Partial cure of spinal cord injury achieved by 6 to 13 months of coordination dynamic therapy
Giselher Schalow
Abstract
Four patients with a spinal cord injury between sub C4/5 and L3/4 underwent coordination dynamics therapy for 6 to 13 months. One patient with an incomplete spinal cord lesion was cured, two patients with clinically complete injuries were partly cured, and one patient with a complete spinal injury sub L3/4 became incomplete but showed only comparably little progress. Of 3 patients with urinary bladder problems, only one patient has shown substantial improvement in bladder function so far. In one patient reinnervation of leg muscles could be documented by continuously measured coordination dynamics.
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Introduction
In a previous report it was shown that 5 years after spinal cord injuries between C4/5 and L4/5 all 18 patients became incomplete as a result of 3 months of coordination dynamics therapy. Trunk stability and arm, hand and leg functions functions improved below the lesion level. The organization of the cen-tral nervous system (CNS), quantified by coordina-tion dynamics between arm and leg movements, improved by 42% for forward and by 49% for back-ward movement when exercising on a special coor-dinations dynamics therapy device (Fig. 1M) at load of 20N (21). In this paper it will be shown that 6 to 13 months of coordination dynamics therapy resulted in a partial cure of the spinal cord lesion in 3 out of the 4 patients.
Kaskein Kuntoutuskeskus, PL 37, FIN-54801 Savitaipale, Finland; Coor-dination Dynamics Therapy Centre, Avenida del Parque, Edif Benal Beach, Local 2, E-29630 Benalmadena-Costa (Malaga), Spain.

Method
The coordination dynamics therapy is based on measurements of the self-organization of the neu-ronal networks of the human CNS. An increase of the efficiency of this therapy depends therefore on a better understanding of the organization and repair of the human CNS based on further measurements on the single neurone level, the neural assembly level and macroscopic level of the healthy and injured CNS.
Brain imaging research focused on detecting the brain centres involved in various sensomotor or cog-nitive tasks, but CNS organization research attempts to understand the self-organization of distributed local networks and their integration and coordina-tion to 'higher' states of processing (23). A basic mechanism for such self-organization and integra-tion is the measured phase and frequency coordina-tion on the single neurone and neural assembly level in the human CNS (4-13, 15, Figs. 2-4 of 17).
I could provide evidence for such self-organiza-tion and integration of the human CNS m the pre-motor neuronal network of the sacral spinal cord
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being materialized by relative phase and frequency coordination between the firings of single a and y-motoneurons, oscillatory firing a-motoneurons (neural assembly) and muscle spindle afferents in the disconnected human spinal cord (4-13, 15, Figs. 2-4 of 17). These oscillatory firing motoneurons proba-bly self-organize from distributed local networks, which the motoneuron is part of, to the neural assembly 'network oscillator' (Fig. 2D of (16)) by adequate natural afferent impulse patterns induced by the receptors of the skin, muscles, tendons, joints and urinary bladder and rectum (Fig. 2B, E of (16)), among other structures, by movements, continence stimulation of the urinary bladder and rectum or other natural stimulation. In incomplete spinal cord lesions these oscillators can also be activated on voli-tion, i.e. by top-down activity as verified by electro-myography (14). These oscillators have a transient, dynamical existence that spans the time at least from one impulse train firing to the next one (transient oscillatory mode, Fig. 2D of (16)) in which the neural activity propagates at least once through the oscillator, may-be by a reverberatory network loop (Fig. 28 of (15)).
In the process of organization and integration of different parts of the spinal cord, the incoming nat-ural impulse patterns from the receptors of the periphery (bottom-up activity) and supraspinal cen-tres (top-down activity) are integrated with the endogenous activity of the spinal cord by relative phase and frequency coordination.
The interaction for neural organization and inte-gration in the premotor network has been measured so far firstly between the sensory input and the pre-motor neural network, especially the local networks of the premotor spinal oscillators and y-motoneu-rons, and secondly, by the coordinated natural firing patterns of a and y-motoneurons (Fig. 33 of (15)).

Following spinal cord injury there is a loss of CNS tissue, loss of network connectivity in networks and between networks, and there is impaired phase (Fig. 311 of (17)) and frequency coordination (Fig. 4 of (17)) for CNS self-organization and integration.
A repair of the injured spinal cord involves there-fore the building of new nerve cells (neurogenesis), growing of axons and dendrites to repair network connectivity, and re-learning of relative phase and frequency coordination to repair functional con-nectivity and integrativity. In the likely case of insuf-ficient building of new specific nervous tissue and network connectivity functional connectivity has to be re-learned and functions must be taken over by other neural network parts (plasticity). The effective functional connectivity between subnetworks has to be increased by entraining the neurones with their connections in the network as coincidence and coor-dination detectors with extensive repeated coordi-nated natural input.
The coordination dynamics therapy primarily assists the repair of functional connectivity by increasing the effectivity of the functional connec-tivity when the patient exercises on a special coor-dination dynamics therapy device, and assists the repair of primarily the network connectivity when exercising automatisms like creeping, crawling, walk-ing and running. The taking over of functions by other network parts (plasticity) is probably trained by re-learning old movements. Since a phase coor-dination of approximately 3 to 5ms has been mea-sured between secondary muscle spindle afferents and oscillatory firing a-motoneurons in the healthy human premotor network (Fig. 2 of (17)), the spe-cial coordination dynamics therapy device must dic-tate arms and legs an exact coordination so that the induced natural impulse patterns in the receptors in the skin, joints, tendons and muscles are coordinated
Fig. 1. - Movements performed during coordination dynamics therapy. A, B, C. 6-year-old patient with a complete spinal cord lesion sub Th12/L2 during exercising on the special coordination dynamics therapy device in the standing position (A), during walking on treadmill (B) and during sticks-supported walking down staircases. D, E, F. 25-year-old patient with a clinically complete spinal cord lesion sub C4/5 during walking with both legs supported (D), later on with no leg support (E), and during standing supported by the author (F). In D, the right foot is pushed onto the ground by the author to enhance the afferent input during the lift-off phase, and the left heel is pushed down to increase the afferent input during heel strike to enhance the stepping automatism. G, H. I. 67-year-old lady with an incomplete spinal cord lesion in the lumbosacral range improved her walking with the rolator (G) to walking with sticks (H) to free walking (I) during 6 months of therapy. The pictures were made at the end of therapy. K. First exercise on the special coordination dynamics therapy made by the Mother Superior with a spinal cord lesion; assistance provided by the author. L. 30-year-old patient with a complete spinal cord injury sub L3/4 during running on treadmill. M. Recording of coordination dynamics for children, supervised by the author.
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within 3 to 5ms to entrain the neural networks of the spinal cord so that the relearned phase coordination of the premotor network becomes again 3 to 5ms. The re-learning of frequency coordination seems to be achieved if the patient with the spinal cord lesion is turning the levers of the device as rhythmically as possible. Arrhythmicity of turning (coordination dynamics) has to become as small as possible.
The desired functions to be relearned, such as walking have to be exercised. In the concept of macroscopic coordination dynamics, where move-ments are described by collective variables (2, 24, 25) (in this case by arrhythmicity of turning), this means that in the attractor landscape the attractors for physiologic movements have to be deepened (made stronger) and attractors for pathophysiologic move-ments like the different kinds of spasticity (20) have to be made more shallow (made less strong).
The improvement of the mode of CNS organi-zation, namely the phase and frequency coordina-tion, can be measured macroscopically using the coordination dynamics recording method (Figs. 1M, 2, 4), and improvements of the attractor layout of movements are measured by the improvement of movements like walking, climbing staircases or jumping (Figs. 1B, D, E, H, I, L, 3).
The microscopic entrainment of phase and fre-quency coordination between neurones and neurone assemblies is induced macroscopically by exercising various precise coordinations of arms and legs, which is materialized by the rhythmic turning of levers for various coordinations on a special coordination dynamics therapy device. Since for the generation of the intermediate coordinations between pace and trot gait supraspinal centres are needed, also the activated supraspinal neural networks are entrained with respect to phase and frequency coordination.
During isometric contractions the neural assem-blies 'premotor spinal oscillators' fire continuously oscillatory (Fig. 24 of (15)). According to the acti-vation strength the multi-frequency a2-oscillators (f = 1/T, T = 70ms + nAP.30ms; nAP = number of action potentials (APs) per impulse train) will change

their frequency to adapt their activity to the needs. But during a movement cycle of turning (or walk-ing) the premotor spinal oscillators will be organized for a transient, dynamical existence. Depending on the motor program and the type of oscillator, the existence of an oscillator lasts for a few oscillation periods. For a low load turning of 20N some motoneurons will fire transiently oscillatory, other ones will fire only occasionally according to the size principle in each motoneuron group (7). For a high-load turning of 200N many motoneurons will fire transiently oscillatory according to the motor pro-gram. For low frequency turning (1Hz and lower) more a2 and a3-oscillators are activated which are innervating fast fatigue resistant (FR) and slow (S) muscle fibres. For high frequency turning many a1-oscillators will be activated which innervate fast fatiguable (FF) muscle fibres (Fig. 4 of (17)). A sprinter who is turning at 2 Hz on the special coor-dination dynamics therapy device, gets fatigued more easily than a rower turning at a frequency of 1 Hz for a high load of 200N, because (1) the load is twice as high for the sprinter, (2) more FF-type muscle fibres are activated for 2 Hz turning than for 1Hz and (3) the sprinter may have a higher percentage of FF-type muscle fibres due to his genetics.
The special coordination dynamic therapy device is a product by: Combo AG, Postfach 146, Tuggin-erweg 3, CH-4503 Solothurn, Switzerland, Fax +41326219745.
Results
Four patients who had suffered a spinal cord injury underwent coordination dynamic therapy for 6 to 13 months. In 3 out of the 4 patients move-ments and CNS functioning improved that much that one can speak of a partial cure of the spinal cord injury. The special aspects of repair achieved will be reported for each case separately. Apart from case 3 all the patients were from the group reported earlier that underwent 3-month therapy (21). None
Fig. 2. - A, B. Low-load coordination dynamics for a 6-year-old patient with a spinal cord lesion sub Th12/L2 at the beginning (A) and after 6 months of therapy (B). C-H. Low-load (C-F) and high-load (G, H) coordination dvnamics for a 30-year-old patient with a complete spinal cord injury sub L3/4 at different stages of therapy. In E, G, H the coordination dynamics (lower traces) show rhythmic amplitude changes, which may indicate re-innervation of new muscles. P = pace gait; K = trot gait. Coordination dynamics values (mean Δ / min), mean force (mean Newton / min) and mean frequency (mean frequency / min) per minute are indicated.
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Fig. 3. - Improvements of movements due to coordination dynamic therapy. A, B, C. A 6-year-old patient with a spinal cord injury sub Th12/L2 learned to walk longer on treadmill (A, from 5 to 25 min) to perform more turns on the special coordination dynamics therapy device only using his legs (B, no fixation of the legs) and to walk faster with sticks over 19.2m (C, 44s to 20s). D. Increase of the speed of free walking (30s to 15s) in a 67-year-old patient with an incomplete spinal cord injury in the lumbosacral range.
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of the patients were using spasmolytic drugs any more at the end of therapy.
Case 1
A now 7-year-old boy suffered a flaccid paraly-sis due to a spinal cord injury sub Th12/L2 at an age of 4 years in a car accident. At the age of 6 years he underwent coordination dynamics therapy for 6 months. The boy came to the therapy in a wheel-chair and left the therapy place walking with sticks (Fig. 1C). The partial cure of the spinal cord injury was quantified by coordination dynamics and the improvement of leg and urinary bladder functions. In 6 months the low-load coordination dynamics improved by 69% (from 16.1 to 4.95, Fig. 2A, B).
The patient re-learned to walk on the treadmill for prolonged periods of time (time increase from 4 to 25min; Fig. 3A) under support and weight reduc-tion like in Fig. 1D, E until he could walk without weight reduction (Fig. 1B). The recovery of the leg functions was further quantified by the performance of exercising on the special coordination dynamics therapy device when he only used his legs to turn the levers. The number of turns increased from 200 to 1,300 (Fig. 3B). Further, the patient learned to walk with sticks faster (Fig. 1C). The walking times for 19.2m reduced from 46s to 20s (Fig. 3C). The patient learned to turn longer on the special coordi-nation dynamics therapy device in the standing posi-tion with leg support (Fig. 1A). The functioning of the urinary bladder improved. Before the therapy the bladder was emptied by intermittent catheterization. Now the patient is continent for at least 3 hours and can empty the bladder on volition with little rest urine. After 6 months of therapy the boy became able to walk freely 23 steps when getting support by the author holding his hand. At home the boy is now walking mostly with sticks. A few months after the treatment the coordination dynamics worsened, which may indicate a further re-innervation of leg muscles (for an explanation see under case report 4).
Case 2
A 25-year-old man had suffered a clinically com-plete spinal cord injury sub C4/5 when jumping into

water. He could still move 3 toes 3 to 4 mm. He underwent coordination dynamics therapy for 1 year in total, with 2 breaks of a few months in between. During the breaks he exercised 3,000 to 4,000 times on the special coordination dynamics therapy device by himself so that he could keep the level of func-tion achieved. With the therapy his cervical spinal cord lesion became substantially incomplete. He re-learned to creep and to crawl. After 5 months he was able to stand with little support (Fig. 1F). When walking on the treadmill he needed first support for both legs (Fig. 1D) then only for one leg, and even-tually he needed no leg support at all (Fig. 1E). When re-learning walking on the treadmill, the step-ping automatism was induced by pushing the heel onto the ground during heel strike and by pushing the forefoot onto the ground during the lift-off phase (Fig. 1D). Hand and finger functions improved slowly with the therapy, which may indicate the building of new motoneurons, because in a cervical spinal cord lesion many motoneurons innervating the muscles for finger, hand and arm functions become destroyed. The poorer right hand improved in the short-term memory during 2500 turns on the special device. The patient learned to turn in the sup-pination position. His finger, hand and arm func-tions improved that much, that he can drink now out of a glass and can eat with knife and fork by himself, which is functionally very important. The urinary bladder function did not improve much as yet.
CaseS
A 67-year-old lady with osteoporosis had suffered an incomplete spinal cord lesion when falling two times. After the first fall the vertebra Th12 broke and she got very much pain and could not walk any more. After a second fall she could not move the ankles any more and the pain even intensified. Because of the complicated spine situation, the orthopaedics did not want to operate. After being 10 days in hospital, physiotherapy was suggested to her. Because of the osteoporosis and spine defor-mation there was not only a spinal cord injury in the lumbosacral range but also in the cervical range the spine seemed to touch the spinal cord and may have stopped partly functioning. Because the patient wanted help, coordination dynamics therapy was
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tried. First she turned very carefully one hour per day on the special coordination dynamics therapy device in the lying position. After 3 weeks she started to turn 2 hours per day. Later on, she walked addi-tionally with the rolator (Fig. 1G). But she was heav-ily relying on the rolator; the picture shown in Fig. 1G was taken later, when she was in a better condition again. Then she re-learned to walk out1 side with sticks (Fig. 1H). Later on, she started to exercise free walking. Her walking times for 25m reduced from 30 to 15s (Fig. 3D). After 6 months of coordination dynamics therapy she was cured from the spinal cord injury. She can walk quite fast now (Fig. II), has no pain any more and can do her kitchen work normally again. Her quality of life increased substantially.
Case 4
A 30-year-old patient had suffered a complete spinal lesion sub L3/4 due to a parachute accident. One year after the accident an intensive coordination dynamics therapy was started. In the co-operative patient the lesion level lowered during one year of therapy, so that the patient became able to run on the treadmill at up to 9.5 km/h (Fig. 1L). Some func-tion appeared in the left triceps surae (S1-S3). But still the progress was relatively small in comparison to the intensity of the therapy. It seems therefore that large parts of the lumbosacral spinal cord were destroyed and the building of new spinal cord ner-vous tissue needs very much time. The bladder func-tion improved so far only from a flaccid to a spastic bladder.
Of interest in this patient is further that the begin-ning of the re-innervation of leg muscles could be reflected by continuous recording of coordination dynamics. After 3, 5, 6 and 11 months of therapy the values of coodination dynamics were 4.4 (Fig. 2C), 3.4 (Fig. ID, 30% improvement), 6.0 (Fig. IE) and 1.55 (Fig. IF), respectively. Thus, the coordination dynamics transiently worsened. A plot of all cordi-nation dynamics values against time of therapy yields a curve which shows three increases. The first strong increase of coordination dynamics for forward move-ments after 6 months of coordination dynamics ther-apy falls together with a strong improvement of coordination dynamics for backward turning (Fig. 4)

and a transient rhythmic change of coordination dynamics for forward turning (Fig. 2E), which prob-ably indicates the innervation of new leg muscles or their parts since muscles functioning on volition anew would first work in poor coordination. The second slight increase of the numerical coordination dynamics (and no indication of the appearance of rhythmic changes) fell together with a urinary blad-der infection. After 12 months of therapy, a third increase of coordination dynamics appeared con-nected with rhythmic changes of low-load (20N; Figs. 4, 2E) and high-load coordination dynamics (146 to 203N; Fig. 2G, H) which may indicate a sec-ond phase of reinnervation.
As can be seen further from Fig. 4, the coordina-tion between arms and legs was much better in this patient than in healthy humans (see the normal val-ues) and, of course, very much better than in untrained patients with a spinal cord lesion. The val-ues of the low-load coordination dynamics of this patient (Δ = 1.55, Fig. 2F) were 74% better than those of athletes (Δ = 6.0s-2) whose CNS functioning had not been influenced by coordination dynamics therapy.
In conclusion, from among the 4 patients under-going coordination dynamics therapy for 6 to 13 months, one with incomplete spinal cord lesion could be cured (case 3, no bladder problems), two patients were partly cured (cases 1,2) with substan-tial urinary bladder function improvement in one patient, and one patient improved only comparably little so far (case 4).
Discussion
Building of new nervous tissue
and new motoneurons in the spinal cord
There was only comparably little progress of the hand and arm functions in the tetraplegic patient (case 2) and only little progress of the leg functions in the patient with the spinal cord injury sub L3/4 (case 4). Judging upon the lesion level, the cervical intumescence was extensively destroyed in the for-mer case, whereas it was the lumbosacral intumes-cence that was damaged in the latter one, which means that in one case the premotor network for arm and hand function and in the other case the premotor network for the leg and foot functions was
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substantially destroyed. For a repair more was needed than only effective re-connection of neuronal networks. The building of new premotor neuronal networks including the building of new motoneu-rons were necessary and the axons of the newly built motoneurons would have to grow down to the mus-cles which would take 1 year or more. But why then, a quick recovery was possible in the 6-year-old boy and only slow recovery in the 25 and 30-year-old patients? First, every lesion is different (and also the damage to the pia mater and the dura mater may be

different); and secondly, repair in children seems to be better and faster. In children the CNS is still under development and the distances are smaller. In the adult the spinal cord has to be repaired but in the boy, repair and correction of the development of the CNS in the wanted direction are involved. This argu-ment is supported by the observation that in a half-year-old boy with myelomeningocele (and hydro-cephalus) with no leg functions, the legs started to work upon the administration of coordination dynamics therapy, and after 3.5 years of the therapy
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Fig. 4. - Low-load coordination dynamics in dependence on the therapy duration; 30-year-old patient with a complete spinal cord injury sub L3/4. Low-load coordination dynamics values for healthy subjects and a patient with spinal cord injury (SCI) (22) for forward and backward movements are given in the left part of the Figure. Two increases in the values of coordination dynamics after 6 and 12 months of therapy may indicate re-innervation of new muscles; a urinary bladder infection after 10.5 months also resulted in an increase of coordination dynamics. The values C, D, E, F were taken from the coordination dynamics recordings of Fig 2.
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the boy (who is now 4-year-old) can partly walk, even though he had no hip joints developed at birth (16). But there is also hope in adults. In the already mentioned case of poliomyelitis (19) a woman suf-fered severe poliomyelitis at the age of 1 year, and 36 years later she started coordination dynamics therapy for a few years. Her legs started to function and grow again, and her menisci developed the first time in her life at the age of 42. There seems to be a lot of adaptive growth and CNS plasticity if the coordination dynamics therapy is intensive and lasts for a few years. Also in the patient who was partly cured from stroke (18) the coordination dynamics therapy lasted for more than 4 years.
This therapy induced CNS repair including the building of new nerve cells gives no information about how new nerve cells are built. Neurogenesis from stem cells ((1), so far only found morphologi-cally in the hippocampus) or a change of cell func-tions could be involved. But there is little doubt that there was growth in the lesioned CNS with an inten-sive coordination dynamics therapy, otherwise the reported repair would not have been possible. Inter-estingly, the escape automatism running (see under case report 4) induced neurogenesis in mouse (3).
Muscle reinnervation signs elicited by coordination dynamics
In the above cited poliomyelitis patient the func-tioning of the leg muscles was supported by signs of reinnervation, documented by electromyography. In the patient with the complete spinal cord lesion sub L3/4 (case 4) reinnervation of new leg muscles is supported by the transient increase of the numer-ical values of low-load coordination dynamics (Fig. 4). However reinnervation of leg muscles is also supported by the specific changes of coordination dynamics, namely by the appearance of rhythmic changes due to the changes of the coordination between arms and legs (Fig. 2E, G. H).
Why does coordination dynamics reflect thoraci-cal spinal cord lesion becoming incomplete (Fig. 9 of (16))? When the spinal cord lesion is complete the hands and arms move on volition and the legs move only passively when turning on the special coordination dynamics therapy device, and the coor-dination dynamics show no rhythmic changes

because there is no active coordination (changes) between arms and legs. But when leg muscles start to work again, they work first in poor coordination with the muscles of arms and hands. Due to the coordination changes between arms and legs dic-tated by the device, the arrhythmicity of turning (coordination dynamics) will rhythmically increase and decrease with the changing coordination. The same argument holds for reinnervation of new leg muscles. In the above patient with complete L3/4 lesion the arm muscles were fully working and some upper leg muscles were working. After several months of coordination dynamics therapy arm and leg muscles were working in full coordination for all coordinations between pace and trot gait (Fig. 2C, F). But with the reinnervation of further leg muscles the coordination dynamics started to change rhythmi-cally in amplitude for the changing coordinations (Fig. 2E, G, H) because the leg muscles, or parts of them, that started working again were not func-tioning optimally in coordination for the different coordinations. The coordination dynamics showed therefore rhythmic amplitude changes for low load (Fig. 2E) and for high load (Fig. 2G, H). It seems so far that the muscles started to work again first for high load (high threshold for endogenous activity) and then for low load (low threshold for top-down activity). There may be different mechanisms involved in the re-gaining of muscle functions as the repair seems to be continuous and stepwise.
The advantage of measuring muscle reinnerva-tion by means of coordination dynamics is that first, they are easy to measure, second they can be recorded non-invasively, and third reinnervation can be detected in all leg muscle and irrespective of the site. Detecting a re-innervated motor unit by elec-tromyography may be difficult, since needles cannot be inserted in all muscle parts of leg muscles and with surface EMG one gets only the more superfi-cial muscle fibres, and malnutrition of the skin due to the spinal cord injury is also not beneficial for recording (the skin is very dry).
The ideal patient
In most cases the therapy is not proceeding ide-ally. Often it is difficult to motivate the patient to do heavy exercise for 4 hours per day, especially in
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patients with brain lesion of the frontal lobe. Even though children like to move, the progress is coming so slowly that their discipline level is low. Often patients feel pain which can originate in the CNS and or in degenerative effects of muscle, joints and tendons, which hinders therapy. Too short tendons, stiff joints, false posture including scoliosis, false position of hands and feet are often present and may give rise to pain. Urinary bladder and other infec-tions may stop the progress. And if everything with the patient is working well, then for organizational reasons (money or violation of competition) the therapy has to be stopped, not infrequently at a moment when there is just substantial progress start-ing and the patient is motivated for further therapy. An unusual organizational problem is illustrated in Fig. 1K. The Mother Superior of a monastery in Crete (Greece) suffered spinal cord lesion in the monastery upon falling from a tree. She will have problems to get sufficient assistance in the future because all nuns are quite aged. Consequently she must get into a functional state that will make her more independent. However, how to apply coordi-nation dynamics therapy in a monastery. Also, she argued that she had not enough time for therapy because she had to work mentally apart from the organisational work she has to do. The argument of the author that it is also important to be a shining example to other persons with a spinal cord injury did not work sufficiently. After having been assisted by the author a few times (Fig. 1K) the Mother became able to exercise by herself using the special coordination dynamics therapy device. By perform-ing 3,000 turns per day for 6 months, she became able to turn in the bed herself and her diabetes dis-appeared. For a substantial progress however, 15,000 turns per day 5 times per week and supported tread-mill walking like in Fig. 1D would be necessary.
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