
Introduction

An efficient repair of the human central nervous
system (CNS) requires the understanding of the
functioning of the human CNS under physiologic
and pathophysiologic conditions as well as an opti-
mum involvement of the repair mechanisms. One
important principle of spatiotemporal pattern for-
mation in the human CNS is phase and frequency
coordination between the firings of neurons and
neural assemblies. As following an injury, malfor-
mation or degeneration, this relative coordination
with respect to time and space is impaired. Exercis-
ing on the special coordination dynamics therapy
devices improves phase and frequency coordination
and CNS functioning.

However, symmetry of the pattern dynamics
seems to be an attribute that also plays an important
role in the structuring of the coordination of rhyth-
mic movements (6). Breaking front-rear symmetry

was found to account for the difference between
straight and reverse walking (29). Further, there is
learning transfer from a movement to its symmetry
counterpart (7, page 179). Exercising backward
walking and crawling may improve forward walking
and crawling. Further, symmetry has consequences
in terms of transitions between behavioural states. In
the asymmetric case lower level of noise and/or per-
turbation are required to throw the system out of
its present state than is required in the symmetric
case (Fig.∞∞1 of 27, 6). In neurotherapy, the stability
of the movement patterns can be experienced dur-
ing walking on treadmill. If a patient with an incom-
plete spinal cord injury walks on treadmill under
weight reduction and leg support given by two phys-
iotherapists, he/she can get better into or stay better
in the rhythmic walking pattern, if his injury is more
symmetric and if the interpersonal coordination
between the two physiotherapists (each supporting
one leg) is more symmetric. Symmetry and stability
thus structure the state space of a multicomponent
system with multiple patterns (including pathologic
patterns like spasticity) so that only a limited set of
transitions are observed (5). Symmetry diagnostic
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and symmetry training with respect to CNS organi-
zation are therefore also important during therapy.

In a previous article it was dealt with cerebellar
diagnosis (28), right-left, rostral-caudal, and for-
ward-backward symmetry diagnosis in a patient with
cerebellar injury. The forward-backward movement
symmetry of the coordination of the firing of ago-
nist and antagonist muscles was quantified by
sEMG. In the present paper, forward-backward
movement symmetry will be analysed in respect of
the coordnation of firing of antagonistic muscle acti-
vation in a patient with cerebellar injury during exer-
cising on the special coordination dynamics therapy
device, i.e. by coordination dynamics. It will be
shown that, for high-load exercising, the patterns
with the highest temporal stability (attractor states)
shifted away in a mirror-image manner from the
physiologic position in the coordination pattern
dynamics traces, i.e. away from pace and trot gait
patterns.

Method

Theoretical basis of the Schalow Coordination
Dynamics Therapy

If we want to understand the functioning and the
repair of the human central nervous system (CNS),
we have at least to understand CNS functioning at
the neural, neural assembly, muscular and movement
level. We have to discover or identify the laws or
principles of CNS organization at the different lev-
els of organization.

The link between neuronal activities (microscopic
events) and behaviour (macroscopic events) consist
of collective effects (pattern formation) at the micro-
scopic level that create macroscopic order and dis-
order. At the neural level, communication takes place
by cooperation and competition.

Movement level

Coordination dynamics: By cooperative and com-
petitive interplay the many billions of neurons of
the human CNS generate dynamics in self-organi-
zation which cannot be explained by the properties
of the single neurons and neuron assemblies alone.

Therefore, a dynamic system theory of self-organi-
zation and pattern formation of the human CNS 
(1, 3, 7, 30) was derived from the concepts of syn-
ergetic. Synergetics is the theory of self-organization
and pattern formation in non-equilibrium systems
(2, 4). Since the amount of information necessary
to describe individual states of neurons is very large,
ways must be found to select relevant variables to
compress the amount of information. In synergetics,
methods have been found to compress system com-
plexity to only one or a few degrees of freedom, the
so-called order parameters, whose dynamics (equa-
tions of motion) are low-dimensional. This dynamic
system theory of pattern formation is applied here
also to the injured or malfunctioning CNS (on the
macroscopic level) to improve CNS functioning by
learning including structural repair.

The organization dynamics of the human CNS,
viewed through the window of coordinated move-
ments are termed coordination dynamics. Collective
variables or order parameters capture the collective
coordinated activity of the neurons of the CNS. The
specific equations of motion (the dynamics) of these
collective variables generate the time course of orga-
nizational states.

The collective variables can be designated by the
vector X and the coordination pattern dynamics can
abstractly be formulated by equations of motion
(30):

dX/dt = Fintr(X) (1)

The functional form of the right-hand side of the
equation is called vector field and must be modelled
for practical application. The major constraint of
such modelling is that stable, reproducible patterns
are asymptotically stable solutions (called attractors)
of these dynamics. If the constraints do not specify
a particular pattern, the coordination dynamics are
called intrinsic dynamics (Fintr). For a mathematical
solution of the intrinsic dynamics (Fintr) for the
jumping on the springboard in the Haken-Kelso-
Bunz model (1, 3), see Ref.27.

A further step on the dynamics of the system the-
ory of coordinated pattern formation is to map the
behavioural patterns (observed coordination pat-
terns) onto attractors of the order parameter dynam-
ics. In a complex system like the CNS patterns 
can be generated by the system seeking cooperative
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stability. Stability is what defines collective states.
The system has the tendency to slip into the collec-
tive states to which it is attracted. Commonly attrac-
tive states and attractors are pictured as a ball in a
potential well or more generally in an attractor lay-
out (see Fig.∞∞3 E,G). When an infant crawls, its arms
and legs are strongly attracted to the pace and trot
gait patterns (attractor states). Changes in CNS
functioning are characterized as continuous stabi-
lization and destabilization, over time, of preferred
attractor states.

However, coordination patterns are not only deter-
mined by the task or biological function. Patterns
adjust continuously to requirements from the envi-
ronment, memory, intention, and support given by
the therapist. All the specific requirements are cap-
tured by the concept of behavioural information and
are made part of the vector field that attracts toward
the required patterns. The coordination pattern
dynamics, characterized by equations of motion of
collective variables, takes now the following form (30):

dX/dt = Fintr(X) + ScinfFinf(X,t) (2)

where Fintr designates the intrinsic dynamics. The
sum is over different types of so-called behavioural
information, Finf, as environmental, memorized, or
intended behavioural information. Each function Finf

is modelled such that, taken in isolation, it defines
a stable solution of the dynamics of the required
pattern. The relative strength of the different influ-
ences is parameterized by cinf. For a mathematical
solution to equation (2) for the special movement
‘jumping on the springboard’ in the Haken-Kelso-
Bunz model (1, 3), see also Ref. 27. The equations
of motion of the collective variables (2) have impor-
tant clinical implications for treatment.
1. Behavioural requirements Finf (like intention, sup-

port, and instruction) affect the whole coordina-
tion dynamics, including stability, rather than cer-
tain coordination pattern itself only.

2. Intrinsic coordination tendencies captured by the
intrinsic dynamics influence systematically the
performed pattern because the degree to which
intrinsic tendencies conflict or agree with the
required patterns determines the variability of the
performed coordination pattern.

3. Reduction in stability when intrinsic and infor-
mational requirements conflict may lead to loss

of stability and abrupt change as behavioural
information is changed smoothly.

4. The intrinsic dynamics Fintr include vegetative and
higher mental functions, which indicate that via
exercising coordinated movements with support
and instructions (Finf), urinary bladder function
and intelligence can partly be repaired following
CNS injury.

5. When in an injured CNS with a certain set of
behavioural information (ScinfFinf) the inner coor-
dination dynamics (Fintr) cannot be changed any
more during therapy, then this set of behavioural
information has to be changed (using different
Finf) or balanced differently (using different cinf)
to further improve CNS organization dynamics.

6. However, the equations of motion of the coordi-
nation dynamics (formula 2) provide no infor-
mation about the specific behavioural informa-
tion (Finf) with the use of which the CNS can
efficiently be repaired in the given patient.
The novel step in this formulation (formula 2) is

that the trained movement patterns do not only
improve themselves, but also other not trained func-
tions (like vegetative and higher mental functions) of
the CNS may improve (learning transfer). Further,
we have a theory-based tool at hand to increase the
stability of physiologic network states (for example
movements) and to decrease the stability of patho-
logic neuronal network states (different kinds of
spasticity). This means that we have a theoretical
tool at hand to understand how we can repair the
injured or malfunctioning human CNS on the
macroscopic level by learning.

Symmetry: Loss of stability of pattern states can-
not explain why certain pattern transitions are
observed more often than others, when simultane-
ously multiple patterns are stable. In addition to sta-
bility, symmetries structure the state space (all pos-
sible pattern states) of a multicomponent system
with multiple patterns, so that a limited set of tran-
sitions are observed only. Symmetry of pattern
dynamics is a property that plays an important role
in structuring the coordination of rhythmic move-
ments (6).

If symmetry is impaired in a patient with a CNS
injury, the CNS organization switches more easily
from movement state into spastic state or into
another movement state. In the asymmetric case of
CNS injury, also lower level fluctuation (due to noise
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or a perturbation) is required to ‘kick’ the system
out of its present state than is required with a sym-
metric potential well (Fig.∞∞1B of Ref.27). The worst
situation of asymmetric severe CNS injury is drift-
ing of the CNS organization. In the literature, this
situation is referred to as “phase wandering” or
“running” (33). As the asymmetric potential well of
the pattern dynamics becomes very shallow, relative
phase is predicted to phase wrap, that is, to contin-
ually roll down the potential function without
assuming any particular value of relative phase. Such
drifting of CNS organization was observed in severe
brain injury, when exercising on the special coordi-
nation dynamics therapy and recording device (23).
The arm-leg movement patterns with the highest sta-
bility (lowest arrhythmicity) drifted continuously
during pattern change with respect to the pace and
trot gait coordinations (Fig.∞∞8 D of Ref.23).

Macroscopic assessment of coordination tendencies
(pattern stability) and symmetries by deviation and
differential stability

It is extremely difficult or not at all possible to
calculate the coordination dynamics of even special
stereotyped movements (of a healthy or an injured
CNS) by a mathematical solution to the equations
of motion of the collective variables (formula 2)
(even using many approximations). A substantial
progress in evaluating the quality of CNS organiza-
tion was therefore achieved when it became possible
to assess the dynamics of CNS organization exper-
imentally. The dynamics of CNS organization is
partly reflected in the temporal stability of coordi-
nation patterns, which are assessed through a process
of pattern change. When a subject exercises on the
special coordination dynamics therapy and record-
ing device, the device is imposing all the continu-
ously changing coordinations between arm and leg
movements between pace and trot gait. There is only
one collective parameter describing the coordination
tendencies, which is temporal stability of exercising
at an own optimal frequency, e.g. 1∞∞Hz. Within one
cycle of movement pattern change, the pattern
changes between the symmetric pace gait via asym-
metric gaits of intermediate coordination between
arms and legs to the symmetric trot gait and back
to pace gait coordination again. When, e.g. the hand

leavers are turned 18∞∞times, the phase f between the
hand lever and the foot paddle on one side changes
continuously from 0° in the pace gait position (in-
phase) via 180° in the trot gait position (anti-phase)
back to the pace gait pattern at 360°. The measure
of the temporal stability when evolving through the
different coordination patterns are deviations (e.g.
slowing down) of the optimal frequency of exercis-
ing and the differential stability of exercising, quan-
tified by the time derivative of the frequency (df/dt;
df/dt/f). The mean differential stability over one
minute of exercising is referred to as coordination
dynamics, and is used to quantify CNS functioning.
The obtained coordination dynamics values are func-
tion specific to the coordinated movement patterns
when exercising on this special coordination dynam-
ics therapy and recording device. Since the quality of
CNS functioning can be quantified by a single value,
progress in CNS functioning can be evaluated in per-
centages and can be used to judge improvements in
CNS functioning during therapy-induced learning
in patients or during development.

Symmetry diagnosis of CNS organization can be
performed using the special coordination dynamics
therapy and recording device. The underlying sym-
metries of CNS organization can also be found
through the process of pattern change. When exer-
cising in the forward and backward direction, for-
ward-backward movement symmetry can be assessed
through measurements of movement pattern stabil-
ity upon pattern change. Leaving one arm or leg out
during the exercising (Fig.∞∞2A of Ref.28) allows eval-
uation of right-left symmetries (Fig.∞∞4 of Ref.28).
Turning the leavers with arms or legs only allows
measurements of rostral-caudal symmetry (Fig.∞∞3 of
Ref.28).

Repair

The System Theory of Pattern Formation pro-
vides us with a tool to understand the functioning
of the human CNS with ongoing time. With the
behavioural information Finf(X,t) we can change
intrinsic dynamics Fintr(X). However, the equations of
motion of the coordination dynamics (formula 2)
provides us with no information about the behav-
ioural information (Finf) that can be used to effi-
ciently repair the CNS of the specific patient. In
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every patient, intrinsic dynamics will be different due
to the different nature of the injury, the different his-
tory of the CNS, and the different genetics of the
CNS.

To find out what behavioural information may
change the intrinsic dynamics in the direction of
wanted repair we have to understand how the human
CNS is functioning physiologically and what has
changed in the functioning due to injury, malfor-
mation or degeneration on the neuron level, on the
neural assembly level, on the integrative level, and on
the functional anatomy level. Repair really requires
thorough understanding of the functioning of the
human CNS. The behavioural information includes
movements to be performed, manual supports, touch
input, instructions, neuro-feedback, and other infor-
mation. Surface electromyography (sEMG) helps to
identify the movement patterns for which the motor
programs of the critical muscles are the best ones
(Figs.∞∞6,7 of Ref.28, Fig.∞∞3 of Ref.27). Learning or re-
learning of movements may be understood as
change of coordination dynamics (30). How, then,
do we learn on the different levels of CNS self-orga-
nization after CNS injury, malformation, or degen-
eration? Compared to healthy person, the rate of
learning may differ by the factor of 50 (17). To
achieve repair of the CNS, we have to know how
the human CNS generates certain functions and
what does change upon an injury.

After CNS injury some CNS functions get lost
(or functions become pathologic) and the physio-
logic self-organization of the neuronal networks
becomes impaired. Impairment of the self-organi-
zation of neuronal networks means impaired phase
and frequency coordination between neuron firings,
impaired symmetries of CNS functioning, patho-
logic self-organization of neuronal assemblies (e.g.,
spinal oscillators), impaired phase and frequency
coordination among neuronal assemblies, pathologic
recruitment of assemblies, and other impaired orga-
nizations.

To repair the impaired phase and frequency coor-
dination, different special coordination dynamics
therapy devices have to be used so as to give the
injured CNS the opportunity to re-learn (from the
devices) the exact coordination in self-organization.
To improve the functioning of premotor spinal oscil-
lators (self-organization and recruitment), the patient
has to exercise rhythmic, dynamic, stereotyped move-

ments. To achieve functional repair, automatisms
and certain movements have to be exercised, which
make intrinsic dynamics more physiologic. Also,
inborn automatisms like creeping, crawling, walk-
ing, running, breathing, swallowing, continence func-
tions, blood circulation, and others will get genetic
support for structural repair. By going to the limits
(more than 30∞∞hours therapy per week) for more than
probably 6∞∞months also some structural repair may
be induced. Also movements have to be exercised,
which the patient wants to relearn. Old-learned
movements remain (at least partly) as attractor states
in the intrinsic dynamics and should also be exer-
cised.

Further ideas on how to repair injured or mal-
functioning CNS may be derived from studying the
development of the CNS to see how developing CNS
improves its self-organization (25). In the system the-
ory of motor development (31), a new behaviour is
constructed, which is dependent on the input of all
the contributing subsystems. We may learn from the
development how the ‘feed-forward system’ is self-
correcting en route. In healthy infants, there seem to
be substantial coordination deficits in the movements
of arms and legs (31). Self-corrections ‘en route’
seem to need substantial corrections of the intrinsic
dynamics (changing upon the development).

Stability that characterizes the rhythmic move-
ment forms as a whole does not apply to individual,
temporal subdivisions (von Holst (32)). This may
mean that the splitting of automatisms into sub-
movements may not always be beneficial for repair.

It may be stated in general in respect of CNS
repair that timing of neuron firing has to be
improved, along with the stability of physiologic
movements, whereas stability of the pathologic orga-
nizations has to be reduced.

Neuron and neuron assembly level

When exercising on a special coordination
dynamics therapy device or when jumping on the
springboard, the very exact coordinations, imposed
by the devices seem to, bring about the important
changes in the coordination dynamics. This means
that highly coordinated movement-induced afferent
input to the CNS in combination with the efferent
output entrains neuronal networks and helps CNS

5



repair. Neurons of the human CNS have been shown
to fire in relative phase and frequency coordination.
With the single-nerve fibre action potential record-
ing method it could be demonstrated at the level of
single neurons that a and g-motoneurons and pri-
mary and secondary muscle spindle afferents fire in
phase and frequency coordination (8,9,11,12) and
that this coordination is up to a few milliseconds
(13). Using surface electromyography (sEMG) rela-
tive phase and frequency coordination could be mea-
sured at the level of single motor units (21). Relative
coordination means that millions to billions of CNS
neurons coordinate the phase and frequency of their
firing giving rise to intrinsic coordination dynamics,
or, in other words, producing CNS self-organization
which evolves over time.

Using the single-nerve fibre action potential
recording method this relative coordination between
neuron firing was shown to be impaired in patients
following spinal cord injury (10). In patients with
Parkinson’s disease sEMG disclosed that oscillatory
firing motor units did synchronize their firing (which
is pathologic) to give rise to tremor (22). This means
that impairment of the relative coordination of
motor unit firing produces pathologic motor pro-
grams and in turn pathologic movements.

The idea of attempting to improve impaired rel-
ative coordination at the neuron and neuron assem-
bly level led to coordination dynamics therapy which
resulted in improvements of CNS functioning after
CNS injury (14-16, 18-20, 24, 26, 27) up to a partial
cure (18). The macroscopic description of the
dynamics of coordinated pattern formation (coor-
dinated pattern formation evolving over time) in the
form of equations of motion of collective variables
or order parameters on the other hand provided a
deeper understanding of the integrative organiza-
tion of the human CNS and a deeper understand-
ing of the coordinated movements during coordi-
nation dynamics therapy.

For the time being it is not possible to mathe-
matically formulate coordination dynamics at the
single neuron level, at the neuron assembly level or
even at a combined level of description, in which the
different levels communicate. Still we can partly
extract dynamics of coordinated pattern formation
from natural impulse patterns of several neurons.
Especially phase and frequency coordination
between self-organizing premotor spinal oscillators

and their driving secondary muscle spindle afferents
can be followed up. It seems possible to relate coor-
dination dynamics of the human movement level to
coordination dynamics of the human neuron and
neuron assembly level.

Functional anatomy and neurogenesis level

In addition to the understanding of CNS func-
tioning and repair at the neuron, neuron assembly
and movement level, we need an insight at the level
of functional anatomy. We need to know what parts
of the brain primarily contribute to certain func-
tions and what functions are conveyed in what tracts.
Following injury CNS diagnosis like magnetic reso-
nance imaging (MRI) is important to correlate
anatomical and functional impairments and to
enable a better understanding of the injury. Exer-
cised movements can then be better adapted to the
specific injury of the patient. If the CNS injury is
mainly one-sided then symmetric movements are
very important to achieve repair.

With respect to the structural repair of the
injured CNS we further need to know what move-
ments can substantially induce neurogenesis and to
functionally connect the newly built neurons to the
existing networks, and with what intensity these
movements should be exercised.

Exercising of movements with their symmetry move-
ment counterpart during therapy

The coordination dynamics therapy includes exer-
cising on the special coordination dynamics therapy
and recording device (to improve phase and fre-
quency coordination between neuron firing), train-
ing of the automatisms crawling, walking, and run-
ning, training of old learned movements like
climbing staircases, and speech therapy. With the
introduction of symmetry diagnostic, more empha-
sis is put on the training of a movement in combi-
nation with their symmetry counterpart like walking
in the forward and backward direction, crawling in
the forward and backward direction, crab walking to
the right and to the left, and exercising on the special
device in the forward and backward direction. The
learning transfer from a movement to its symmetry
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counterpart (7, page 179) is important. If, for exam-
ple, a stroke patient has not been walking physio-
logically for 5∞∞years this pathologic forward walking
has become an old-learned movement and is difficult
to change. Through exercising backward walking
however (which is new to the patient) we can
improve forward walking by learning transfer to the
symmetry counterpart without slipping into the
pathologic forward walking pattern.

Natural therapy

Hippocrates’ ancient wisdom that “natural forces
within us are the true healers of disease” is in accor-
dance with the strategy of coordination dynamics
therapy to use natural means (mainly movements)
for CNS repair. The question remains, how to find
and stimulate the natural strategies, especially to
achieve structural repair. After denervating one leg
of a rat, the rat often eats up the denervated leg,
because the leg has no sensitivity and is hinders the
animal’s movement. If the rat knew that within some
months the leg will be re-innervated and the feeling
and the functions will at least partly recover, it would
not eat it up. Humans on the other hand have the
possibility to find out, understand, and use natural
means of regeneration and leave destructive opera-
tions and therapies out.

Results

Treatment of symmetry impairment

In a previous publication (Fig.∞∞5 of Ref.28) it was
shown by surface electromyography (sEMG) that
there was antagonicity impairment of CNS func-
tioning with respect to antagonistic muscle activa-
tions of the tibialis anterior and gastrocnemius mus-
cles in a patient with severe cerebellar injury. This
antagonicity impairment between antagonistic mus-
cles was opposite for exercising in the forward and
backward direction. If it were possible to eliminate
this opposite antagonicity impairment of antago-
nistic muscle activation by certain movements, the
patient’s motor patterns and performance may
improve. It was shown further (Fig.∞∞5 of Ref.28) that
increasing integrativity of CNS organization resulted

in reduced antagonicity impairment. Upon exercis-
ing the legs only on the special coordination dynam-
ics therapy device (like on a stationary fitness bicy-
cle) the antagonicity impairment between the tibialis
anterior and gastrocnemius muscles was strong
(Fig.∞∞5A,B of Ref.28). Upon exercising with arms
and legs, this antagonicity impairment reduced
(Fig.∞∞5C,D of Ref.28). In the particular patient the
antagonicity impairment could thus be influenced
by exercising highly coordinated arms and legs
movements on the special device. Other highly coor-
dinated four-limb movements may probably also
result in improvements of the antagonicity of mus-
cle activation.

Forward-backward symmetry impairment in cerebellar
injury

Probably, antagonicity impairments occur in
many pairs of antagonistic muscles, different for
exercising in the forward and backward direction
(mirror shape, measured by sEMG). Therefore, a
more integrative measure is needed to quantify
antagonicity impairment. Such an integrative diag-
nosis for antagonicity impairment may partly be
available if the patient exercises on the special coor-
dination dynamics therapy device in the forward and
backward direction, and coordination dynamics
traces are recorded.

Coordination dynamics traces (Fig. ∞∞1) show
that, in the patient with cerebellar injury, the lack
of symmetry between exercising in the forward and
backward direction could be made visible and
quantified by measuring coordination dynamics
(temporal stability) through pattern change. When
exercising at loads between 100 and 200N, the val-
ues of exercising frequency and coordination
dynamics increased and decreased rhythmically for
exercising in both the forward (Fig.∞∞1A) and back-
ward direction (Fig.∞∞1B). For exercising in the for-
ward direction however, the arrhythmicity (the
value of coordination dynamics) was small to the
right side of the pace (P) and trot gait (K) coor-
dinations (Fig.∞∞1A) whereas upon exercising in the
backward direction (Fig.∞∞1B), the arrhythmicity
was small to the left side of the pace (P) and trot
gait (K) coordinations. Thus, there seems to be a
mirror-image shift of the arrhythmicity between
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exercising in the forward and backward direction
with respect to the pace and trot gait coordina-
tions.

In the healthy person, the smallest arrhythmicity
of exercising (the highest pattern stability) was for
the pace and trot gait coordinations (Fig.∞∞1F). To

8

Fig.∞∞1. – Forward-backward movement symmetry impairment in a patient with severe cerebellum injury for exercising on the special
coordination dynamics therapy device (A-C). Coordination dynamics figures of a healthy person are shown for comparison (D).
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make this seemingly mirror image change with
respect to exercising in forward and backward direc-
tion better visible, the coordination dynamics traces
for exercising in forward and backward direction are
shown together in Fig.∞∞1C (bottom panel). The
recordings were taken one week later to show that
patterns of highest stability remained at the same
place with respect to the pace and trot gait coordi-
nations, to provide evidence that there was no phase
drifting (see Method). It can clearly be seen in
Fig.∞∞1C that the periods of smallest arrhythmicity
shifted rather symmetrically away from the pace (P)
and trot gait (K) coordination position with respect
to exercising in the forward and backward direction.
When picturing this rather opposite symmetric shift
of arrhythmicity of exercising in an attractor layout
of pattern formation in the framework of the system
theory of pattern formation (5), the attractor states
(patterns with the highest stability) shifted away from
the pace and trot gait coordination patterns
(Fig.∞∞1E). In the attractor layout of a healthy sporty
girl (Fig.∞∞1G), drawn from the coordination dynam-
ics recording presented in Fig.∞∞1F, the stable move-
ment patterns (when exercising on the special device)
are at the pace and trot gait coordinations. For the
patient with the cerebellar injury, the stable move-
ment patterns (small arrhythmicity of exercising)
shifted with respect to the cycle of pattern change
(bottom part of Fig.∞∞1G) between f∞∞=∞∞45° and 65°
forwardly for exercising in the forward direction, and
between f∞∞=∞∞50° and 65° backwardly for exercising
in the backward direction (Fig.∞∞1E). This rather
opposite shift of the attractor states shows similar-
ity to the rather mirror picture change of antago-
nicity impairment of the antagonistic muscle acti-
vation of the tibialis anterior and gastrocnemius
muscles, measured by surface EMG (Fig.∞∞5 of
Ref.28, previous paper). It seems therefore that the
special coordination dynamics therapy device can be
used to measure symmetry impairments of CNS
organization with respect to exercising in the for-
ward and backward direction. The symmetry diag-
nosis performed using the special coordination ther-
apy and recording device, presented in a preceding
paper concerned comparisons between right and left
and rostral and caudal. Here, the symmetry diag-
nosis compared exercising in the forward and back-
ward direction. It remains to be further clarified
whether this diagnosis of symmetry coordination

dynamics with respect to exercising in the forward
and backward direction (kinesiologic measure) actu-
ally measures integratively symmetry impairment of
several antagonistic muscle pairs (motor programs
measured by sEMG, electrophysiologic measure).

Forward-backward movement symmetry impairment
in healthy subjects

In healthy subjects the symmetries in CNS orga-
nization may also not be ideal. A forward-backward
movement asymmetry seems to exist.

For exercising in the forward direction, the value
of coordination dynamics obtained for the physio-
therapist (∆∞∞=∞∞8.0∞∞s–2, trained) was much smaller (bet-
ter) (Fig.∞∞1D) than that for the patient (27.6∞∞s–2,
strongly trained) (Fig.∞∞1D). For exercising in the
backward direction, the coordination dynamics trace
of the physiotherapist is quite good with respect to
symmetry (Fig.∞∞1D). The stronger arrhythmicity
(high pattern instability) mostly occurs for the diffi-
cult intermediate coordinations between the pace
and trot gait coordinations. For exercising in the for-
ward direction (Fig.∞∞1D), the stronger arrhythmicity
is slightly shifted away from the middle position
between the pace and trot gait coordinations. Thus,
the symmetry with respect to movements in the for-
ward and backward direction is probably subopti-
mal even in healthy sporty persons. Also, athletes
differed in their coordination dynamics values for
low-load exercising in the forward and backward
direction (28).

Discussion

Symmetry improvement

It could be shown in a previous and in this paper
that in the patient with cerebellar injury the symme-
tries in the arm-leg pattern dynamics were strongly
impaired. Symmetry of the pattern dynamics is a
property that plays an important role in the struc-
turing of the coordination of rhythmic movements
(6). Front-rear symmetry was found to account for
differences between straight and reverse walking (29).
Not only could mirror-picture symmetry impairments
of antagonistic muscle activation for exercising in the
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forward and backward direction be seen on the move-
ment level (Fig.∞∞1) but also on the motor pattern level
(Fig.∞∞5 of Ref.28, previous paper). Since after spinal
cord injury there is impairment of also the premotor
spinal oscillators for activation for the motor pro-
grams, also neural assemblies are impaired (10) in
their self-organization with respect to symmetry as
are their driving muscle spindle afferents. Premotor
spinal oscillators have two driving phases from sec-
ondary muscle spindle afferents per oscillation period
(180° apart (11)). The in-phase and anti-phase sym-
metry seems thus to go down to the very single-neu-
ron level as do its impairments and repair.

It is not only phase and frequency coordination
between neuron firings that has to be improved in the
self-organization of the human CNS, but also the
coordination between neuron firing has to be improved
with respect to the symmetries in CNS organization.

More coordination dynamics symmetry data are
needed from healthy persons for comparison. In
patients with CNS injury, training methods or pro-
grams have to be developed to reduce the lack of
symmetry especially with respect to movements in
the forward and backward direction and, hopefully,
to also improve the antagonicity of antagonistic
muscles. Symmetry improvements of CNS organi-
zation with respect to exercising in the forward and
backward direction with ongoing therapy may also
have to be quantified.

References

1. FUCHS, A., JIRSA, V.K., HAKEN, H. and KELSO, J.A.S.:
Extending the HKB model of coordinated movement to
oscillators with different eigenfrequencies. Biol. Cybern. 74:
21-30, 1996.

2. HAKEN, H.: In: Synergetics of the Brain (Haken, H.,ed.).
Berlin, Springer-Verlag, 1983.

3. HAKEN, H., KELSO, J.A., and BUNZ, H.: A theoretical model
of phase transitions in human hand movements. Biological
Cybernetics 39: 139-156, 1985.

4. HAKEN, H.: Information and Self-Organization. Berlin,
Springer-Verlag, 1988.

5. JEKA, J.J., KELSO, J.A.S. and KIEMEL, T.: Spontaneous tran-
sitions and symmetry: Pattern dynamics in human four-limb
coordination. Human Movement Science 12: 627-651, 1993.

6. JEKA, J.J. and KELSO, J.A.S.: Manipulating Symmetry in the
Coordination Dynamics of Human Movement. J. Experi-
mental Psychology: Human Perception and Performance 21:
360-374, 1995.

7. KELSO, J.A.S.(1995): Dynamic Patterns. The Self-Organiza-
tion of Brain and Behavior. MIT Press, Cambridge.

8. SCHALOW, G.: Phase correlated adequate afferent action
potentials as a drive of human spinal oscillators. Elec-
tromyogr. Clin. Neurophysiol. 33: 465-476, 1993.

9. SCHALOW, G.: Action potential patterns of intrafusal γ and
parasympathetic motoneurons, secondary muscle spindle
afferents and an oscillatory firing α2-motoneuron, and the
phase relations among them in humans. Electromyogr. Clin.
Neurophysiol. 33: 477-503, 1993.

10. SCHALOW, G.: Spinal oscillators in man under normal and
pathologic conditions. Electromyogr. Clin. Neurophysiol. 33:
409-426, 1993.

11. SCHALOW, G., BERSCH, U., MICHEL, D. and KOCH, H.G.:
Detrusor-sphincteric dyssynergia in humans with spinal cord
lesions may be caused by a loss of stable phase relations
between and within oscillatory firing neuronal networks of
the sacral micturition centre. J. Auton. Nerv. Syst. 52: 181-
202, 1995.

12. SCHALOW, G. and ZÄCH, G.A.: External loops of human pre-
motor spinal oscillators identified by simultaneous mea-
surements of interspike intervals and phase relations. Gen.
Physiol. Biophys. 15, Suppl.1: 95-119, 1996.

13. SCHALOW, G. and ZÄCH, G.A. Reorganization of the Human
CNS. Neurophysiologic measurements on the coordination
dynamics of the lesioned human brain and spinal cord. The-
ory for modern neurorehabilitation (31 case reports). Gen.
Physiol. Biophys., 19, Suppl. 1: 1-244, 2000.

14. SCHALOW, G.: Stroke recovery induced by coordination
dynamics therapy and quantified by the coordination dynam-
ics recording method. Electromyogr. Clin. Neurophysiol. 42:
85-104, 2002.

15. SCHALOW, G.: Improvement after traumatic brain injury
achieved by coordination dynamic therapy. Electromyogr.
Clin. Neurophysiol. 42: 195-203, 2002.

16. SCHALOW, G.: Recovery from spinal cord injury achieved by
3∞∞months of coordination dynamics therapy. Electromyogr.
Clin. Neurophysiol. 42: 367-376, 2002.

17. SCHALOW, G., PÄÄSUKE, M and KOLTS, I.: High-load coor-
dination dynamics in athletes, physiotherapists, gymnasts,
musicians and patients with CNS injury. Electromyogr. Clin.
Neurophysiol. 43: 353-365, 2003.

18. SCHALOW, G.: Partial cure of spinal cord injury achieved by
6 to 13∞∞months of coordination dynamics therapy. Elec-
tromyogr. Clin. Neurophysiol. 43: 281-292, 2003.

19. SCHALOW, G., PÄÄSUKE, M., ERELINE, J. and GAPEYEVA, H.:
Improvement in Parkinson’s disease patients achieved by
coordination dynamics therapy. Electromyogr. Clin. Neuro-
physiol. 44: 67-73, 2004.

20. JAIGMA, P., SCHALOW, G. and PÄÄSUKE, M.: The effect of
3-month Schalow coordination dynamics therapy on move-
ment coordination characteristics of the limbs in subjects
with cerebral palsy. Acta Kinesiologiae Universitatis Tartuen-
sis 9: 66-78, 2004.

21. SCHALOW, G.: Phase and frequency coordination between
neuron firing as an integrative mechanism of human CNS
self-organization. Electromyogr. Clin. Neurophysiol., 45: 369-
383, 2005.

10



22. SCHALOW, G.: Tremor in Parkinson’s disease patients can be
induced by uncontrolled activation and uninhibited syn-
chronization of a2-motoneuron firing to which a1-motoneu-
ron firing synchronizes. Electromyogr. Clin. Neurophysiol.,
45: 393-406, 2005.

23. SCHALOW, G.: On-line measurement of human CNS organi-
zation. Electromyogr. Clin. Neurophysiol. 41: 225-242, 2001.

24. SCHALOW, G. and JAIGMA, P.: Cerebral palsy improvement
achieved by coordination dynamics therapy. Electromyogr.
Clin. Neurophysiol., 45: 433-445, 2005.

25. SCHALOW, G.: Functional development of the CNS in pupils
between 7 and 19∞∞years. Electromyogr. Clin. Neurophysiol.,
in press.

26. SCHALOW, G.: Hypoxic brain injury improvement induced
by coordination dynamics therapy in comparison to CNS
development. Electromyogr. Clin. Neurophysiol., in press.

27. SCHALOW, G. and JAIGMA, P.: Improvement in severe trau-
matic brain injury induced by coordination dynamics therapy
in comparison to physiologic CNS development. Elec-
tromyogr. Clin. Neurophysiol., in press.

28. SCHALOW, G. and JAIGMA, P.: Surface EMG- and coordina-
tion dynamics measurements-assisted cerebellar diagnosis in
a patient with cerebellar injury. Electromyogr. Clin. Neuro-
physiol., submitted.

29. SCHÖNER, G., JIANG, W.Y. and KELSO, J.A.S.: A synergetic
theory of quadrupedal gaits and gait transitions. J. theor.
Biol. 142: 359-391, 1990.

30. SCHÖNER, G., ZANONE, P.G. and KELSO, J.A.S.: Learning as
a change of coordination dynamics: Theory and Experiment.
J. Motor Behavior 24: 29-48, 1992.

31. THELEN, E. and SMITH, L.B. (1994): A Dynamic Approach
to the Development of Cognition and Action. MIT Press,
Cambridge.

32. VON HOLST, E.: Relative coordination as a phenomenon and
as a method of analysis of central nervous system function.
In R. Martin (Ed.), The collected papers of Erich von Holst
(pp. 33-135). Coral Gables, Fl: University of Miami. (Orig-
inal work published in 1939).

33. KELSO, J.A.S. and JEKA, J.J.: Symmetry breaking dynamics
of human multilimb coordination. Journal of Experimental
Psychology: Human Perception and Performance 18: 645-
668, 1992.

37. SCHALOW, G.: Cerebellar injury improvement achieved by
coordination dynamics therapy. Elektromyogr. Clin. Neuro-
physiol., submitted

Address reprint requests to:
Giselher Schalow

Dr.med.habil.,Dr.rer.nat.,Dipl.Ing.
Untere Kirchmatte 6

CH-6207 Nottwil
Switzerland

www.cdt.host.sk
g_schalow@hotmail.com

11


