups of 
muscles often spanning several joints 
which are constrained to act as a 
single functional unit for a given 
task."5s(p253) Coordinative structures 
are not "hard wired"; rather, they 
self-assemble according to task de- 
mands. The direct coupling between 
perception and action constrains the 
manner in which the coordinative 
structures are assembled. Thus, in- 
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stead of being controlled by a higher 
order executive, movement is seen to 
result from a self-organizing motor 
control system that receives multiple 
inputs across many le~els.5G5~ The 
reviews by Meijer and Roth35 and 
Turvep4 provide more detailed ac- 
counts of these concepts. 

The dynamical viewpoint has drawn 
attention to the point that not all 
aspects of motor behavior need to be 
controlled by a central representation 
for movement, and from this point of 
view has made a valuable contribu- 
tion to motor control research. This 
viewpoint, however, has yet to ad- 
dress some key issues in movement 
control. For example, in assuming 
that physical-mechanical factors and 
environmental constraints "drive" the 
nervous system, the dynamical ap- 
proach still fails to explain the persis- 
tence of motor output commands 
when there is no movement. The 
continuance of the triphasic muscle 
activation pattern for movements that 
have been blocked and the persis- 
tence of neural activation in fictive 
locomotion provide good examples of 
this limitation. Moreover, it is difficult 
to reconcile the idea that there are no 
central representations for movement 
with the range of diverse and highly 
skilled movements that humans can 
perform at will and from memory. 
That humans can intentionally move 
in a particular way suggests that there 
is some form of central representa- 
tion for movement that can be ac- 
cessed by an "intelligent" brain. 

A recent analysis of the motor behav- 
ior literature by Abernethy and Spar- 
rowbl revealed that there is currently 
a paradigm shift away from motor 
program theory toward a dynamical 
approach. It could be argued, how- 
ever, that these two paradigms are not 
necessarily mutually exclusive. The 
dynamical approach attempts to de- 
scribe the neural, gravitational, and 
musculoskeletal mechanisms that 
regulate movement. As such, we see it 
not as a theory of motor control but 
rather as a descriptive tool. The infor- 
mation processing viewpoint (which 
is the branch of psychology in which 
programming theory is embedded) 

places considerable emphasis on the 
notion of executive and central repre- 
sentations of movement in the brain 
that enable a person to act intention- 
ally. Thinking of an integrated model 
that captures both cognitive and dy- 
namical elements is possible. Some 
adherents to the dynamical approach 
have discussed cognitive constraints 
on action, which help to establish the 
intentional elements of a particular 
movement.62 Similarly, most informa- 
tion processing theorists now ac- 
knowledge that some aspects of 
movement control result from the 
biomechanics of the effector appara- 
tus, including the mechanical proper- 
ties of muscles. The new attitude is 
reflected in the following statement 
by Marteniuk: 

There are undoubtedly biomechanical 
factors that constrain movement con- 
trol processes and that can account for 
a substantial part of coordinated move- 
ment. However, there are also brain 
mechanisms, potentially complimentary 
to the biomechanical factors, that take 
part in planning and control processes, 
and that account also for a proportion 
of the coordination process. Neglecting 
one approach at the expense of the 
other will not solve the complex prob- 
lem of understanding how coordinated 
movement occ~rs.~3@ll5) 

This balanced approach appears to 
signal the direction for future re- 
search and is an important evolution 
in the most recent versions of motor 
program theory.64-69 

Levels of Control 

A remaining issue to be addressed by 
motor program theory is whether the 
nervous system controls movement 
via hierarchical or  distributed pro- 
cesses. The traditional viewpoint was 
that motor programs operated within 
a hierarchical structure, as depicted in 
the Figure. It was thought that move- 
ment goals were coded in the frontal 
and parietal association cortices, that 
motor programming occurred in the 
SMA, and that the final commands for 
movement were executed by the 
motor cortex and corticospinal 
pathways. 

Recent commentaries by Requin70 and 
Alexander et a171 suggest that one-to- 
one mapping between stages of infor- 
mation processing and precisely lo- 
cated regions of the brain is becoming 
increasing incompatible with what is 
now known about the functional archi- 
tecture of the brain. 'I'here is growing 
evidence that c e n t d  representations 
for action planning and control are 
widely distributed in n e u d  networks 
that overlap throughout a large portion 
of the brain and that are flexibly inter- 

For example, neurons 
coded for the same behaviod func- 
tion are found throughout several 
different regions of the brain.7s72 It is 
also now apparent that single neurons 
can be involved in implementing dif- 
ferent functions, according to the con- 
text in which they are activated.73 In I 

addition, the control of movement ~ 
variables such as movement direction 
has been found to result from the 
recruitment of large populations of 
neurons (which may have different 
individual functions) rather than one- 
to-one mapping between neurons 
coded for a given function and a par- 
ticular muscle.74 

Alexander and colleagues71 also point 
out that the architecture of the brain I 
shows massive parallel connections 1 
between the motor areas of the cor- 
tex , the basal ganglia, and the cere- 
bellum, in addition to connections 

I 
that are in series. A system that con- , 
tains a predominance of parallel path- 1 
ways is unlikely to restrict its opera- 

I 

tions to serial, analytic processing, as , 
suggested by traditional motor pro- 
gramming models. Such an approach 1 
would considerably underutilize avail- 
able capacities and would be slower 
than parallel processing. More impor- 
tantly, if the brain uses sequential 
analytic processes, then there should 
be evidence of specialization for these , 
transformations in some of the brain 1 I 

circuits. Such evidence, according to 
I 

Alexander and c0lleagues,7~ has not 
been forthcoming. 

There remains the possibility that 
motor programs may not be stored in ~ 
set regions of the brain such as the 

I 

premotor cortex and supplementary , 
area and executed according to a 

Physical Therapy/Volume 74, Number 8/August 1994 



sequential process, but may be dis- 
tributed over a number of levels. In 
line with recent evidence that indi- 
cates concurrent, distributed process- 
ing of sensorimotor transformations, 
the prevailing view is that the motor 
program is a multilevel system that 
enables abstract representations of 
actions to be elaborated into their 
more specific components at lower 
level~.l?~9 Accordingly, the program 
may simply coordinate the interaction 
between submovements for a particu- 
lar task and delegate the role of speci- 
fyrng the fine details of movement to 
lower levels, including the brain stem 
and spinal cord. Such an executive 
function considerably reduces the 
computational burden on the CNS, 
thereby helping to alleviate the stor- 
age problem. The notion of motor 
programs that utilize distributed and 
parallel processing also links more 
closely with what is known about the 
neural architecture of the brain.75 
Rosenbaum's32 current definition is in 
agreement with this broader role. He 
has described the motor program 
simply as "a functional state that al- 
lows particular movements, o r  classes 
of movements, to occ~r."3~@109) The 
most recent definition by Keele et a145 
followed suit. They defined the motor 
program as representing the orders of 
actions, rather than their specific 
elements, and therefore concluded 
that it was a plan. 

The trend toward defining motor 
programs in more abstract terms 
could be seen to come at the expense 
of predictive capacity. Some critics 
argue that it is now time to question 
the predictions that can be derived 
from a model that is couched in 
terms such as "functional state" or  
"plan." Added to this, the distinction 
between the executive and the motor 
progmm (Figure) becomes more 
blurred when the motor program is 
assigned the role of a regulator or  
coordinator of lower level systems. 
These issues need to be resolved if 
progmmining theory is to withstand 
challenges from alternative models of 
motor control, such as neural net- 
work theory or  the dynamical systems 
approach. 

A Problem of Semantics? 

Difficulties in defining the motor 
program and deriving the practical 
implications of programming theory 
have arisen, in part, due to semantics. 
From its inception, the "motor pro- 
gram" was intended to be a metaphor 
or "black box" that helped to explain 
aspects of skilled movement such as 
planning and central representations 
for particular actions. Yet, over the 
years, some have attempted to make 
literal applications of the concept. 
A growing number of research- 
ers37,55,7lv7677 have indicated that this 
literal interpretation can no longer be 
sustained, given recent knowledge on 
neural control of movement. Although 
a metaphoric use of the term "motor 
programming" might still help to 
loosely describe cognitive processes 
involved in movement planning with- 
out specifyrng the neural correlates,n 
the continued use of the term is likely 
to lead to further confusion in the 
motor behavior literature, particularly 
as researchers from different disci- 
plines define the motor program in a 
variety of ways. The issue is not 
whether central representations for 
movement exist in the CNS, rather 
whether the motor program construct 
provides a viable model of these 
representations. 

Physical Therapy and the 
Motor Program 

A review of the physical therapy litera- 
ture over the last decade reveals that 
programming theory has had consid- 
erable impact on the formulation of 
key questions in movement rehabilita- 
tion. The interest in motor program 
theory as a basis for physical interven- 
tion is reflected by the many refer- 
ences to the motor program (engram) 
concept in standard physical therapy 
texts as well as refereed jour- 
nals.60,7E90 In most instances, this 
literature reflects Keele's original 
definition of the motor program, 
which is seen as a "muscle com- 
mand" center that enables perfor- 
mance of coordinated sequences of 
movement without continuous reli- 
ance on sensory feedback.3 

Although motor control theorists have 
rarely discussed programming theory 
in relation to motor impairments or 
movement rehabilitation, physical 
therapists have made use of the mo- 
tor program concept to place thera- 
peutic practice within a theoretical 
framework. This appears to be partic- 
ularly the case in neurological reha- 
bilitation. For example, in relation to 
the treatment of people with Parkin- 
son's disease, Schenkman recently 
advised that 

The breakdown in motor planning and 
programming that has been associated 
with Parkinson's disease dictates that 
physical therapy for the disease should 
specifically incorporate the repetitive 
practice of functional activities that 
require simultaneous sequencing of 
different motor programs.w@'74) 

Implicit within this statement is the 
idea that motor programs are stored 
in the nervous system, and that physi- 
cal therapy can "activate" such p r o  
grams in patients with movement 
disorders. Both of these assumptions, 
however, remain speculative and are 
clouded by the lack of consensus as 
to what is meant by the term "motor 
program." If the prevailing view is 
taken, that the motor program is no 
more than a "black box" in which 
movements are planned within a 
multilevel system, then perhaps it 
makes little sense for clinicians to 
speculate about how these programs 
can be triggered in order to elicit 
skilled movements. Yet a more literal 
interpretation of the motor program 
as a set of muscle commands or  algo- 
rithms is difficult to reconcile with the 
problems of motor equivalence, 
movement novelty, program storage, 
and context-conditioned variability. 
Clearly, physical therapists are faced 
with a dilemma as to the validity of 
applying motor program theory to 
movement rehabilitation procedures. 

In one sense, physical therapists are 
confronted with this type of dilemma 
whenever they apply motor control 
theory to clinical practice. Even with 
the newer models of movement con- 
trol such as the dynamical approach, 
there is little objective evidence to 
suggest, at this point, that the assump- 
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tions are valid. The ultimate test of Finally, in considering the ways in . . . in view of the lack of consensus as 
the usefulness of motor control mod- which motor program theory might to what exactly is a motor program 

els as a basis for physical therapy inform physical therapy practice, it is and whether it is a metaphoric or lit- 

practice will be clinical research, and, useful to delimit the processes associ- eral term, . . . continued use of the 

until clinical trials have been con- ated with motor control from those term may actually impede progress in 

ducted, therapists will need to remain involved in motor skill learning. One the field.77@m) 

cautious when they apply any motor of the key roles of physical therapy is 
Ultimately, physical therapists will 

control theory to practice. to assist patients with brain damage 
need to decide whether the motor 

or  musculoskeletal disorders to ac- 
program construct still provides a 

Nevertheless, it is still important for quire the capability for moving in a 
useful framework for clinical practice. 

physical therapists to examine the more skillful or functional way. We 
assumptions that they hold about how 
movements are controlled, because 
these assumptions structure the way 
in which we formulate key questions 
related to the assessment and treat- 
ment of movement disorders. Horak91 
highlighted this point in a recent 
review of motor control models un- 
derlying posture rehabilitation in 
children, as did Gordona7 in relation 
to methods of rehabilitation for pa- 
tients with stroke. Whereas clinicians 
who hold a motor programming 
viewpoint might ask questions about 
how physical therapy can be imple- 
mented to facilitate the smooth re- 
trieval and execution of motor pro- 
grams for a given movement 
sequence, clinicians who take a dy- 
namical systems approach might ask 
how the task dynamics can be struc- 
tured to enhance performance, for 
example, by carefully structuring the 
training environment or  by teaching 
the patient strategies for optimizing 
the biomechanics of the movement. 
From a neural network perspective, 
the emphasis would be on identifying 
the neural constraints on action and 
exploring ways in which the CNS can 
be assisted to utilize alternative neural 
connections to help overcome move- 
ment disorders. By regularly examin- 
ing our underlying assumptions about 
motor control and by adapting our 
approach as more robust models 
evolve, physical therapists might be 
better placed to devise and imple- 
ment effective strategies for move- 
ment rehabilitation. This would seem 
to be particularly the case if an in- 
formed approach is coupled with the 
physical therapists' expertise in ob- 
serving, measuring, and documenting 
the outcome of specific interventions 
for movement disorders. 

believe that, to date, motor control 
theories have offered little insight into 
the processes associated with skill 
acquisition. In contrast, the field of 
motor skill learning has centered on 
practical issues such as the value of 
feedback, specific types of practice, 
and different practice schedules for 
movement training.92193 There have 
already been clinical trials that have 
investigated the efficacy of methods 
for promoting motor skill learning in 
skilled athletes,9*4.5 individuals with 
brain impairment,9~100 and people 
with musculoskeletal disorders,lOl and 
some of these methods have been 
incorporated into movement rehabili- 
tation programs.1O2J03 From a practical 
viewpoint, it could even be argued 
that the literature on motor skill 
learning currently provides more 
direct applications for physical ther- 
apy practice than motor control para- 
digms such as motor program theory. 

A historical overview of the motor 
program highlighted the changing 
applications and definitions surround- 
ing its use during the last 25 years. 
Although the motor program still 
enjoys the status dorded  by a literal 
interpretation in some disciplines, the 
weight of evidence suggests that it is 
now difficult to sustain such interpre- 
tations. Currently, there is a return to 
the use of the term "motor program" 
simply as a metaphor to describe 
cognitive processes in movement 
planning. As such, there may be lim- 
ited potential for determining the 
anatomical correlates of motor pro- 
grams. In reference to motor control 
research, Summers recently suggested 
that 

Acknowledgments 

We thank the members of the Move- 
ment Rehabilitation Research Group, 
La Trobe University, and in particular 
Cameron Grant for his assistance in 
the preparation of the manuscript. We 
also thank the physical therapists at 
Kingston Centre for their useful com- 
ments on the manuscript. 

References 

1 Summers JJ. Motor programs. In: Holding D, 
ed. Human Skills. London, England: John Wi- 
ley & Sons Ltd; 1989:49-72. 
2 Keele SW, Summers JJ. The structure of mo- 
tor programs. In: Stelmach GE, ed. Motor Con- 
trol: Issues and Trends. New York, NK Aca- 
demic Press, Inc; 1976:109-114. 
3 Keele SW. Movement control in skilled mo- 
tor performance. Psycho1 Bull. 1968;70:387- 
403. 
4 Adams JA. A closed-loop theory of motor 
learning. Journal of Motor Behavior. 1971;3: 
111-149. 
5 Lashley KS. The accuracy of movement in 
the absence of excitation from the moving or- 
gan. Am J Physiol. 1917;43:169-194. 
6 Taub E. Movements in nonhuman primates 
deprived of somatosensory feedback. Ererc 
Sports Sci Rev. 1976;4:335-374. 
7 Bannister R. Brain's Clinical Neurology. Ox- 
ford, England: Oxford University Press; 1979. 
8 Schmidt RA. Motor Learning and Perfor- 
mance. Champaign, 111: Human Kinetics Pub 
lishers Inc; 1991. 
9 Rothwell JC, Traub MM, Day BL, et al. Man- 
ual motor performance in a deafferented man. 
Brain. 1982;105:51>542. 
10 Henry FM, Rogers DE. Increased response 
latency for complicated movements and a 
"memory drum" theory of neuromotor reac- 
tion. Res Q. 1968;31:44%458. 
1 1  Belen'kii W, Gurfinkel VS, Pal'tsev YI. Ele- 
ments of control of voluntary movements. 
BioJzika. 1967;12:135-141. 
12 Bouisset S, Zattara M. A sequence of pos- 
tural movements precedes voluntary move- 
ment. Neurosci Lett. 1981;22:263-270. 
13 Cordo PJ, Nashner LM. Properties of pos- 
tural adjustments associated with rapid arm 
movements. J Neuropbysiol 1982;47:287-302. 

Physical Therapy /Volume 74, Number B/August 1994 i 



14 Lee WA. Anticipatory control of postural 
and task muscles during rapid arm flexion. 
Journal of Motor Behavior. 1980;12:185-196 
15 Pal'tsev YI, El'ner AM. Preparatory and 
compensatory period during voluntary move- 
ment in palients with involvement of the brain 
of different localization. Biophysics. 1967;12: 
161-168. 
16 Rogers MW, Kukulka CG, Soderberg GL. 
Postural adjustments preceding rapid arm 
movements in Parkinsonian subjects. Neurosci 
Lett. 1987;75:246251. 
17 Wadman WJ, Deiner van der Gon JJ, Geuze 
RH, Mol CR. Control of fast goal-directed arm 
movements. J Hum Mov Studies. 1979;5:3-9. 
18  Taylor AE, Saint-Cyr JA. Executive function. 
In: Huber SJ, Cummings JL, eds. Parkinson's 
Disease: Neurohehavioural Correlates. New 
York, NY: Oxford University Press; 1992:74-85. 
19 Ghez C. Voluntary movement. In: Kandel 
ER, Schwartz JH, eds. Principles of Neural Sci- 
ence. 2nd ed. New York, NY: Elsevier Science 
Publishing Co Inc; 1985:493-501. 
20 Marsden CD. Function of the basal ganglia 
as revealed by cognitive and motor disorders 
in Parkinson's disease. Can J Neurol Sci. 1984; 
11:129-135. 
21 Gelmers H. Cortical organization of volun- 
tary motor activity as revealed by measures of 
regional cerebral blood flow. J Neurol Sci. 
1981;52:149-161. 
22 Godieb D, Robb MD, Day B. Mirror move- 
ments in the alien hand syndrome. Am J Phys 
Med Rehahil. 1992;71:297-300. 
23 Jurges 1J. The efferent and afferent connec- 
tions of the supplementary motor area. Brain 
Res. 1984;200:6343. 
24 Orgogozo JM, Iarsen B. Activation of the 
supplementary motor area during voluntary 
movement in man suggests it works as a su- 
pramotor area. Science. 1979;206:847450. 
25 Roland PE, Skinhoj E, Lassen A, Iarsen B. 
Different cortical areas in man in organization 
of voluntary movements in extrapersonal 
space. J Ner~rophysiol. 1980;43: 137-150. 
26 Mountcastle VB, Lynch JC, Georgopolous A, 
et al. Posterior parietal association cortex of 
the monkey: command functions for opera- 
tions withiri extrapersonal space. 
J Neurophy.si01. 1975;38:871-908. 
27 Roland PE, Meyer E, Shibasaki T, et al. Re- 
gional blood flow changes in cortex and basal 
ganglia during voluntary movements in normal 
human volunteers. J Neurophysiol. 1982;48: 
467480. 
28 Sietz RJ, Roland PE. Learning of sequential 
finger movements in man: a combined kine- 
matic and positron emission tomography 
study. Eur JNeurosci. 1992;4:154-165. 
29 Brotchie P, Iansek R, Home MK. Motor 
functions of the monkey globus pallidus. 
Brain. 1991 ;114:16851702. 
30 Delcomyn F. Neural basis of rhythmic be- 
haviour in animals. Science. 1975;210:492498. 
31 Grillner S. Locomotion in vertebrates: cen- 
tral mechar~isms and reflex interaction. Physiol 
Rev. 1975;55:247-304, 
32 Rosenbaum DA. Human Motor Control. 
San Diego, Calif: Academic Press Inc; 1990. 
33  Thelan E, Bradshaw G, Ward JA. Spontane- 
ous kicking in month-old infants: manifesta- 
tions of a human central locomotor program. 
Behav Neural Biol. 1981;32:45-53. 

34 Grobstein P. Information processing styles 
and strategies: directed movement, neural net- 
works, space and individuality. Behav Brain 
Sci 1992;15:75&752. 
35 Meijer OG, Roth K. Complex Movement 
Behaviour: "The" Motor-Action Controversy. 
Amsterdam, the Netherlands: Elsevier Science 
Publishers BV; 1988. 
36 Taub E, Bergman AJ. Movement and learn- 
ing in the absence of sensory feedback. In: 
Freedman SJ, ed. The Neuropsychology of Spa- 
tially Oriated Behavior. Homewood, Ill: Dor- 
sey Press; 1982:173-192. 
37 Kelso JAS, Holt KG, Rubin P, Kugler PN. 
Patterns of human interlimb coordination 
emerge from the properties of nonlinear, 
limit-cycle oscillatory processes: theory and 
data. Journal of Motor Behavior. 1981;13: 
226261. 
38 Abbs JH, Winstein CJ. Functional contribu- 
tions of rapid and automatic sensory-based 
adjustments to motor output. In: Jeannerod M, 
ed. Attention and Performance, XIII: Motor 
Representation and Control. Hillsdale, NJ: 
Iawrence Erlbaum Associates Inc; 1990:627- 
652. 
39 Schmidt RA. Motor Control and Learning. 
2nd ed. Champaign, Ill: Human Kinetics Pub- 
lishers Inc; 1988. 
40 Lough S. Visual control of arm movement 
in the stroke patient. Int J Rehahil Res. 1987;lO: 
113-119. 
41 Mulder T, Hulstijn W. Sensory feedback 
therapy and theoretical knowledge of motor 
control and learning. Am J Phys Med. 1984;63: 
226243. 
42 Turvey MT, Fitch HL, Tuller B. The Bern- 
stein perspective, 1: the problems of degrees 
of freedom and context-conditioned variability. 
In: Kelso JAS, ed. Human Motor Behavior: An 
Introduction. Hillsdale, NJ: Iawrence Erlbaum 
Associates Inc; 1982:239-252. 
43 Hughes 0 ,  Abbs JH. Iabial-mandibular co- 
ordination in the production of speech: impli- 
cations for the operation of motor equiva- 
lence. Phonetica. 1976;44: 199-22 1, 
44 Abbs JH. Invariance and variability in 
speech production: a distinction between lin- 
guistic intent and its neuromotor implementa- 
tion. In: Perkell JS, Klatt DH, eds. Invariance 
and Variability in Speech Processes. Hillsdale, 
NJ: Iawrence Erlbaum Associates Inc; 1986: 
202-219. 
45 Keele SW, Cohen A, Ivry RI. Motor pro- 
grams: concepts and issues. In: Jeannerod M, 
ed. Attention and Pe@ormance, XIII: Motor 
Representation and Control. Hillsdale, NJ: 
Lawrence Erlbaum Associates Inc; 1986:77-110. 
46 Schmidt RA. Control processes in motor 
skills. Exerc Sport Sci Rev. 1976;4:229-261. 
47 Raibert MH. Motor Control and Learning 
@ the State-Space Model (Technical Report No. 
At-TR-439)). Cambridge, Mass: The MIT Press; 
1977. 
48 Pew RW. Human manual control. In: Kan- 
towitz BH, ed. Human Information Process- 
ing: Tutorials in Performance and Cognition. 
New York, NY: Iawrence Erlbaum Associates 
Inc; 19841-39. 
49 Getner DR. Timing of skilled motor perfor- 
mance: test of the proponional duration 
model. Psycho1 Rev. 1987;94:255-276. 
50 Zelaznik HN, Schmidt RA, Gielen SCAM. 
Kinematic properties of rapid aimed hand 

movements. Journal of Motor Behavior. 1986; 
18:353-372. 
51 Whiting HTA, Vogt S, Vereijeken B. Human 
skill and motor control: some aspects of the 
motor control-motor learning relation. In: 
Summers JJ, ed. Approaches to the Study of 
Motor Control and Learning. Amsterdam, the 
Netherlands: Elsevier Science Publishers BV; 
1992:81-111. 
52 Easton TA. On the normal use of reflexes. 
American Scientist. 1972;60:591-599. 
53 Bernstein N. The Coordination and Regu- 
lation of Movements. London, England: Perga- 
mon Press; 1967. 
54 Turvey MT. Coordination. Am Psychol. 
1990;45:93a953. 
55  Kugler PN, Turvey MT. Information, Natu- 
ral Law and the SelJksemhly of Rhythmic 
Movement. Hillsdale, NJ: Iawrence Erlbaum 
Associates Inc; 1986. 
56  Kelso JAS, ed. Human Motor Behavior: An 
Introduction. Hillsdale, NJ: Iawrence Erlbaum 
Associates Inc; 1982. 
57 Kelso JAS, DeGuzman GC. The intermittent 
dynamics of coordination. In: Stelmach GE, 
Requin J, eds. Tutorials in Motor Behaviour, 
II. Amsterdam, the Netherlands: Elsevier Sci- 
ences Publishers BV; 1992:549-562. 
58  Tuller MT, Turvey MT, Fitch HL. The Bern- 
stein perspective, 11: the concept of muscle 
linkage or coordinative structure. In: Kelso 
JAS, ed. Human Motor Behavior: An Introduc- 
tion. Hillsdale, NJ: Iawrence Erlbaum Associ- 
ates Inc; 1982:253-281. 
59 Kamm K, Thelan E, Jensen JL. A dynamic 
systems approach to motor development. Phys 
Ther. 1990;70:763-775. 
60 Mulder T. A process-oriented model of 
human motor behavior: toward a theory-based 
rehabilitation approach. Phys Ther. 1991;71: 
157-164. 
61  Abernethy B, Sparrow WA. The rise and 
fall of dominant paradigms in motor behav- 
iour research. In: Summers JJ, ed. Approaches 
to the Study of Motor Control and Learning. 
Amsterdam, the Netherlands: Elsevier Science 
Publishers BV; 1992:346. 
62 Schmidt RC, Treffner PJ, Shaw BK, Turvey 
MT. Dynamical aspects of learning an inter- 
limb rhythmic movement pattern. Journal of 
Motor Behavior. 1992;24:6743. 
63  Marteniuk RG. Issues in goal-directed mo- 
tor learning: feedforward control, motor 
equivalence, specificity and artificial neural 
networks. In: Stelmach GE, Requin J, eds. Tu- 
torials in Motor Behaviour, II. Amsterdam, the 
Netherlands: Elsevier Science Publishers BV; 
1992:lOl-124. 
64 Semjen A, Gottsdanker R. Plans and pro- 
grams for short movement sequences. In: Stel- 
mach GE, Requin J, eds. Tutorials in Motor 
Behaviour, II. Amsterdam, the Netherlands: 
Elsevier Science Publishers BV; 1992:211-228. 
65  Carlton LG. Visual processing time and the 
control of movement. In: Proteau L, Elliot D, 
eds. Vision and Motor Control. Amsterdam, 
the Netherlands: Elsevier Science Publishers 
BV; 1992:3-32. 
66 Requin J, Semjen A, Bonnet M. Bernstein's 
purposeful brain. In: Whting HTA, ed. Human 
Motor Actions: Bernstein Reassessed. Amster- 
dam, the Netherlands: Elsevier Science Pub- 
lishers BV; 1984:467-504. 

Physical Therapy /Volume 74, Number 8/August 1994 747 / 59 



67 Schmidt RA. Motor and action perspectives 
on motor behaviour. In: Stelmach GE, Vroon 
PA, eds. Complex Movement Behaviour: "The 
Motor-Action Controversy. ." Amsterdam, the 
Netherlands: Elsevier Science Publishers BV; 
1988:344. 
68 ShafTer LH. Motor programming and con- 
trol. In: Stelmach GE, Requin R, eds. Tutorials 
in Motor Behaviour, II. Amsterdam, the Neth- 
erlands: Elsevier Science Publishers BV; 1992: 
181-194. 
69 Summers JJ, Burns BD. Timing in human 
movement sequences. In: Block @ ed. Cogni- 
tive Models of Psychological Time. Hillsdale, 
NJ: Lawrence Erlbaum Associates Inc; 1990: 
181-206. 
70 Requin J. From action representation to 
movement control. In: Stelmach GE, Requin J, 
eds. Tutorials in Motor Behaviour, II Amster- 
dam, the Netherlands: Elsevier Science Pub- 
lishers BV; 1992:159-180. 
71 Alexander GE, DeLong M, Crutcher MD. 
Do cortical and basal ganglionic motor areas 
use "motor programs" to control movement? 
Behav Brain Sci. 1992;15:656665. 
72 Riehl A, Requin J. Monkey primary motor 
and premotor cortex: single cell activity related 
to prior information about direction and extent 
of an intended movement. J Neuropbysiol. 1989; 
61:534-549. 
73 Requin J, Riehl A, Seal J. Neuronal net- 
works for movement preparation. In: Meyer 
DE, Kornblum S, eds. Attention and Perfor- 
mance, XN. Hillsdale, NJ: Lawrence Erlbaum 
Associates Inc. In press. 
74 Georgopolous AP, Kettner RE, Schwartz 
AB. Primate motor cortex and free arm move- 
ments to visual targets in three-dimensional 
space, 11: coding of the direction of move- 
ments by a neuronal population. J Neurosci. 
1988;8:292%2937. 
75 Phillips JG, Jones DL, Bradshaw JL, Iansek 
R. Levels of explanation and other available 
clinical models for motor theory. Behav Brain 
Sci. 1992;15:787. 
76 Summers JJ. Movement behaviour: a field 
in crisis? In: Summers JJ, ed. Approaches to the 
Study of Motor Control and Learning. Amster- 
dam, the Netherlands: Elsevier Science Pub- 
lishers BV; 1'992:551-562. 
77 Summers JJ. The demise of the motor pro- 
gram. Behav Brain Sci. 1'992;15:800. 
78 Arsenault AB, Winter DA, Marteniuk RG. 

tation in gait: a literature review. Physiotherapy 
Canada. 1984;39:512. 
79 Carr JH, Shepherd RB. A Motor Relearning 
Programmefor Stroke. London, England: 
William Heinemann Medical Books Ltd; 1982. 
80  Charness A. StrokelHead Injury: A Guide to 
Functional Outcomes in Physical Therapy 
Management. Rockville, Md: Aspen Publishers 
Inc; 1986. 
81 Horak FB, Nutt JG, Nashner LM. Postural 
inflexibility in Parkinsonian subjects. J Neurol 
Sci. 1992;111:46-58. 
82 Kottke FJ. From reflex to skill: the training 
of coordination. Arch Phys Med Rehabil. 1980; 
61551-561. 
8 3  Kottke FJ. Therapeutic exercise to develop 
neuromuscular coordination. In: Kottke FJ, 
Lehmann JF, eds. Knccen's Handbook ofPhysi- 
cal Medicine and Rehabilitation. Philadelphia, 
Pa: WB Saunders Co; 1990:452479. 
84  Kottke FJ, Halpern D, Easton JKM, et al. 
The training of coordination. Arch Phys Med 
Rehabil. 1978;59:567-572. 
85  Light KE. Information processing for motor 
performance in aging adults. Phys Ther. 1990; 
70:82&826. 
86 Mak MK, Cole JH. Movement dysfunction 
in patients with Parkinson's disease: a litera- 
ture review. Australian Journal of Physiotkr- 
apy. 1'991;37:7-17. 
87  Gordon J. Assumptions underlying physical 
therapy intervention: theoretical and historical 
perspectives. In: Carr JH, Shepherd RB, Gor- 
don J, et al, e&. Movement Science: Founda- 
tions for Physical Therapy in Rehabilitation. 
London, England: William Heinemann Medical 
Books Ltd; 1987:l-30. 
88 Schenkman M. Physical therapy interven- 
tion for the ambulatory patient. In: Turnbull 
GI, ed. Physical Therapy Management of Par- 
kinson's Dkease. New York, NY: Churchill Liv- 
ingstone Inc; 1992:137-192. 
89  Schenkman M, Butler RB. A model for 
multisystem evaluation treatment of individuals 
with Parkinson's disease. Phys Ther. 1989;69: 
932-943. 
90  Trombly CA. Motor control therapy. In: 
Trombly CA, ed. Occupational Therapy for 
Physical @$unction. 2nd ed. Baltimore, Md: 
Williams & Wilkins; 1983:59-72. 
9 1  Horak FB. Motor control models underly- 
ing neurologic rehabilitation of posture in 

children. In: Forssberg H, Hirschfeld H, eds. 
Movement Disorders in Children. Basel, Swit- 
zerland: S Karger AG, Medical and Scientific 
Publishers; 1992:21-30. 
92 Adams J k  Historical review and appraisal 
of research on the learning, retention and 
transfer of human motor skills. Psychol Bull. 
1987;101:41-74. 
93 Winstein CJ. Knowledge of results and mo- 
tor learning: implications for physical therapy. 
Phys Ther. 1991;71:14&147. 
94 Christina RW, Corcos DM. Coacks' Guide 
to Teaching Sport Skills. Champaign, Ill: Hu- 
man Kinetics Publishers Inc; 1988. 
95 Martens R. Coaches' Guide to Sport Psy- 
chology. Champaign, Ill: Human Kinetics Pub- 
lishers Inc; 1988. 
96 Mulder T. The Learning of Motor Control 
Following Brain Damage: Experimental and 
Clinical Studies. Benvyn, Pa: Swets North 
America; 1985. 
97 Morris ME, Matyas TA, Bach TM, Goldie PA. 
Electrogoniometric feedback: its effect on genu 
recurvatum in stroke. Arch Phys Med Rehabil. 
1992;73:1147-1154, 
98  Soliveri P, Brown RG, Jahandhani M, Mars- 
den CD. Effect of practice on performance of a 
skilled motor task in patients with Parkinson's 
disease. J Neurol Neurosurg Psychiatry. 1991; 
55454-460. 
99 Wann JP, Turnbull JD. Motor skill learning 
in cerebral palsy: movement, action and 
computer-enhanced therapy. Baillieres Clin 
Neurol. In press. 
100 Worringham CJ, Stelmach GE. Practice 
effects on the programming of discrete move- 
ments in Parkinson's disease. J Neurol Neuro- 
surg Psychiatry. 1990;53:702-704. 
101 Krebs DE. Clinical electromvographic 
feedback following meniscectomy: a multiple 
regression analysis. Phys Ther. 1981;61:72-74. 
102 Ada L, Canning C, eds. Neurological Phys- 
iotherapy: Foundations for Phyiotherapy. Lon- 
don, England: William Heinemann Medical 
Books Ltd; 1991. 
103 Carr J, Shepherd R A motor learning 
model for rehabilitation. In: Carr J, Shepherd 
R, Gordon J, et al, eds. Movement Science 
Foundations for Physical Therapy in Rehabili- 
tation. London, England: William Heinemann 
Medical Books Inc; 1987:31-91. 

Characteristics of muscular function and adap- 

Invited Commentary 

Since Keele's seminal paper1 in 1968, despite considerable theoretical devel- of muscle contractions. As Moms et al 
the term "motor program" has be- opment in the concept of a motor demonstrate, this assumption is simply 
come pafl of the vocabulary of t hee  program (reviewed nicely by Morris et untenable. Even small changes in the 
rists in motor control and motor learn- al), the term is still frequently used in context in which an action takes place ~ 
ing, and, as Moms et a1 point out, the its original formulation. That is, it is will radically affect the magnitudes and ' 
term has also become widespread in used to imply that when we learn a timing of muscle contractions neces- 
the clinical literature. Unfortunately, movement slull, we learn a specific set sary to cany out the act, and even 
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