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The training of coordination is generally considered a volitional activity, during which, by trial and
perception of results, an individual selects the muscular activity resulting in the desired performance.
This concept of volitionally directed complex coordination of multiple muscles with speed, skill, and
strength does not stand the test of thorough evaluation. Attention is limited to 1 activity at a time, with
the ability to shift attention not more frequently than 3 times per second. Only under special conditions
can activity be limited to specific muscles during an untrained contraction without cocontraction of other
muscles. However, with repeated practice of the desired activity, a pattern of performance is developed
which can be carried out rapidly and forcefully without activation of other muscles. At that time, the
consciousness is no longer directing the components of the activity but merely starting, maintaining, and
stopping the performance. The development of these patterns, or engrams, by practice develops the
capacity to automatically inhibit muscles that do not contribute to the performance of the desired pattern.
The capacity for inhibition results in coordinated activation of the muscles contributing to the
performance desired. Investigation of the development of coordination in many types of normal activities,
as well as in neuromuscularly impaired patients, shows that engrams develop progressively by slow,
precise practice of simple patterns, combined as they develop into more and more complex patterns, until
the final skill is attained.
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The coordination of multimuscular activities is not achieved by conscious cerebral cortical selection
and activation of each of the muscles participating in a coordinated pattern. The action proceeds far
faster and with more complexity than cerebral consciousness can respond. The consciousness neither
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has the capacity to perceive all the activities that are occurring nor the speed to process changes as
rapidly as they occur during highly skilled activity. Therefore, in the brain there must be a mechanism
to program and store patterns of multimuscular motor activity; this might be likened to the storing of
programs in a computer. In response to the suitable triggering stimulus, each of these patterns, or
engrams, is initiated and runs as it was preprogrammed. The important question for the training of
coordination is how this preprogramming is accomplished.
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For many years after the discovery of the motor cortex by Fritsch and Hitzig' 100 years ago, the
attractiveness of the theory that motor activities are organized and directed consciously from a cortical
motor center caused medical science to neglect other alternatives, as electrophysiologists sought to map
and define the loci of coordination. > However, electrical stimulation of the motor cortex has never
produced the skillful kinds of motor patterns which an individual can produce.® When cortical stimulation
results in a response, it is usually a crude, rather generalized excitation of multiple muscles in proximal
joints causing gross pseudopurposeful-appearing synergies. No investigator has been able to demonstrate
the precisely coordinated multimuscular activities which can be carried out easily by any normal
individual (fig 1).
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Fig I—The erroneous concept of the motor cortex as a switchboard for the selection of the many
muscles participating in coordination patterns.
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oKiFeatures Syndicate, Inc, 1977. Reprinted with permission.

Fig 2—Simultaneous monitoring of multiple activities exceeds the capacity of conscious motor control.
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Penfield® wrote, "So it may be said that the human cerebral cortex cannot satisfy the Olympian
demands of those who would consider it a highest level of association and integration. It does not contain
the neuron mechanism for final integration of the nervous activity of the brain, although it contributes
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essential services to that integration. On the contrary, each functional area of the cortex seems to play its
role in conjunction with the activity of related subcortical units of integration.”
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Direct conscious control of activity of a single muscle, which will be referred to in this paper as
"pyramidal control," appears to be initiated from (or initiated by stimulation of) the motor cortex through
the Betz cells with their uninterrupted corticospinal axons. Minimal stimulation here does produce
precise contractions of motor units to individual muscles. Voluntary activities initiated solely through
this pathway are limited in force of contraction and complexity. The capacity to consciously supervise
multimuscular activity is severely limited.
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Attempts to monitor naive activities, where the sequence has not been practiced previously, show that
we can attend to no more than 1 muscle at a time, and that only when the demanded activity is slow,
isolated, and nonforceful. It is possible to shift guiding attention from I activity to another only 2 or 3
times per second under optimal conditions. © Conscious reaction time measures approximately 300 msec.
¥ Reaction time for trained coordinated reactions is somewhat faster, approximately 200 msec.
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Therefore, to carry out a multimuscular activity of coordination such as reach and grasp, which
requires movement of the upper extremity, grasp by the hand, and shift of the trunk for counterbalancing,
plus movement of the head and eyes for observation, a mechanism must be present which allows
concurrent precise activity without requiring sequential monitoring of each part. Such an action is
beyond the capacity of conscious perception and activation (fig 2).
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The major control by the pyramidal system appears to be directed to the modification of skilled motions
of the fingers, mouth, face, and probably larynx.® It is in these muscles that we have our greatest variety
of activities and the greatest possibility for voluntary modification. On the other hand, it is easy to
demonstrate that multimuscular activity occurs without conscious awareness of the components of
performance. When conscious monitoring is imposed on these activities, the speed must be markedly

Rehabil Vol 59, December 1978



TRAINING OF COORDINATION, Kottke 571

reduced in order that the individual actions may be perceived. Moreover, as reported by Paillard,” when
voluntary monitoring of multiple activities is attempted, there is spread of excitation across the cerebral
hemispheres, resulting in tension and rigidity.
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From these considerations, it appears that there must be a "nonaware" automatic system which can
respond with multiple pathways of flow of excitation to initiate activities simultaneously and allow us
to carry out tile multimuscular activities we perform continually. This system becomes operative only
after it has been trained. Training preprograms this system of coordination in a manner analogous to that
for a programmed computer. Similarly, training constitutes the programming which prepares our
"automatic extrapyramidal system" to produce highly coordinated, forceful, and rapid multimuscular
activities.
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Coordination Requires Practice ##tEIZiX, #ENSLE
The development of coordination requires practice. Practice means repeating the desired pattern of
activity until that activity can be performed without conscious monitoring of the component parts and
without effort. Little information is available regarding the number of practice repetitions which must
be carried out on the component parts of any coordinated activity before it reaches the level of skill
present in normal adults in their usual daily activities. A variety of coordination tests, however,
demonstrates that normal coordination develops progressively from birth, to reach its peak in the middle
of the 3rd decade of life in the normal individual9 (fig. 3).
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Fig 3—Normal coordination develops progressively during the first 25 years of life. The rate of
development of coordination can be increased during childhood by concentrated practice. The skill of a
coordination pattern in adulthood can be increased by concentrated practice of the correct engram.
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One of the few attempts to measure and calculate the repetitions of performance necessary to develop
peak skill in a single task in young women with normal manual dexterity was made by Crossman.'® He
found that in the simple manual task of cigar-making, beginners required 3 times as long to perform 1
operation cycle as did the skilled workers. Three million repetitions of that task were necessary for the
novice to become a fully skilled worker. Observation of performance of Japanese pearl bead handlers
indicated that the acquisition of maximal skills in their tasks of manual coordination also required up to
3 million repetitions.
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Skilled Automatic Performance B\ L 7z B ft{E3

The components of skilled automatic performance include volitional excitation of the activity. The
activity must be initiated, maintained, and discontinued at the will of the individual. There must be
proprioceptive or other feedback which allows the individual to know whether the activity has been
correctly performed. However, the task runs faster than perception and, therefore, perception is
essentially retrospective evaluation of success or failure. There must be central organization of the
precise pattern or engram, not in the voluntary cortex, but in the automatic centers of the brain, so that
these activities can be programmed and run automatically without conscious monitoring. These engrams
involve inhibition of neuron pathways which should not be participating in the pattern, as well as
excitation of the internuncial neurons leading to all the anterior horn cells needed in the pattern.
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Penfield® suggested that there was a centrencephalic subcortical system responsible for integration of
sensorimotor activities. We and others have observed that one of the problems of the athetoid cerebral
palsy patient is that he is unable to develop these complex engrams of motor activities. If we correlate
this lack of ability to develop engrams with the knowledge that athetosis is associated with diffuse
damage of the basal ganglia, it suggests that the centrencephalic center postulated by Penfield
corresponds in location to the center of automatic motor activity and is located in the cerebral basal
ganglia with interconnections with the nuclei of the thalamus, the midbrain, and the cerebellum as well
as with the cerebral cortex (fig 4).
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Fig 4—Postulated locus of the center for programmed automatic multimuscular activity in the
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An engram can be developed only by repeated practice of a precise pattern of activity. Whatever
pattern of activity is practiced is the pattern that will be developed. When the engram is developed,
volitional excitation causes that pattern to occur in the manner in which it has been practiced. The
program for coordination training can be indexed briefly as: (1) perception, (2) precision, (3) perpetual
practice, (4) peak performance, and (5) progression.
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1. Perception: During practice of the pattern, there is perception mainly from proprioception, which provides
information about performance. The sensory impulses are integrated in the cerebellum and then transmitted to the
automatic monitoring center. Perceptual feedback also flows through other pathways to cortical consciousness.
Feedback through the cerebellum to the centers for automatic coordination is faster than feedback to consciousness.
However, both types of feedback are slow as well as limited relative to the complexity of the performance, so the
feedback leads to retrospective recognition of either correct performance or error. If error has been perceived,
modifications are made in the subsequent repetitions until improvement of the performance occurs. Limitations of
the accuracy of this proprioceptive monitoring system lead to continual minor variations in the patterns of repeated
performances and occasional major errors which require significant correction.
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2.Precision: For the development of the best pattern of activity, there needs to be precision of
repetition at every stage of training. Therefore, the better the feedback and the more precise the practice,
the better will be the eventual engram. Desynthesis of complex activities to units which are simple
enough so that they can be practiced more precisely during the initial training is routinely carried out
by all teachers of activities requiring coordination. Athletic coaches, music teachers, ballet teachers,
and other teachers of complex coordination all recognize that simple patterns must be mastered before
they can be combined into the more complex patterns.

2 IFfES

BB OIES Y — L HERT A%, OSSO EFETHRVIELOFRINRD SN,
LEB-T, 74— Ry ZMERTHT, MENERTHIUZH HIFE, BT 7T L
BN DI D,

BHE IR 2+ i = > NMZOREL T, \AIOFIHICZEN &2 LD EEICEKTE D
Koz aZ L, HiaEEZERT AR OT R TCOHBFEICL > THENICEESN D,
KEfREE . TRHEAM, ST, B X OFOMOBEHE B OZEN T T, XM
PB— N BRA DR BRI, B S — L BT ANERH L L BRI LTV D,

Rehabil Vol 59, December 1978



TRAINING OF COORDINATION, Kottke 575

3.Perpetual Practice: The engram is programmed by perpetual practice, which means repetitions at
frequent intervals accumulating to millions of repetitions before the best engram is developed. Practice
results in excitation of the desired neuron linkages. Possibly more importantly, it also results in
inhibition of other neuronal linkages, thereby blocking off motor neurons which should not be
performing in the pattern. Inhibition arises by internuncial blockade and is the major factor in precise
coordination. Any deviation from this inhibitory blockade allows activity which leads to error. The
golfer who does not keep his eyes on the ball, or the football pass receiver who looks down field before
he has the ball in his hands, has initiated neuronal impulses which break through this inhibitory blockade
and cause an error in the performance of the pattern. A pictorial representation of the mechanism of
inhibition is contained in a statement made by Karel Bobath to one of his classes: "Each motor engram
is a pathway of excitation surrounded by a wall of inhibition."
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Precise coordination can be developed only to the extent that undesired activity can be inhibited.
Inhibition of undesired activity is more difficult than the initiation of the desired activity; it is the
initiation of the desired activity in isolation that is difficult. Training of coordination requires the
progressive development of selective inhibition during increasing effort. As the capacity for inhibition
increases, greater effort can be exerted without loss of coordination. In the highly coordinated individual
this means that near-maximal effort can be exerted to achieve the most complex patterns of activity in a
coordinated manner because trained inhibition prevents overflow of activity to other motor units.
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4.Peak Performance: Performance should be at the maximal level at which the patient can be
continually successful, and practiced at a level just below the peak of performance. Performance is
improved only by successful near-maximal performance. Failures do not result in learning. Learning is
best and most rapid when there are minimal failures. To test the peak of performance requires that the
effort, speed, or complexity be increased to the point where failure occurs. When the peak has been
ascertained, the therapist drops back to the level of consistently successful performance for further
practice, so that the patient consistently succeeds rather than fails.
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5.Progression: There should be progression of the level of performance during practice as ability
increases. Since the most effective training occurs when the patient is practicing just below the peak of
performance, the practice level should increase as peak performance increases. Any increase in speed,
force, or complexity increases the effort which must be expended in order to perform. Successful
application of that increased effort requires that there be increased inhibition to prevent irradiation of
activity to other motor units.
b, A
RENIDNEE DIZON T, #ETICEED LVl T 5139 Th 5,
O EIRIZLAHRIT, BEDPIEOTHADOT S FTHE L TWVD L EIZHNLD T, BEDTER
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MEELHEDR DD,

Systematic Coordination Training 4 B 3R M Jilis
Coordination training follows systematic rules.'’ Its purpose is to strengthen the selection and
utilization of the best pattern of multimuscular activity. In this selection the therapist must know what
the correct "best" pattern is at each level of training; he then must select that pattern to be practiced by
his patient. Every component of the coordination pattern must be introduced into the student's repertory
before he can begin to practice the completed pattern. Many patients with cerebral palsy or brain damage
lack some of the components of the usual motor activities in their repertory. Therefore, these individual
components must be inculcated as simpler engrams before more complex activity can be trained.
TR RIS LR R A 72— VAZHE D
ORI, ZHRHEBOREO/RY — 2 OB LR LRI T 52 L Th D,
ZORRTIE, BT ER MIIOK L~V TELW RED] N2 =B Th D% T
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ALZRFUIWiF e,
JGPE R S 72 IR D & 52 < DIEFE IR, BE L2 b D O@E OEINEB OMMER DV D
MR LTS,
LIeio T, 2o~ OMRERIT, L0 EMEREH 2T 2812, L EfiR 7
L& LTHZAE 2T IEN T 7220,

Initially, a coordination activity should be desynthesized or broken down to unit activities which are
practiced until each can be performed precisely. For patients with very poor coordination, the initial unit
must be simplified to the individual prime mover. Individual muscular contraction should be performed
slowly, precisely, and without effort so that there is no cocontraction of other muscles, and effort kept
low during learning, to avoid irradiation of excitation across the central nervous system.
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This individual activity is practiced repeatedly until control is gained. Breaking multimuscular
activities into component parts for practice insures consistency of the correct selection of the desired
activity. Repetition of the precise performance is the only way to gain mastery of coordination and form
a correct engram. The more complex the task, the greater is the need to desynthesize it to the component
subtasks for precise practice. When the subtasks can each be performed correctly, slowly, and without
resistance, they may be combined and practiced progressively as a more complex task. Instruction and
demonstration before performance of an activity provide sensory and conscious awareness of the pattern
to be attempted.
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A frequent question is how many repetitions are necessary to develop highly precise engrams. The
best answers appear to come from the training of peak performance in normal persons rather than limited
learning when there is CNS damage. A recently introduced technique in the musical world has been the
Suzuki method for training violinists. Professor Suzuki has shown that a 3-year-old child practicing his
violin 6 hours a day for 5 days a week can in 3 years be playing symphonic music. This amounts to
4,500 hours of practice. If the training were carried out according to a customary American program for
training child musicians for 1 hour a day, 6 days a week, 36 weeks a year, it would require 21 years of
practice to accumulate the same number of hours. Suzuki begins by training the most basic engram, a
single note. Then he adds variations in timing. The student then progresses to a tune we know as
"Twinkle, Twinkle, Little Star." This tune contains all the basic maneuvers needed to play the violin.
This is practiced and practiced until it is perfect. Variations in timing and performance are carried on for
many weeks as control is perfected. When that fundamental engram has been perfected, the child can
begin to play much more complex music. However, if the child has difficulty with some part of a piece,
Suzuki instructs him to practice "Twinkle, Twinkle" in a certain way and then go back and apply that
practice to the difficult piece. Perfection of each of the subunits of the engram makes it possible to
combine those subunits into the complex engram.

I HDEMIT, HEFICIEMART 7T DEIERT D720, MIEIOMD ELBABLENEND T
LThHD,

B B OE L, THRAERROBER S 556 ORI FE TIEe < @ ADKE OB EIRH
MBHEPND L DICEZD,

BT EEFTHANSNIHINE, ATV =R b &I 5720 DEARIENH D,

SARBERIT, NAA Y & 1 A6 R, 5 Bl LT\ D 3md s, 3 R CROBE R & T
RCEDHZELERLE,

Z AU 4, 500 REF OB TS T 5,

FHAFRFIHT 572012, 1 B 1R, @6 B, 4 36 HEFIFT 5 L0 o5 7 2 U DIEH
%ﬁ7D77AL%oTHﬁ%ﬁotﬁm\Hbﬁﬁﬁ%ﬁﬁﬁé I3 21 FOME P MET /2 D,

gaRIT, BROEANLRT 7T A BEZIIT S Z LD 5,

Arch Phys Med Rehabil Vol 59,



TRAINING OF COORDINATION, Kottke

WIZ, AT ON) =—2 g s 2iBINT 5,

FDW%, EEIXZ ThowA 70, buA I, UERVAZ—: TLX5E] LIS I
2i,()o

ZOZIE, N AV L DM BT R TORAR 2 BENE T TV D,

Tk, FEEEICAR D E TR LERSND,

FIBINFERIC I A & A I U7 EEERE 2 TMAM LIThi 5,

FORARWIr Yy 7T ANTERT D & THHTIZ DM TR A HBE LIED D LN TX 5,
L)L, PR DEFTO—ICEENS 256, R EDOHIET Thy A7, B
A LTIV EHETLLICHERL, WSR-S TEOMEZH L WEITNCEAT 5 L 91w
T 5,
FNENORYEFEDOT L 7T AEFZRSTEDH LTk T, WOEZLEMrT 7T AT
HEDEDBZLENTEDL LI D,

"Practice, Practice, Practice"#% . #%. &%

The table presents estimates of the repetitions that have been found necessary to perfect engrams in
various activities. Calculations from the repetitions per day or the number of units of practice indicate
that coordination requires repetitions numbering in the multimillions. Is it any wonder, then, that in
therapeutic exercise for the child with cerebral palsy, when we require repetition of performance only
from once to a dozen times each day, an engram is never developed?
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Again, if we look at the normal child, we can hasten the development of adult level coordination by
precise and frequent repetition during childhood (fig 3). Thus Mickey Mantle became a professional
baseball player in his teens by practicing the skills of baseball from the time he was a small boy, and
Nadia Comaneci became an Olympic gold-medal gymnast at the age of 14 after continual practice from
the age of 6. These precise and frequent repetitions shorten the elapsed time before maximal
performance is reached but the number of repetitions are in the same range. It actually requires fewer
repetitions if there is continual practice, because there is not the forgetting which occurs whenever there
is inactivity. However, in any case, the total number of repetitions still is in the multimillions for
activities which require multimuscular coordination.
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Estimates of Repetitions of Precise Performance of a Motor Pattern to
Develop an Engram of Skillful Coordination

Activity

Performer

Repetitions for Skillful

Performance

Basis for estimate

cigar-making young women 3 million cigars 10
Crossman

hand knitting women 1.5 million stitches 20 sweaters @ 75,000
stitches/sweater

rug-making children 1.4 million knots 35m @ 40,000 knots/

violin-playing

3-yr children

2.5 million notes

m 2 (Ecuador)
6hr x 6d x 50 wks x
3yr = 5400 hrs (Suzuki)

walking child to 6 years 3 million steps child in spring assist brace

marching men 0.8 million/6 weeks Army basic training

pearl handling women 1.5-3 million performance records at
Mikimoto Pearl Industry,
Japan

football passing quarterback 1.4 million passes 15yr x 200d x 4hr x
2/min

football punting athlete 0.8 million E. J. Storey:11 200/d x 6d
x 4Swk x 15 yr

basketball playing athlete 1 million baskets estimate of practice time

baseball throwing pitcher 1.6 million throws 3/min x 180min x 300d x
10yr

gymnast performing 14.yr girl 8yr daily practice

In the training of coordination, the short-term or interval goals which are successively achieved
combine to determine the eventual status. Each of these short-term goals for therapeutic management
should be achievable in the period of time planned for the therapy, with the resources available, and
should result in continuing functional activity at the end of therapy. If a functional and usable activity is
not achieved before therapy is discontinued, it is of no value to begin that training program, because the
activity will not be used at the end of the therapeutic program and will be forgotten. Likewise, the
program prescribed should not require so much effort and energy that the patient or family cannot
participate in usual daily activities. Sometimes a family is coerced to try to perform beyond its capacities
and after a period of attempting and failing it is forced to give up. This does nothing beneficial for the
child, because training which does not result in continuing use is of no value.
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Training for Functional Goals $$8EEY) B 1 D 7= 8 D IR

Each patient should be programmed to achieve a functional goal. Failure to achieve functional goals
merely conditions the patient to the concept of nonperformance or failure. Partially completed training
which is discontinued is actually a failure. Intermittent therapy toward the same eventual goal likewise
is training in failure. At the 1st or 2nd episode of partial training we find a willing or acquiescent patient,
but further repetitions meet with increasing reluctance because of the psychologic stress of continuing
failure.
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On the other hand, successful performance is a reward in itself and encourages further attempts at
successful performance. Training to the level that the activity is functional in daily life becomes a
rewarding and self-perpetuating activity. Therefore, in training of coordination, successful performance
is the keynote. It should occur in the performance of the initial unit activities at the beginning of training
and continue as trained activities are combined into more complex coordination. Every therapeutic
session should end on a successful note. Successful design and execution of a therapeutic program for
coordination training should result in the use of the trained pattern in the functional life of the patient.
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