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Abstract

Objective

The purpose of the study was to investigate whether neurorehabilitation is able to influence clinical parameters and brain function.

Design

A group of healthy probands was compared with two groups of multiple sclerosis patients, one of which received rehabilitative therapy.

Setting

The study was undertaken at the Department of Neurology of the 1st Medical Faculty, Charles University in Prague.

Subjects

We studied 28 patients with multiple sclerosis (17 of whom received rehabilitative therapy) and 13 healthy controls.

Interventions

Patients underwent two months of rehabilitative eclectic therapy, which was based on known neurophysiological principles of sensory-motor learning and adaptation.

Main measures

Clinic parameter changes were evaluated by means of Multiple Sclerosis Functional Composite, Modified Fatigue Impact Scale, Beck Depression Inventory Score, Barthel Index, Environment Status Scale and Multiple Sclerosis Quality of Life - 54. Adaptability and functional brain changes were assessed by means of functional magnetic resonance imaging (fMRI).

Results

Patients who underwent neurorehabilitation showed a significant drop in fatigue, depression, impairment, disability and handicap and an improvement in quality of life. The amount of changes in the group of the patients who underwent neurorehabilitation was significantly higher than in the group of the patients who did not undergo neurorehabilitation.

We found that dependence of brain activity between the right and the left hemisphere in some of the studied brain areas is greater in healthy individuals than in MS patients. This means, in most cases, that the bigger is the amplitude of signal in a certain area in the left hemisphere, the bigger it is also in the right hemisphere. In the experimental group, neurorehabilitation resulted in a trend for increased dependency between the left and the right hemisphere (thus approaching the standard). We also found some qualitative changes after the neurorehabilitaton at group level fMRI maps. In comparison with control groups, signal amplitudes in anatomical areas did not show any significant changes. We did not confirm any relationship between clinical changes and brain activity changes.

Introduction

The central nervous system is plastic and therefore capable of adaptation to the changing conditions of the internal as well as external environment. Such adaptive changes may contribute to functional recovery. The adaptive changes may occur spontaneously or they can be initiated therapeutically - with the help of medication or rehabilitation treatment (1). Pathological processes of multiple sclerosis (demyelinization, axonal loss) cause structural damage of the central nervous system but the central nervous system is able to reduce their impact by adaptive reorganisation at the level of axon, neuron, synapse or system (2, 3).

Research looks for links between brain activity changes caused by rehabilitation and the changes that indirectly characterize brain adaptation processes. These links have already been demonstrated in an animal (4) and human model (5, 6, 7). Based on literature, it seems that stroke is a better human model for studying plasticity and adaptability of the central nervous system than multiple sclerosis - a very unstable and variable disease. It is clear at the present time that the training of a disabled limb in patients after stroke leads to changes in brain activity. However, the pattern of these changes differs in localization and size between individual studies (8, 9, 10). In addition, it was demonstrated that these changes are dynamic and that they change with the period of time from the brain damage (11).

The potential to make use of plasticity and adaptability of central nervous system, in order to influence brain activity and consequently to improve clinical symptoms by means of neurorehabilitation, sounds very promising. Unfortunately, there is still no scientific basis for these possibilities.

The majority of authors, who tried to evaluate the effects of neurorehabilitation of central paresis by means of fMRI, monitored brain activity changes in response to movement training that corresponded to the movement paradigm used during the imaging examination (12, 13). However, in neurorehabilitation treatment of multiple sclerosis it is impossible to concentrate only on the training of an isolated movement. It is not only the muscles of the thumb and index finger that participate in the opposition of the thumb to the index finger (the movement chosen as a paradigm for fMRI examination), but also the muscles of the trunk (14). That is why we have chosen to investigate therapy based on sensory-motor learning (15, 16). Sensory-motor learning can be perceived as a form of synaptic plasticity where the changes in synaptic connection become a physiological substrate for retaining a piece of information in one's memory. Motor learning influences the interconnection of neural networks according to the theory of information processing (17).

Firstly, this study tested the hypothesis whether neurophysiologically based rehabilitation which makes use of known principles of sensory-motor learning and adaptation could lead to improvement of fatigue, depression, impairment, disability, handicap and quality of life.

Secondly, we tested the hypothesis that healthy population differs from patients with multiple sclerosis in the amplitude of signal in four anatomical areas which participant on sensory-motor learning. This would imply that the evaluation of the amplitude of signal on fMRI is a good tool for the assessment of plasticity and adaptability of the central nervous system. We also tested whether healthy population differs from patients with multiple sclerosis in the interdependence between the right and the left hemisphere.

Thirdly, we tested the hypothesis that neurorehabilitation in patients with multiple sclerosis could lead to the normalisation of the amplitude of signal and interdependency between the left and the right hemisphere (brain function approaches to standard).
Methods

Subjects

The 41 probands were divided into three groups. The first group (experimental) consisted of 17 patients with multiple sclerosis who went through the physiotherapeutic programme; the second group (control group 1) comprised 11 patients with multiple sclerosis who did not do any special exercise. The third group (control group 2) included representatives of the healthy untrained population (13 probands) and did not do any special exercise.

The patients were chosen from 2500 patients of MS Centre at Department of Neurology, 1st Medical Faculty, Charles University and VFN in Prague, randomly out of clinically stabilized outpatients with multiple sclerosis who came to regular medical examination (patient with MS without any complications regularly visit MS centre every six months), were able to move independently and walk at least 20 meters with two canes (Expanded Disability Status Scale ? 6. 5) and who were indicated to and able to undergo neurorehabilitation (e.g. agreement with participation on the study, motivation to cooperate actively, ability to transport to the centre regularly).

Patients were divided into groups in a particular way. The patients of the experimental group were chosen on the basis of prevalent clinical symptoms (spastic paraparesis, ataxia, tremor, fatigue, etc) as well as on the basis of the degree of movement impairment. The most similar patients were chosen as a counterpart to the control group 1.
Examination

fMRI

All subjects were scanned twice. For the experimental group scans were acquired before and after therapy (the therapy went on two months). For the 2 control groups scans were acquired on two occasions, approximately 2 months apart. We used a 1.5 T Philips Gyroscan NT Scanner to acquire echoplanar images (EPI) of the whole brain in transversal 4 millimetre slices without gaps and overlapping with parameters: TR 3000ms, TE 50ms, EPI factor 50, basic matrix 64x64 reconstructed to 128x128 using FOW (Field of View) 256mm, voxel size 4x4x4mm (18).

The oscillation of the signal in the course of alternation between rest and activity was recorded and further investigated by means of the amplitude size of the change of signal intensity in the chosen brain areas (where the changes were expected in consequence of senori-motor learnig): primary sensory-motor cortex, supplementary motor cortex, cerebellum (ncl. dentatus) and basal ganglions (putamen).

Subjects viewed the light using an obliquely placed mirror situated on the coil above their head at the level of eyes, while synchronizing it with a controlled, fluent and simultaneous movement of the index finger and thumb forming a "pinch grasp" at a frequency of 1 movement per 3 seconds.

We acquired 60 dynamic scans with a total duration of 6 minutes 12 seconds (pure time of acquisition was 6 minutes, preparation pulses takes 12 seconds). 30-second periods of rest alternated with 30-second periods of movement. We acquired dynamic scans for the right hand followed by the left hand. This was followed by a morphologic T1 weighted gradient FFE (Fast Field Echo) sequence, lasting 90 seconds and with the same geometric parameters as the functional sequence.

The obtained data were processed using image processing software (18). To carry out the group assessment of different probands, we transformed the magnetic resonance images of every proband from the group in question into the standard space of the Talairach brain (several tens of transformed and subsequently averaged brains from the Czech Republic). To achieve better comparability between the first and the second examination of the same proband, only the first examination was transformed to Talaraich space, whereas the second one was transformed into the space of the first scan. Furthermore, on the brains averaged in this way, the fMRI signal was standardly assessed. The fMRI signal was smoothed by a spherical Gaussian filter (Kernel 5x5x5), the correction of slow signal change during dynamic scans was done by means of high pass filter, and the correction of fast changes caused by noise or shooting effects was carried out with a low pass filter. Using these two time filters (high and low) the signal was maximized with the frequency of 10 dynamics. This "adjusted" signal was statistically evaluated using Pearson's correlation coefficient. The values of Pearson's correlation coefficient were plotted into the T1 weighted morphologic image.

In addition to the absolute values of amplitude of signal in the individual areas, the so-called relative values were worked out as well. For example, the relative value for supplementary motor cortex, PSMOrv, was obtained according to the following formula: PPMO-PSMO/PPMO, where PPMO is the value in the right sensory-motor cortex, PSMO is the value in the right supplementary motor cortex.

To integrate view on the results, we added the evaluation of group level activation. We created group average images for each of the 3 subject groups, at each scanning session and for left and right hand movements making a total of 12 group average images. We calculated summary values from the group average images. We counted the volume of the brain that was activated and we defined the coordinates of the centre of the area. The brain activity area in primary sensory-motor cortex and supplementary motor cortex was counted from slice 23, while the brain activity in ncl. dentatus was counted from slice 5 and putamen from slice 7. We used the coordinate values of the centre of the activated area prior to the therapy and after the therapy to calculate the vector length of the shift of the centre.

Clinical examination

In the groups of rehabilitated and non-rehabilitated patients we examined measures of impairment, disability, handicap and quality of life by an independent therapist. Impairment was examined by means of the Multiple Sclerosis Functional Composite (21), which assesses the function of upper extremities (nine hole peg test) and of lower extremities (timed 25-foot walk) as well as cognitive functions (PASAT - 3). Moreover, it was also examined by physiotherapist who, apart from other things, evaluated postural reactions (19). Fatigue was evaluated by means of Modified Fatigue Impact Scale (21), depression by Beck Depression Inventory Score (20), disability by modified Wade and Collin's version of Barthel Index (we scored it from 0 to 100), Environment Status Scale (21) and Multiple Sclerosis Quality of Life - 54 (21).

Therapy

Twice a week during the period of 2 months, the probands went through the therapy, lasting approximately one hour. The therapy, which was neurophysiologically based, worked on known principles of sensory-motor learning and adaptation. Facilitation elements for each of the probands were chosen individually, according to the prevailing symptoms of the disease. Individual facilitation techniques were combined so as to achieve the most ideal function. We employed various elements of several treatment methods in an eclectic way (Vojta's reflexive locomotion, Bobath concept, sensory-motor stimulation, proprioceptive neuromuscular facilitation, Brüger concept and yoga) (15, 16).

Statistical Analysis

Considering the number of performed tests it is appropriate to apply the Bonferroni correction for multiple comparisons. Each difference was considered statistically significant if the level of significance of the test was lower or equal to 0.05 divided by the number of performed tests in the batch (k). Such a level of significance was highlighted. Using this approach, the overall significance level of the whole batch of tests is 0.05.

Before comparing groups in clinical and brain activity variables, first we used Shapiro-Wilk test for testing the normality of these variables. Because the normality assumptions were not satisfied in case of many variables (especially in case of clinical parameters), for further analysis we preferred nonparametric tests.

To compare two independent groups (healthy volunteers, patients) as far as clinical variables or variables related to brain activity are concerned, we employed the two-sample Wilcoxon test.

The comparison of the three groups in relation to brain activity variables was carried out with the help of the Kruskal-Wallis ANOVA.

The one-sample Wilcoxon test was used to evaluate changes in parameters after the therapy or after two months for the groups without treatment.

The dependence of values corresponding to brain activity parameters in the right and in the left hemisphere was evaluated within the individual groups by means of Pearson's correlation coefficient. The correspondence of the degree of dependency between healthy volunteers and the MS patients was tested using the Fisher z-transformation.
Results

Clinical parameters

The comparison of the baseline values
The comparison of the baseline values of clinic parameters allows us to state that two groups of patients (experimental and control 1) do not differ (Table 1).

The effect of neurorehabilitation on the examined clinical parameters
The members of the group participating in the rehabilitative programme displayed a significant drop in fatigue, depression, impairment, handicap and an improvement in the quality of life. In contrast, the probands of the group not participating in the rehabilitative programme did not display any significant changes in clinical parameters - only some of the clinical parameters showed worsening. Moreover, the amount of change in experimental group is statistically different from the amount of change in the control group. We confirmed the hypothesis that neurorehabilitation in patients with multiple sclerosis leads to the improvement of the examined clinical parameters (Table 1).

Brain activity parameters

The comparison of the baseline values
The comparison of the baseline values of the amplitude of signal in four anatomical areas did not allow us to state that the mean values of the individual groups significantly differed (Table 2).

The difference between healthy people and patients with multiple sclerosis in brain activity
It could be observed (see Table 3) on the basis of the baseline evaluation that in some brain areas the interdependence between the right and the left hemisphere is greater in healthy individuals than in patients with multiple sclerosis. This means, in most cases, that the bigger is the amplitude of signal in a certain area in the left hemisphere, the bigger it is also in the right hemisphere. Nevertheless sometimes the correlation is negative (e. g. i PSMC rv).

We did not confirm the hypothesis that healthy population differ from patients with multiple sclerosis in the amplitude of signal (Table 2).

The effect of neurorehabilitation on the amplitude of signal in anatomical areas

In the experimental group, the therapy based on neurophysiology resulted in a trend for increased dependency between the left and the right hemisphere (thus approaching the standard). On the other hand, the change of interhemispheric dependence was also observed after two months in the control group 1 and control group 2 (variable i PSMC in the healthy volunteers showed a large drop in dependence) (table 4). Consequently, it is questionable whether these changes provide meaningful evidence for adaptive change.

We did not reject the equality of the mean values of the parameters before and after the therapy (or after two months) in any group (Table 5) and did not confirm the hypothesis that neurorehabilitation in patients with multiple sclerosis could lead to the normalisation of the amplitude of signal.

We did not confirm any relationship between brain activity changes and clinical parameter changes (9 hole peg test, walking, PASAT 3). Similarly, it was not shown that the type of hand handicap could influence brain activity changes after the therapy (i. e. it is not important whether it is paresis or paralysis that is prevailing).

Evaluation of group level activation in the experimental group

As the probands of the three groups did not differ in the values of the amplitude of signal in anatomical areas, we complemented this method by the fMRI evaluation of the co-ordinates of the centre and the surface of an activated area (table 6) and by eye description of group level fMRI before and after therapy in the experimental group (figure 1).

When carrying out the paradigm with the right hand, the cerebellum displayed bilateral enlargement of the activated area after therapy. When carrying out the paradigm with the left hand, the cerebellum displayed an ipsilateral decrease in activated area and a contralateral enlargement.

When carrying out the paradigm with the right and the left hand, the basal ganglions showed increased bilateral activation.

When carrying out the paradigm with the right hand, we observed reduction of the activated area in the primary sensory-motor cortex as well as in the supplementary motor cortex after therapy. When carrying out the paradigm with the left hand, we observed enlargement in the primary sensory-motor cortex and the decrease in the supplementary motor cortex after therapy.

Discussion

The evidence that rehabilitation (in inpatients and outpatients settings) has beneficial effects on multiple sclerosis has already been provided by Patti et al (22), Lord et al (23) and Freeman et al (24). The results of the current research study accord with these authors and confirm that neurorehabilitation treatment making use of the motor learning theory has a significant positive impact on clinical parameters of patients with multiple sclerosis. However, our research only observed immediate effects after therapy. For future research, it would be necessary to find out how long the clinical parameter changes remain, and if and to what extent patients are able to apply rehabilitation exercises independently. This would be important for the formulation of neuophysiologically-based therapy that is effective in the long term.

The comparison of the group of healthy probands and the two groups of patients with multiple sclerosis, out of which one group went through the neurorehabilitation treatment and the other did not, led to the finding that the groups did not differ in brain activity parameters and that there is no relationship between brain activity changes and clinical parameter changes either. This can probably be explained by the variability of multiple sclerosis, the selection and number of probands, method of evaluation (is fMRI method sensitive enough for evaluation of plasticity of the central nervous system?, is evaluating changes of signal amplitude in anatomical areas an appropriate method?) or by the variable execution of the paradigm.

Also the statistical conclusiveness of the changes in the amplitude of signal in anatomical areas after therapy is made more difficult by the fact that its increase as well as its decrease can be interpreted as improvement. Augmentation of the amplitude of signal may represent compensation of a function and amplitude increases may represent the renewal of impaired conduction in the examined area (1). Therefore, the changes should be better evaluated individually. For the probands whose brain activity prior to the therapy was abnormally high, the reduction of brain activity could be perceived as improvement. By contrast, for probands whose brain activity prior to the therapy was too low, augmentation could be perceived as improvement.

The group magnetic-resonance images taken after the therapy show that in certain areas the activated area augmented and in other areas it was smaller. It is extremely difficult to interpret which activation changes are connected with the improvement of brain function. The activated brain area of an average population in the course of the execution of the paradigm is smaller and is located more anteriorly in comparison with patients with multiple sclerosis (3, 25). The enlarged activated area in the brains of patients with multiple sclerosis is interpreted by spontaneous compensation mechanisms. Consequently, when evaluating the effect of the therapy, the further enlargement of the activated area could be perceived as the reinforcement of compensation mechanisms and the other way round the reduction of an activated area as the normalization of brain activity (the movement is mastered to such an extent that less feedback is needed for its control and so the brain consumes less energy, or the function is restored at the place of correct anatomic localization, or fewer but more efficient neurons are employed during the execution of a movement) (1). The majority of research studies demonstrate that the activated area after the therapy is enlarged (8); some of them demonstrate also the shift of an activated area (9). Nevertheless, some of them demonstrate the reduction of an activated area (10).

The positive effect of symptomatic rehabilitation treatment has been proved in various research studies (26, 27, 28). The influence on a specific symptom (e.g. spasticity) can secondarily lead to influence on the execution of an impaired function (e.g. walking) (26). However, we prefer a holistic approach (15, 16), as we perceive it more effective. In our research study, we concentrated on improvement of control over the whole body (14), and on the stimulation of interplay between the postural system, righting mechanisms and phase movements. We made use of reflexive relations between individual systems that can be explained by the existence of global genetically coded movement patterns (29). From our point of view, it was the origin of the improvement of functions (e.g. delicate motor movements and cognitive functions), on which we did not purposely concentrate in our research. The therapy was primarily holistic and it also caused holistic changes of clinical functions. We presupposed similar changes also in the brain (4, 30, 31). We presupposed on the basis of the theory of information processing (17) that the higher the amplitude of signal in one hemisphere in the course of the execution of the paradigm, the higher it is in the opposite hemisphere. At baseline, we found higher inter-hemispheric dependence in controls than patients. For patients receive therapy there was a trend for inter-hemispheric dependence to increase after therapy, thus approaching the normal pattern. This suggests that changes in inter-hemispheric dependence may provide a useful marker of adaptive brain changes with therapy.

Evaluation of the therapeutic effect on brain activity is difficult because the therapy differed in the cases of individual probands (the therapy was adjusted to clinical symptoms of individual probands), and also in the course of the neurorehabilitation of individual probands (the therapy was adjusted to the development of the disease symptoms over time). We worked on the assumption that the influence of isolated movement training on brain activity had already been demonstrated (4, 5, 6, 7) and therefore we concentrated on proving the relationship between effective neurorehabilitation treatment and the change of brain activity.

Furthermore, the interpretation of results is influenced by the fact that the therapy combined aspects of various types of motor learning (procedural and declarative learning). Each type can activate different brain structures (32). Different areas are also activated in the course of different phases of sensory-motor learning (15, 16). From our point of view, the differences in the activation of brain areas of the individual probands could have been caused by the fact that the probands could be in different phases of sensory-motor learning.

Therefore, variability in therapy and motor learning strategy may have reduced our sensitivity to group-level changes in fMRI activation with therapy.

Clinical message

We have shown a clinical change associated with rehabilitation, but no specific changes in fMRI.
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