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The process of learning to produce voluntary changes in the position of the center of pressures using
biological feedback was studied by stabilography in patients with hemipareses due to cerebrovascular lesions in the zone supplied by the middle cerebral artery. There were significant impairments to
learning in all groups of patients, who had lesions in different sites, demonstrating that cortical
mechanisms are involved in learning to control posture voluntarily. These studies showed that
patients with lesions in the right hemisphere had rather greater deficits in performing the task than
those with lesions in the left hemisphere. There were significant differences in the initial deficit in
performing the task on the first day of training depending on the side of the lesion. All groups of
patients differed from healthy subjects in that significant learning occurred only at the initial stages
of training (the first five days). Learning at the initial stage in patients with concomitant lesions of
the parietal-temporal area and with combined lesions with motor, premotor, and parietal-temporal
involvement was significantly worse and the level of task performance at the end of the initial stage
was significantly worse than in patient with local lesions of the motor cortex. The level of learning
was independent of the severity of the motor deficit (paresis, spasticity), but was associated with the
severity of impairment of the proprioceptive sense and the severity of disruption to the upright posture (asymmetry in the distribution of support pressures, amplitude of variation in the position of the
center of pressures). The learning process had positive effects on the severity of motor impairment
and on the asymmetry of the distribution of support pressures in the standing posture. Reorganization of posture during bodily movements occurred mainly because of impairment to the developed
“non-use” stereotype of the paralyzed lower limb.

The question of the cortical regulation of posture
cannot yet be regarded as answered. According to classical concepts [23], which continue to be accepted [12, 17],
the motor cortex and the pyramidal system, along with
the rubrospinal system (the lateral system of Kuypers),
control the musculature of the distal parts of the limbs,
especially the wrists/ankles and digits, while the axial
musculature of the body and, thus, the maintenance of
posture, is controlled by subcortical structures, such as
the basal ganglia [6, 9], the cerebellum [6], and the retic-

ulo- and vestibulo-spinal systems (the ventromedial system of Kuypers) [11, 23]. At the same time, there is extensive evidence for the role of the motor cortex in controlling postural reactions responsible for shifting the center
of gravity and maintaining balance [14, 18, 20, 24]. However, this question has mainly been addressed in experiments on animals and there have been almost no systematic studies on the cortical control of posture in humans.
Lesions to pyramidal structures, manifest as hemiparesis in humans, are known not to disturb balance-maintaining spatial coordination to the same extent as, for
example, lesions to various extrapyramidal structures.
Nonetheless, disturbances in vertical posture seen in
pyramidal lesions undoubtedly occur [1, 15]. Some
authors have associated derangements in stability with
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Fig. 1. Two fragments (A and B) of the BALLS computer game. CP is
the projection of the center of pressures; T is the target, with which the
player has to align the center of pressures, B is the basket into which the
target then has to be moved. Arrows show the suggested trajectory for
the center of pressures.

asymmetrical loading of the lesioned and intact legs and,
as a result, shifting of the common center of gravity
(CCG) towards the healthy limb in the frontal plane [15].
Others believe that impairment of balance functions is
due to deficits in somatosensory information [22] and
excessively slow correction of posture in response to
changes in body position [13]. Thus, the question of the
nature of postural disturbances in cortical-pyramidal
lesions and lesions involving other cortical areas in
humans remains unsolved. In particular, the extent of
derangements in the voluntary control of the position of
the CCG in patients with cortical lesions of different locations remains unclear.
On the other hand, experimental studies in animals
show that the motor cortex has specific functions in the
formation of new coordinative motor learning and in the
reorganization of existing coordination [3]. The question
of the extent to which the motor cortex and other cortical
areas are involved in the process of learning a new posture in humans can be studied during the process of specialized rehabilitation training.
Biocontrol methods based on stabilograms (STG)
with visual feedback [8] are increasingly used in the training of patients to maintain balance in neurological clinics:
a monitor screen is used to show the coordinates of the
center of pressures (CP; the center of pressures is the isoline of the supporting pressures which, in static conditions, coincides with the projection of the center of gravity; in dynamic conditions (changes of posture), however,
the trajectory of the center of pressures is different from
that of the center of gravity) of a subject standing on a
force platform. This method has been shown to have positive influences on postural stability, postural asymmetry,
walking speed, and the ability to perform the activities of
daily living [8, 21, 25]. However, we have found only a
small number of reports describing studies of the learning
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process itself. Hamman et al. [21] showed that the success
rate in performing dynamic exercises with biological
feedback (BF) provided by STG was independent of the
degree of variation of the CP of the body in static tests.
Wong et al. [25] demonstrated that the results of training
patients with right- and left-sided foci were not significantly different.
Thus, the aim of the present work was to study the
characteristics of the process of learning voluntary control of CP in conditions of biocontrol guided by the stabilogram in patients with post-stroke hemipareses, first
with regard to lesions on different sides (right or left
hemisphere), and secondly with regard to different sites
of lesions (relatively local lesions of the motor cortex and
the internal capsule or disseminated lesions in the posterior frontal or parietal areas).

METHODS
This study involved a total of 82 patients with
hemipareses of different severities, due to cerebrovascular lesions in the territory of the middle cerebral
artery, of different etiologies. The patients were aged
53.9 ± 11.0 years (M ± SD); the mean duration of disease was 10.4 ± 8.8 months. Clinical signs of hemiparesis and the severities of clinical signs, spasticity,
and sensory loss were assessed using the five-point
scale developed by the Science Research Institute of
Neurology (L. G. Stolyarova, A. S. Kadykov, G. R. Tkacheva, 1982). The degree of paralysis in our patients
averaged 2.2. ± 1.3 points; spasticity amounted to
0.88 ± 0.76 points; musculoskeletal impairment was
0.79 ± 1.02 points (the maximum extents of paralysis,
spasticity, and sensory disturbance were 5 points).
Assessment of impaired stability before and after
training courses was based on stabilometric measures.
The amplitude and the rate of oscillation of the center of
pressures (CP) were measured in two 20-sec tests: one in
a comfortable standing position and one in the central
position; patients had to change the CP voluntarily to
make it coincide with the geometrical center of the
screen, and they then had to maintain posture throughout
the study period. In the resting state, the loading on the
lesioned limb in relation to the healthy limb was also
determined.
All patients received the traditional complex of rehabilitation treatment. In addition, 43 patients, making up
the experimental group, were trained by the biocontrol
method using a stabilogram. The control group consisted
of 39 untrained patients. These groups were comparable
in terms of the main clinical factors.
In the first part of the study, patients in the experimental group were divided into two subgroups depending
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Fig. 2. Learning dynamics in patients with lesions on different sides. The
abscissa shows training days and the ordinate shows the number of points
awarded in the most successful game attempts each day; mean values for
each group in points (M ± SD). 1) Patients with left-hemisphere foci;
2) patients with right-hemisphere lesions; 3) healthy subjects.

on the side of the lesion. The first subgroup consisted of
22 patients with foci located in the right hemisphere; the
second subgroup consisted of 21 patients with left-sided
lesions. Results obtained from trained patients were compared with those from a group of 15 healthy individuals,
of mean age 48 ± 2.6 years. In the second part of the
study, patients of the experimental group were divided
into four subgroups according to the location of the lesion
as shown by CT scans. The first subgroup (the “motor”
subgroup) consisted of 12 patients with foci located in the
cortical-subcortical areas of the main motor systems,
involving the internal capsule, basal ganglia, and lower
third of the central gyrus. The second (“premotor”) subgroup consisted of 10 patients in whom additional foci
were located in the posterior frontal gyrus. The third subgroup (the “parietal” subgroup) consisted of 11 patients,
with foci located in the parietal-temporal region as well as
the main motor zones. Finally, the fourth subgroup (the
“combined” subgroup) consisted of 11 patients with
widespread foci located in the motor, parietal, and premotor areas.
Training was performed using a Rist-131-AT computerized stabilogram developed at the OKB RITM in
Taganrog [7]. This consisted of a force monoplatform, a
monitor, and a computer running a suitable program supporting real-time studies. The patient stood on the platform in a comfortable position (feet apart to the width of
the shoulders). The BALLS training game was used, in
which the patient had to shift the CP (marked by a cursor
on the computer screen) to coincide with a target, i.e., to
move the cursor onto the target and move it into a designated basket (Fig. 1, A). Correct performance of the task
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resulted in the patient being awarded 10 points. If the target entered another basket, this was taken as an error.
After performance of the task, for which the patient had
up to two minutes (one game series), the position of the
target and the designated basket were altered, in random
order (Fig. 1, B). In general, patients were able to perform
5–40 tasks per series. Before the first game, patients were
instructed as to how to perform the movement task.
Movement had to be performed by shifting body weight
from the right leg to the left and from the heels to the toes
in different combinations. Daily training consisted of
three series. Training courses consisted of 10 sessions.
The results of the most successful series each day were
assessed for each patient in terms of the number of points
obtained and the number of errors made. Mean values
were determined for each group and these were compared
with each other and with measures for the healthy group.
Correlation analysis of the relationship between learning
and clinical and biomechanical factors was based on the
most successful game series over 10 days. Statistical
analysis was performed using the Statistica 4.5 program.
Dispersion and regression analyses were used, along with
correlation analysis by the Spearman method, and comparison of means by Student’s test.

RESULTS
Characteristics of Learning Voluntary Posture
Control in Patients with Lesions on Different Sides.
The dynamics of training over 10 days in patients with
lesions of the left and right hemispheres and in healthy
subjects are shown in Fig. 2. The results obtained in
healthy subjects were significantly greater than in patients
with hemiparesis (p < 0.001). It was interesting that the
most successful of three game series was in all groups the
second series (in 56% of patients), which may be associated with adaptation to the task and formation (in the first
days of training) or selection (later days) of motor strategies during the first series and tiring and loss of interest in
the task during the third series. It should be noted that
although the absolute results (Table 1) in patients with
lesions of the left hemisphere were higher than those in
patients with right-sided lesions, differences were significant only in terms of values obtained on the first training
day (p < 0.05). Learning curves for patients of both
groups were almost parallel, though the dynamics of
learning in the “left-hemisphere” patients was characterized by greater stability and was not subject to sharp
oscillations, as in “right-hemisphere” patients. The
greater stability of motor habit formation in patients with
lesions to the left hemisphere was also supported by the
dynamics of errors committed (Table 1 and Fig. 3). The
numbers of errors made by these patients were virtually
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TABLE 1. Results of Training in Subgroups of Patients with Lesions in the Right and Left
Hemispheres (M ± SD)
Side of lesion

Points
Day 1

Errors
Day 10

Day 1

Day 10

***

Right hemisphere

97 ± 57

218 ± 92

6.2 ± 2.0

3.5 ± 1.8***

Left hemisphere

135 ± 61

243 ± 67***

4.7 ± 1.8

4.1 ± 3.5

Notes. *p < 0.5; **p < 0.01; ***p < 0.001 (for Tables 1–4).

TABLE 2. Dynamics of Learning (in points) in Patients with Lesion in Different Locations (M ± SD)
Subgroup of patients

Training day
1

3

5

10

**

–

314 + 62**

–

255 + 51*

“Motor”

169 + 67

254 + 80

“Premotor”

114 + 47

210 + 45**

“Parietal”

105 + 64

**

“Combined”

70 + 27

constant. At the same time, “right-hemisphere” patients
showed larger numbers of errors at the initial stage of
training, with significant decreases in the number of
errors as they assimilated the motor habit (p < 0.05).
Attention is drawn to the fact that after training, patients
with hemiparesis reached essentially the initial level seen
in untrained healthy subjects (Fig. 3).
Learning Characteristics in Patients with Lesions
in Different Locations. Learning curves in patients with
lesions in different locations are shown in Fig. 4. This
shows that the differences between groups affected both
the initial deficit in performing the postural task (level of
performance on the first day) and the learning process
itself. The learning process could be divided into two
stages in patients of all four groups. During the first 2–5
training days (first stage), there was marked improvement;
learning was faster in the “motor” and “premotor” patient
subgroups and was worse in patients with lesions of the
parietal-temporal and “combined” lesions of the premotor
and parietal areas. It is possible that a new motor strategy
was formed at this stage. The second stage of learning then
started, during which there was reorganization of coordination of the motor habit – disinhibition of movements
interfering the coordination and fine control.
Learning was much slower at the second stage of the
process. Learning dynamics differed in different subgroups. In “motor” and “premotor” patients, improvements were gradual and showed stepwise assimilation of
sequential levels of complexity of the habit, occurring on
average every three days. “Parietal” and “combined”
patients remained at the previous level and further assimilation of movements did not occur.

163 + 77
–

–

180 + 68

155 + 44***

133 + 47

Analysis of the absolute values on the first, third, and
tenth days in patients of the first three groups and the first,
fifth, and tenth days in patients of the fourth group
showed that the best results were demonstrated by the
“motor” patients (Table 2). Patients of the other groups
showed, along with the usual motor problems, other problems – associated with derangements to the temporal and
spatial organization of movement.
“Premotor” patients performed the task less successfully than “motor” patients. Their movements took longer
periods of time, mainly because of decreases in the initial
parts. Often, having performed an individual movement,
they froze in indecision, glancing from the computer
monitor to the instructor, waiting for further advice
regarding actions. Sometimes, having performed the first
part of the movement, these patients were unable to complete it without additional commands.
The poorest results were produced by the “parietal” and “combined” groups. Movement disorders
were often accompanied in these patients by sensory or
sensorimotor aphasia. The presence of these conditions
significantly hindered explanation of the task and its
understanding by the patients. These patients also
showed clearly marked visual-spatial disorientation.
They were poorly orientated in the direction of movement and sometimes, by shifting the CP to the left,
unsuccessfully tried to “capture” the target by moving
themselves to the right, confused the target and the basket, etc. Movements in these patients were characterized by “fussiness.” Sometimes, having made many
mistakes, these patients lost interest in performing the
task.
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Fig. 3. Learning dynamics in terms of the number of errors committed
in patients with lesions on different sides. The abscissa shows training
days and the ordinate shows the number of errors committed in the most
successful game attempts each day; mean values for each group in
points (M ± SD). 1) Patients with left-hemisphere foci; 2) patients with
right-hemisphere lesions; 3) healthy subjects.

Fig. 4. Learning dynamics in patients with focal lesions in different
locations. The abscissa shows training days and the ordinate shows the
number of points awarded in the most successful game attempts each
day; mean values for each group in points (M ± SD). 1) Patients with
lesions of the motor cortex and pyramidal system (“motor” patients);
2) patients with additional lesions to the premotor area (“premotor”
patients); 3) patients with additional lesions to the parietal-temporal area
(“parietal” patients); 4) patients with lesions of the parietal and premotor areas (“combined” patients).

Nonetheless, it should be noted that despite differences in the dynamics of training and its results, the very
first part of the formation of the motor habit (maximum
result on the first day) was identical in “parietal” and
“premotor” patients.
Analysis of the results of training patients of different groups should, however, take cognizance of the fact
that the curves shown in Fig. 4 characterize both the
learning curves and the initial deficit in task performance,
which was different in different groups (data for day 1,
Fig. 4). These factors were separated by performing
regression analysis, whereby each of the curves in Fig. 4
was extrapolated to produce the corresponding regression
curve and was then compared with the intersect of the
corresponding curves, to characterize the differences
between the initial deficits and their slopes, to characterize the actual course of learning. The initial deficit in task
performance was found to be significantly greater in
patients in the “parietal” (p < 0.05) and “combined”
(p < 0.001) patients than in the “motor” patients, and was
also greater in the “combined” patients than in the “parietal” patients (p < 0.01, t test). At the same time, the
slopes of the learning curves, which were significant in
each individual group (showing that significant learning
occurred in all groups), were insignificantly different
between groups with the exception of the differences
between the “motor” and “combined” groups and the
“parietal “ and “combined” groups (p < 0.05). Thus, the
actual courses of learning were similar in most groups.
However, interesting results were obtained when the first
(first five days) and second (next five days) halves of
training were considered separately.

In healthy subjects, both halves of the learning
curve had slopes which were not significantly different
from each other (p > 0.05). At the same time, differences
between the slopes of the first and second halves of the
curves (course of learning in the initial and final periods
of training) in all groups were significant (p < 0.05 in
the “motor” group, p < 0.01 in the “premotor” group,
and p < 0.001 in the “parietal” and “combined” groups).
Only the first halves of the learning curves of all groups
had significant slopes, i.e., unlike the situation in
healthy subjects, all groups of patients showed significant learning only in the first half of the training period.
Comparison of the different groups showed that learning
in this initial stage in the “parietal” and “combined”
patients occurred significantly worse (p < 0.05) and the
level of performance achieved in the first stage was significantly lower (p < 0.01 for the “parietal” group and
p < 0.05 for the “combined” group) than in the “motor”
patients.
Relationship between the Success of Learning
and Various Clinical and Biomechanical Factors. (The
term “success” here refers to the end result which, as
shown above, depends on the initial level of task performance as well as on learning.) It was of interest to conduct a specific analysis of which clinical measures and
biomechanical characteristics of the impairment in vertical posture significantly affected learning of voluntary
control of posture, and the extents to which they did so.
The results of this analysis are shown in Table 3. The
nature of the biomechanical impairments of vertical posture in patients with hemiparesis will be analyzed in more
detail in a separate report.
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TABLE 3. Correlation Coefficients (r) for Measures of the Success of
Learning and Some Clinical and Biomechanical Factors
Parameter

r

Severity of lower limb paralysis

–0.21

Spasticity

0.10

Deep sensation in the lower limbs

–0.29*

Mean rate of CP in the comfortable position

–0.21

Mean radius of CP in the comfortable position

–0.40**
0.30*

Loading on the impaired leg
Mean rate of CP in the central position

–0.41**

Mean radius of CP in the central position

–0.45***

TABLE 4. Clinical and Stabilometric Measures before and after Training in the Experimental and Control Groups of Patients (M ± SD)
Experimental group
Parameter

Severity of lower limb paresis (points)

Control group

before training

after 10 days
of training

initial level

at 10 days

2 ± 1.01

1.39 ± 0.68***

2.3 ± 0.8

1.8 ± 0.5*

Spasticity (points)

0.76 ± 0.80

0.7 ± 0.76

1.1 ± 1.3

1.0 ± 0.8

Deep sensation in the lower limbs (points)

0.85 ± 1.39

0.56 ± 1.05***

0.73 ± 1.8

0.65 ± 1.2

Mean rate of CP in the comfortable position (m/sec)

20.59 ± 7.80

18.2 ± 6.0

22.3 ± 7.3

22.0 ± 5.8

Mean radius of CP in the comfortable position (mm)

11.13 ± 5.93

10.71 ± 3.38

10.8 ± 0.3

10.7 ± 6.5

29.08 ± 10.3

33.0 ± 7.6*

Loading on the impaired leg (%)

30.04 ± 11.74

***

38.9 ± 10.6

*

Mean rate of CP in the central position (m/sec)

26.50 ± 11.20

22.9 ± 8.2

29.03 ± 8.3

27.0 ± 6.3

Mean radius of CP in the central position (mm)

11.06 ± 5.62

10.53 ± 5.11

10.6 ± 6.3

11.3 ± 5.6

Factors such as the severity of hemiparesis and the
level of spasticity were found not to have significant
effects on the formation of the new postural coordinations
responsible for dynamic stability. Conversely, impairments of deep sensation, which accompany hemiparesis,
correlated negatively with the success of training as measured in terms of the maximum point scores (Table 3).
As regards the rates and amplitudes of biomechanical measures characterizing the state of the vertical posture-maintaining functions, the results of training were
found to depend significantly on the initial magnitude of
oscillations (the mean radius of oscillation) in CP. The
mean speed of the CP and the mean radius of oscillation
of the CP in the central (model) position, as well as the
mean radius of oscillation and magnitude of loading on
the lesioned limb in the comfortable posture, were associated with the best learning outcomes. At the same time,
the mean rate of oscillation of CP in the posture to which
the patients were accustomed had no effect on learning
the new posture (Table 3).
Thus, the degree of intrinsic motor dysfunction (the
severity of hemiparesis and spasticity) had no effect on

the nature of learning posture coordination. At the same
time, the success of training depended on the accompanying sensory disturbances (decreases in deep sensation)
and especially on the severity of lesions to stability (the
amplitude and partial rate of oscillation of CP).
The Effects of Training on Clinical and Biomechanical Parameters. In its turn, training affected both
the severity of motor impairment and biomechanical measures of posture stability. This is illustrated in Table 4,
which shows several clinical and stabilometric measures
from patients of the experimental group before and after
training courses and from the control group who received
traditional courses of rehabilitation therapy but no training
by the biocontrol method using the stabilogram. The data
presented in Table 4 show that patients of both groups
showed improvement in the same parameters: there were
decreases in the degree of paresis and increases in the
loadings on the lesioned limb, though these changes were
much more significant in the trained patients. It is important to note that these patients, unlike patients of the second group, had significant improvements in proprioceptive sensitivity and decreases in the rate of oscillation of
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the center of pressures when the platform was centered. At
the same time, the amplitude (mean radius) of oscillations
in CP did not change significantly.

DISCUSSION
Before assessing the cortical mechanism of learning
the voluntary control of posture, we will consider the possibility of spontaneous recovery, which could affect the
results obtained here.
Pure, or “spontaneous” recovery occurs at the earliest stages after strokes, during the first three months;
according to some authors this can occur during the first
six months, because of decreases in edema, absorption of
damaged tissue, improvement in local circulation, and the
development of collateral circulation [16, 19]. Temporarily inactivated but surviving neurons in the area of the
focal lesion are released from inhibition [4], resulting in
restoration of the damaged connections.
The mean time at which our patients were studied
was 10.4 ± 8.8 months after their strokes. Thus, despite
the large variation in the post-stroke period, most patients
were studied well after the end of the period of spontaneous recovery.
At later times, recovery occurs because of mechanisms of compensatory rearrangement, based on the plastic properties of the nervous system. These result in the
formation of new systems of temporary connections,
which create a new organization for functions and perform these functions in the new conditions [2]. In other
words, learning occurs.
Vertical posture is a movement habit learned in early
ontogenesis and is based on the performance of the genetic program for standing. The questions of the extent to
which its recovery in patients with damage in different
sites is associated with the recovery of the original program and the extent to which recovery is associated with
the reorganization and formation of new motor coordination, i.e., learning, is of significant theoretical interest
both from the point of view of the structural organization
of the original program for standing and from the point of
view of studies of the roles of different structures in learning the new posture. The present study provides material
for addressing both the first (characteristics of the
impaired posture in patients with lesions of different
sites) and the second (differences in learning the new posture in patients with different lesions) processes.
As mentioned above, special analysis of the biomechanics of postural impairments in patients with damage
to different sites will be presented in a separate report. We
note here only that different cortical lesions are accompanied by significant postural disturbances – a point which
has been noted repeatedly by others [13, 15, 22] and
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which provides evidence for the existence of cortical
mechanisms for performing the program underlying vertical posture.
The first point to note for analysis of the characteristics of learning the voluntary control of the center of pressures is that lesions of the motor cortex, be they isolated
local lesions or lesions occurring in combination with
lesions to other areas of the cortex, significantly deranged
the process of learning the new posture: the learning
curve and the maximum level of learning were significantly worse than in healthy subjects. This supports data
obtained in animals demonstrating a role for the motor
cortex in reorganizing postural coordination [3]. Finally,
it should also be noted that apart from cortical lesions, our
patients also had lesions to the basal ganglia, and we were
thus dealing with combined lesions. However, the main
differences between the various groups were in the severities and locations of cortical lesions, making it possible
to assess the role of different cortical areas in learning to
control posture.
Studies of the correlation between gait and the level
of learning with the level of motor and sensory impairments showed that the nature and result of training
depend mainly not on the severity of the paresis and spasticity as such, but on the accompanying disturbances to
proprioceptive sensitivity and the severity of impairments
to the initial posture (the magnitude of oscillation of CP).
This indicates that the mechanism and pathways from the
motor cortex for controlling limb movements and posture
are different. Although lesions to the motor cortex and
pyramidal system are accompanied not only by paresis,
but also by postural abnormalities, postural derangements
arise indirectly, because of the release of modulating
pyramidal influences on brainstem structures; postural
derangements are not directly associated with the severity of paresis. Data supporting the indirect effects of the
motor cortex on the mechanisms of posture control have
been obtained in animals [3].
We will now consider the relationship between the
nature of learning the voluntary control of posture and the
side of the lesion and the relationship between the gait
and the extent of learning and the position of the lesion.
Comparison of the dynamics of learning in patients
with right- and left-hemisphere foci showed no significant differences, probably because of the wide spread in
values, which generally supports the view of Wong et al.
[25], that that the differences between these groups of
patients are insignificant. Nonetheless, throughout the
study patients with foci in the left hemisphere demonstrated greater levels of success in learning, with more
stable retention of the assimilated motor habit, which is in
agreement with published data [10] on the better rehabilitation in patients of this type. This leads to the conclusion that the right hemisphere seems to have greater
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responsibility for organizing new postural coordination
using a feedback signal than the left hemisphere. The
many errors made by right-hemisphere patients on the
first training day might be evidence for the delayed formation of the basic strategy, i.e., a rational program of
action, in these patients. It is also possible that the right
hemisphere has extensive involvement in providing for
the retention of the coordination pattern of the postural
movements in memory, which might be evidenced by the
lesser stability of the movement habit during training in
patients with focal lesions in the right hemisphere.
Analysis of the relationship between learning the
voluntary control of the center of pressures and the position of the lesion needs to consider the two stages of
motor learning – the stage of association, or formation of
a general action strategy, its thought program (the “what
to do” program) and the stage of forming the coordination
pattern for the new movement, its coordination program
(the “how to do it” program), in which the reorganization
and inhibition of inadequate synergy and coordination
take place [3]. In the present work we attempted to identify these stages, though this discrimination was very
arbitrary in nature. Since the learning curves were quite
clearly divided into an early, faster, and a subsequent,
slower, stages, we suggested that the first period, when
there were sharp increases in the results, was associated
with the formation of a general strategy for controlling
the center of pressures. It is, however, possible that this
stage, when the patient understood how to shift the CP
and solve the task, was limited to the first two days. In the
latter case, the differences in the so-called initial deficit in
task performance (data from the first day) also characterized the difference in the formation of the strategy for
performing the task. The second stage started on day 3–5,
when increases were smoother. This is most likely when
further rearrangement in the coordination pattern of the
already assimilated posture and movements and refinement of the formed habit occur.
It was significant that these stages of learning
occurred differently in patients with damage in different
locations. It was clear that both the motor cortex and the
associative areas – the premotor and parietal – are
involved in both the first and the second stages of learning.
The learning deficit in the initial stage was seen in all
groups of patients, demonstrating the involvement of the
motor cortex not only in reorganizing coordination but
also in the process of forming the thought program. In the
“parietal” and “combined” groups of patients, this deficit
was significantly worse, which appears to demonstrate
the important role of the parietal associative area at this
first, cognitive stage of learning.
The second stage of learning – the stage at which
coordination is rearranged and refined – was virtually
absent in all groups of patients. This seems reasonable, as
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all groups of patients had lesions to the motor cortex,
whose role in reorganizing postural coordination in learning had been demonstrated in several animal studies
[3, 14, 20, 24]. It should, however, be borne in mind that
this learning paradigm did not involve the patients acquiring a new, stable postural coordination but formed the habit
of rapidly shifting the center of pressures towards the
unexpected and unpredictable appearance of targets at different points of the screen with subsequent rapid shifting of
the CP towards one of the baskets, i.e., the habit of rapidly
controlling the center of pressures. In these conditions,
even after selection of the optimal strategy for moving the
CP at the first stage of learning, patients subsequently, in
each test, had to solve the task of rapidly shifting the CP in
previously unknown directions. It is clear that in this situation, problems associated with decision-taking and initiating displacements of the CP in “premotor” patients, as well
as the problems of sensory integration and the sense of the
body’s position in the extrapersonal space in “parietal”
patients must play a significant role.
The relationship between the level of learning and
the severity of the proprioceptive deficit seen here is evidence of the priority of sensory mechanisms in the task of
learning the voluntary control of the center of pressures
using biological feedback provided by the stabilogram.
The degree of postural stability – the amplitude of oscillations of the center of pressures, which is itself significantly dependent on sensory mechanisms – also plays a
very important role in learning. At the same time, the process of learning to control the position of the center of
pressures has significant effects on motor systems,
decreasing the severity of paresis and spasticity. One factor may be additional proprioceptive afferentation arising
as a result of selective activation of various muscle groups
during voluntary displacement of the center of pressures.
Thus, there is no doubt that cortical mechanisms are
involved in the control of posture and learning the voluntary control of the center of pressures. A variety of cortical
zones take part in these processes. The greatest disability in
solving the task arises in patients with combined lesions of
the motor and parietal areas or the motor, premotor, and
parietal areas. A deficit in sensory integration and the perception of the body’s position in space in patients with parietal lesions is one of the major limiting factors and cannot
be overcome during the training process.

CONCLUSIONS
1. Voluntary displacement of the center of pressures
and learning to perform this task using biological feedback
provided by a stabilogram were significantly impaired in
patients with hemipareses due to cerebrovascular accidents in the territory of the middle cerebral artery.
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2. Patients with lesions in the right hemisphere
showed rather greater deficits in performing the task than
patients with lesions in the left hemisphere.
3. Patients with lesions in different locations showed
different deficits in task performance on the first day of
training. The greatest impairment was seen in groups with
accompanying lesions in the parietal-temporal area and
combined lesions of the motor, posterior frontal (premotor), and parietal-temporal areas.
4. While healthy subjects showed significant learning over all 10 days of training, the learning process
stopped in patients with hemipareses at the early stage,
and no significant learning occurred during the second
stage of training (days 5–10).
5. Learning during the initial stage was significantly
worse and the level of performance achieved was significantly worse in patients with accompanying lesions of the
parietal-temporal area and with combined lesions of the
motor, posterior frontal (premotor), and parietal-temporal
areas, as compared with patients with local lesions of the
motor area.
6. The extent of learning was independent of the
severity of the motor deficit (paresis, spasticity), but was
associated with the severity of derangements in proprioceptive sensation and with the severity of derangements
to vertical posture (asymmetry in the distribution of supporting pressures and the amplitude of oscillations in the
center of pressures).
7. The learning process had positive effects on the
severity of motor impairment and on the asymmetry of
the distribution of supporting pressures in the standing
posture. Postural rearrangements during body movements
occurred mainly because of impairment in the formation
of the “non-use” stereotype of the paralyzed leg.
This study was supported by the Russian Fund for
Humanitarian Research (Grant No. 00-06-00242A).
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