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DEVELOPMENT OF CONTRACTURES IN SPASTIC FORMS
OF CEREBRAL PALSY: PATHOGENESIS AND PREVENTION
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The origin of contractures in spastic forms of cerebral palsy (CP) is unclear. Tomorrow the early appearance and
persistence of spasticity are not qualified as the main reason of growths disturbances, musculo-skeletal system
deformations and secondary orthopedic complications. The latest investigations have shown prominent changes
in the spastic muscles on the different structural levels and stages of muscle development. This study describes
the histological, morphological, and biomechanical changes in the spastic muscles that play a pathophysiological
role in the formation of CP contractions. The authors discuss the changes in the muscle fiber size, differentiation
and elastic properties, degrees of the lengthening resistance in the bundles of muscle fibers, extracellular matrix
proliferation, structural and mechanical changes, disturbances in gene expression and regulation in the tendons and
muscle tissue, changes in the length and number of sarcomers, as well as the length and cross-section of the whole
muscle.

Therefore, the movement limitations and contractions in CP do not depend on one universal mechanism. It is
a combination of different structural changes in the muscles and the failure of the central movement and postural
control.
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[Tprumunel GOPMUPOBAHUSA KOHTPAKTYpP NpU CracTHdeckux Qopmax meTckoro epebpamproro mapamnda (JIIIT) mo
KOHIIa He SICHBI. B HacTosllee BpeMsA paHHee NOsAB/IEHNME M NepcucTeHuuIo cnactuyHocty npu JUII yxe He pac-
CMaTpMBaIOT KaK OCHOBOIIONAraIlyI0 NPUYMHY HapyLIEHMA POCTa ¥ Pa3BUTHUA OINOPHO-IBUTATENIbHOTO alllapaTa,
(dbopMMpOBaHMs BTOPUYHBIX OPTOIEANYECKMUX OCTOKHEHNIL. B mocnenHme necATUIeTHA pe3y/IbTaTbl MHOIOYVIC/ICHHBIX
9KCIEPYMEHTAIbHBIX M KIMHUYECKUX MCCIEOBAaHUI TOKa3any Haaudle 3HAYMTENbHBIX M3MEHEHUI B CHACTUYHBIX
MBIIIIIAX Ha Pas/JIMYHBIX CTPYKTYPHBIX YPOBHAX M 9TalaXx (pOpMMPOBAaHMA MBIIIEYHON TKaHU. B cTaTbe feTanbHO
06CYX/JAI0TCsI TUCTONOTMYECKIE, TUCTOXMMIYeCKe, MOpOoIorndeckite, OMoMexaHIdeCKye N3MeHeH s, BbLIB/ICHHbIE
B CITACTMYHBIX MBIIIIIAX, KOTOPbIe MMEIOT IaTO(PU3NOIOTIYecKoe 3HadeHne it (GOpMUPOBaHMs KOHTPAKTYpP MO Mepe
pocra u pasButuaA pebenka ¢ JIIIT: usmenenue pasmepos u audQepeHIPOBKY MBIIIEYHBIX BOTOKOH; YMEHbIIEeHNe
9/IaCTUYHOCTY OT/ETbHOTO MBIIIEYHOTO BOJIOKHA U CHIKEHME COINPOTUBIAEMOCTY PACTKEHUIO ITyYyKa BOTOKOH; IIPO-
mdepanya BHEKIETOYHOTO MATPUKCA, M3MEHEHHOTO IO CTPYKType ¥ MeXaHNYeCKMM CBOVICTBAM; M3MEHEHMe 9KC-
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mpeccuy TreHOB B CYXOXWIMAX U MBIIIIEYHOM TKaHU, a TaKXe perymAannmn 3KCIIpecCcny reHoB, BAMAIOIINX Ha COCTaB
BHEKJIETOYHOTO MaTpUKCa; M3MEHEHNE [/IMHDBI 1 4MCjIa CAPKOMEPOB B MI/IO(bI/I6pI/UUI8_X CIIAaCTUYHBIX MBIIII; USMECHECHIE

IJIVHBL 1 IIOIIEPEYHOrO CE€YEHM L€I0J MBILIIIBL.

Takum o6pasoM, orpaHUYeHNe NBUTATEBHON aKTMBHOCTHU, XapakrepHoe mns JIII, u ¢popMmupoBaHue KOHTPAKTYp
IpY CIacTUYecKMX GpopMax 3abo/neBaHMA He MOIYT OBITh OOBbACHEHBI OfHMM YHUBEPCATbHBIM MEXaHM3MOM, a ITIpefi-
CTaB/IAIOT CO00JI KOMOMHALMIO CTPYKTYPHBIX M3MEHEHMII B MBIIIIAX U PasHbIX HapYIIEHU LeHTPaTbHOIO KOHTPOJIA

IOBVDKEHUS U TIOAJEP>KaHNA O3B

KnroueBbie cmoBa: JIETCKI/IIZ uepe6paanbH71 Tmapanny; CiaCTU9IHOCTb; KOHTPAKTYpa; MbIIIEIHOE BOJIOKHO; BHEKIIETOY~

HBIN MaTpUKC; CApKOMEpP; IKCIIpeCcCcus I'e€HOB.

Introduction

Spasticity can be defined as a rate-dependent
increase in the muscle tone and increase in the
reflexes to tension, a symptom of damage to the
upper motoneurone [1]. The cause of this damage
can be stroke, tumors, traumas of the brain and the
spinal cord, neurodegenerative diseases, or infantile
cerebral palsy (ICP).

Cerebral palsy, a result of non-progressive
damage to the developing brain of a child in the
perinatal period [2], remains the main neurological
cause of disability in children [3]. The spastic forms
of cerebral palsy account for > 80% of all cases [4].
Conventionally, the early appearance and persistence
of spasticity in cerebral palsy is considered a leading
cause of disruption of the growth and development
of the musculoskeletal system as well as the
formation of secondary orthopedic complications,
such as contractures and dislocations in the
joints [5]. Cerebral palsy symptoms concomitant
to spasticity are muscle weakness, loss of selective
muscle control, and reciprocal inhibition of
muscle antagonists, perceptual disorders that also
contribute to worsening functional deficiency and
limiting of normal life. Most methods of treatment
and rehabilitation for patients with cerebral palsy
(exercise therapy, instrumental physiotherapy,
plastering, orthotics, neurotomy, intrathecal
baclofen therapy, injections of botulinum toxin,
oral antispastic drugs, etc.) primarily aim to reduce
the spasticity and prevent contractures [6, 7].
Thus, the annual efforts and costs for correcting
spasticity and its consequences are enormous;
however, the effectiveness of these measures is still
unclear; further, an understanding of the true role
of spasticity in the formation of contractures in
cerebral palsy is also unknown.

A logical theory that explains the formation
of contractures in cerebral palsy by the mechanism
of “damage to the upper motoneuron — spastici-

ty — restriction of movement in the muscle — pro-
longed muscle shortening and its inability to
grow equally with bone — contracture” [8]
is not fully confirmed by modern clinical
studies [9, 10]. Therefore, even with successful
elimination of spasticity in cerebral palsy after
dorsal selective rhizotomy, the limitation of the
volume of movements and contracture in the
leg joints progresses during subsequent years of
observation [11]. Increasing evidence shows that
spasticity is not the only key factor in the formation
and progression of contractures in cerebral
palsy. This is a multi-step process that involves
more complex and contradictory mechanisms of
secondary adaptive changes in the muscles with
central nervous system (CNS) damage and their
primary role in the formation of contractures [12].
Clarification of these mechanisms is necessary
both from the point of view of a fundamental
understanding of pathophysiological processes and
for making a reasonable choice of effective methods
to prevent secondary deformities in cerebral
palsy.

Here, we discuss the possible mechanisms for
the formation of contractures and changes revealed
in the muscles at different structural levels, with
spastic forms of cerebral palsy.

Thus far, several international experts have
conditionally divided most of the known muscle
changes in cerebral palsy into the following three
large groups [10, 12]:

1) histological and histochemical changes in the
muscles (changes in the cell characteristics,
types of myocytes, connective tissue content,
and gene expression);

2) morphological changes (myocyte diameter,
length of muscle fibers, length and cross section
of the entire muscle, angle of attachment of
muscle fibers to the tendon, as well as number
and length of sarcomeres); and
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3) biomechanical changes (disorders in the deve-
lopment of muscular effort, tension, and
moment of force).

Changes in muscles with spasticity

Dimensions and differentiation
of muscle fibers

The study of muscle biopsy samples appears the
most logical method of determining the structural
changes underlying the formation of contractures in
spasticity; however, the methodological and ethical
aspects significantly limit the use and interpretation
of the results of this method [13]. The results of most
such studies rely primarily on the evaluation of the
structural changes in the muscles of various animal
models and cannot be unequivocally transferred
to humans. The results obtained in the study of
intravital biopsy samples of muscles of spasticity
patients are limited by the permissible dimensions
of the tissue samples taken and the spectrum of the
muscles studied.

Normally, histological examination of a healthy
skeletal muscle is represented by a set of tightly
packed muscle fibers that form closely adjacent
polygons. The increased load on the muscle leads
to hypertrophy of the muscle fibers, while the lack
of load results in atrophy. Thus, as a rule, the size
of the muscle fibers is an indicator of the muscle
motor activity. Muscle biopsy samples obtained
from patients with spasticity are characterized by
an increased variability in the muscle fiber size,
a large number of “round” and “bitten” rather than
polygonal structures, and an increased volume of
extracellular space [14-18]. However, such disorders
are not specific for spasticity, they occur in several
other neuromuscular pathologies and do not
provide sufficient information regarding the degree
of load on the muscle and the processes underlying
contracture formation [19].

Ontogenetically, the muscle tissue undergoes
various stages of “maturation” during which
the embryonic and neonatal forms of myosin
are replaced by “adult” ones, potentially during
the entire period of childhood and early ado-
lescence [20]. Expression and transformation of
myosin are exposed to hormonal regulation and
modulation due to muscle activity [21] and various
external influences, especially mechanical stretching
(flexibility of the skeletal muscles) [10]. Changes in

the level of motor activity in cases of CNS damage
and lack of weight loading disrupt the maturation
of the “adult” forms of myosin [22].

The number of muscle fibers in the motor unit,
the type of myosin in the fiber, and the synthesis of
acetylcholine receptors are determined prenatally, to
the greatest extent by the dimensions and activity of
the innervating motor neuron [23, 24]. Early damage
to the central motor neuron in cerebral palsy leads
to a disorder in the differentiation of muscle fibers
and neuromuscular transmission [20, 25]. Thus,
a child with prenatal CNS damage can be born with
an already impaired differentiation of muscle fibers
as well as structural anomalies of muscle spindles
and acetylcholine receptors. Further, the initial
postnatal stages of motor development that are of
decisive importance with respect to redistribution,
appearance, and loss of innate neuromuscular
interrelations will be affected [24, 26]. Thus,
a survey of 21 children born premature with a low
body weight and various injuries of the upper
motoneuron showed a postnatal delay in the
maturation of muscle fibers [27].

Most muscles contain the fibers of types 1 (slow)
and 2 (fast) in their structure, the proportion of
which depends on the basic function of the muscle.
Thus, the salens muscle consists predominantly of
slow fibers of type 1, ensuring the maintenance of
a prolonged stable muscle contraction necessary
for retaining the posture and balance, while the
gastrocnemius muscle predominantly includes the
fast type 2 fibers necessary for the development of
active rapid contraction while running and walking
and an effective rear thrust [28]. Chronic electric
stimulation of the muscle can gradually transform
it into a slow type [29-31] with all the relevant
characteristics: an increase in the number and density
of capillary distribution, the predominance of type
1 muscle fibers, increased endurance, and decreased
strength. The opposite model with a chronic decrease
in the muscle load due to immobilization [32, 33],
tenotomy [34], and artificial weightlessness [35] led
to a decrease in the size of the muscle fibers and
predominance of fast type 2 fibers in the muscle.
Thus, in the experiment, the chronic excess load on
the muscle or, conversely, its inactivity reflected on
the structure and type of muscle fibers. In biopsy
studies, spasticity patients demonstrated increased
proportion of type 1 fibers in the skeletal muscles
[17, 25, 36] and, conversely, the predominance of
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type 2 fibers [37]. Several investigators [14-16, 18]
have reported a lack of significant change in the
percentage of one or another type of muscle fibers
in cases of spasticity. Thus, there is no consensus
regarding whether the histological changes in the
spastic muscle reflect its excessive or insufficient
activity as well as excessive or insufficient
innervation. These contradictory results may be
attributable to the individual differences in the
methods used for performing the experiments and
interpreting the results of the biopsy examinations
in human models. Nevertheless, the obtained
data indicate that the structural changes in the
muscles in spasticity, especially arising in the early
perinatal lesions of the CNS, are not limited to the
restructuring of the fibers due to the individualities
of the mechanical load on the muscles. Significant
contribution is made by violations at the early
(embryonic) stages of aniage and maturation of
the neuromotor apparatus and its subsequent
ontogenetically innate transformation in conditions
of impaired central innervation.

Changes in the mechanical properties
of muscle fibers and extracellular matrix

The results of a study on passive mechanical
properties of isolated muscle fibers and bundles
of 5-50 fibers taken from spastic muscles (9 pa-
tients) and healthy muscles in persons without
spasticity (21 patients) are interesting [38]. Using
microtechnics, the authors compared the resistance
to stretching of the individual muscle fiber and the
muscle bundle. The logical result was that both
spastic and non-spastic bundles of muscle fibers
exerted greater resistance for stretching than the
individual fibers of the corresponding muscles.
This was because the fiber bundles contain an
extracellular matrix represented by various types of
collagen as well as proteoglycans and glycoproteins
that provide additional resistance compared to
a single muscle fiber. However, in healthy muscle
tissue, the stretch resistance of a fiber bundle was
16 times greater than that of an individual fiber,
while in a spastic muscle, this parameter differed
only by a factor of 2. In addition, in spite of the
lower stretchability of a single spastic muscle fiber
compared to that of a non-spastic muscle fiber, the
bunches of spastic fibers were more stretchable than
those of healthy muscle fibers. A histological study of

the sections of these muscles showed that the spastic
muscles contained a considerably larger amount of
extracellular matrix. Based on the obtained data, the
authors concluded that, in spite of the fact that the
spastic muscles contain more extracellular matrix,
its “quality” and resistance to stretching are inferior
to those of a healthy muscle. However, the very
nature of quantitative and qualitative changes in
collagen and other matrix components in spasticity
require further investigation.

As mentioned above, R.L. Lieber et al. [38]
as well as J. Fridén and R.L. Lieber [39] showed
that the resistance to stretching of a single muscle
fiber of the spastic muscle was higher than that
of a healthy muscle fiber. These results suggested
that in the presence of spasticity in the muscle
fiber, the functioning of the structures responsible
for maintaining the length of the sarcomer at rest
and the stretch resistance is disturbed. One of the
most likely causal factors is the giant protein of
the cytoskeleton, titin [40]. Currently, there is no
direct evidence of damage to spasticity by titin;
however, indirect data suggest the likelihood of
such a mechanism. Thus, titin is known to exist in
various isoforms in the skeletal and cardiac muscles,
determining the differences in the elasticity of
these types of muscles [40]. Further, titin isoforms
in the cardiac muscle are shown to change with
ischemia [41]. Such transformation of titin isoforms
in combination with a secondary change in the
collagen expression against ischemia decreases the
elasticity of the cardiac muscle and the formation
of secondary (ischemic) cardiomyopathy. Thus, the
possibility of transformation of titin in the skeletal
muscle with spasticity into less elastic isoforms
exists; however, such an assumption requires
experimental confirmation.

Another possible mechanism for contracture
formation in cerebral palsy that is actively discussed
in the literature is a decreased population of satellite
cells [42, 43].

Thus, the presented data indicate that the
spastic muscle, although composed of fibers that
are more “dense” and nonstretchable than those of
the healthy muscle, contains an increased amount
of extracellular matrix with significantly altered
mechanical properties. The question regarding which
of the following is the primary mechanism remains:
the formation of an incompetent extracellular
matrix and the compensatory attempt of the spastic
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muscle to reduce the stretchability by compacting
individual fibers or the primary compaction of
muscle fibers against spasticity and compensatory
changes in the composition and characteristics of
the extracellular matrix.

Gene expression

In several studies on spasticity patients, there
were changes in the gene expression in the tendons
and muscle tissue as well as in the regulation of
expression of genes that influenced the composition
of the extracellular matrix [44, 45]. However,
changes in gene transcription in the study of
L.R. Smith et al. [45] were found both in the
flexor muscles and in the extensor muscles of the
spastic arm, indicating a similar transcriptional
adaptation of the antagonist muscles, despite the
prevalence of spasticity in the flexor muscles. In
a later study by L.R. Smith et al. [46], in the biopsy
specimens of the gastrocnemius and semitendinous/
semimembranous muscles of patients with cerebral
palsy, altered gene transcriptions were confirmed
(in comparison with the biopsy specimens of healthy
individuals), most of which were responsible for the
increased production of the extracellular matrix,
decreased metabolism, and activity of ubiquitin
ligase in the muscles. The increased production
of the extracellular matrix correlated with the
degree of abnormality in the stretchability of the
corresponding muscle fibers [46].

Thus, despite several questions and contradic-
tions regarding changes in the regulation of gene
expression in spastic muscles, most changes detected
in cerebral palsy were related to increased synthesis
of extracellular matrix proteins and/or a decreased
muscle metabolism.

Connective tissue content

In addition to changing the shape and types of
the muscle fibers, the accumulation of connective
tissue fibers in the muscles as well as the retraction
of the connective tissue of the articular capsules,
was usually considered another mechanism for
contracture formation in case of long-lasting
spasticity in cerebral palsy [14, 18]. Several studies
have revealed a significant correlation between the
clinically assessed spasticity level and the amount
of collagen in the muscle biopsy samples [18].

In contrast, A. Marbini et al. [36], M. Ito et al. [17],
and L. Romanini et al. [15] have shown that
the biopsy samples of spastic muscles contained
a normal amount of connective tissue. J. Fridén
and R.L. Lieber [39] as well as J. Rose et al. [16]
also reported that about 50% of the biopsy samples
from the muscles involved in “static and dynamic”
contractures were regarded “normal” or as having
minimal deviations. However, M. de Bruin
et al. [47] described an increase in the connective
tissue content along the vessels and nerves inside
the spastic muscles and the absence of similar
changes in other parts of the muscles; the authors
interpreted this as a compensatory response
to the increased load on these structures in
spasticity.

Change in the length of the sarcomeres

The development of maximum muscle tension
depends on the optimal overlap of actin and myosin
tibrils owing to the repeated number of sarcomeres
and their length [13, 28]. The growth of muscle
fibers is because of the addition of new sarcomeres
in response to stretching, load, and growth of the
adjacent bones [48]. R.L. Lieber and J. Fridén [49]
assessed the length of the muscle fibers and
sarcomeres in the elbow flexor muscle of the
hand (FCU — Flexor Carpi Ulnaris) in 6 patients
with severe flexion contraction of the hand with
spasticity and in 12 patients with damage to the
radial nerve and normal innervation of FCU [49]
during surgical intervention. With full flexion in
the wrist joint, the length of the sarcomeres in the
spastic muscles significantly exceeded that of the
sarcomeres in the control group (3.48 + 0.44 vs.
2.41 + 0.31 microns); however, the length of the
tibers was comparable in the two groups. This result
could be explained either by a disproportionate
growth of the muscle in comparison with the bone
(the inability of the spastic muscle to add new
sarcomeres during growth) or the loss of a part of
the sarcomeres in case of CNS damage [49, 50]. In
any case, increasing the length of sarcomeres leads
to a reduction in the area of overlap of actin and
myosin fibrils and a decrease in the muscle effort
development by up to 40% of the norm; this could
be a potential mechanism for reducing the muscle
strength and activity in patients with cerebral palsy
and, consequently, contracture development.
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Change in the cross section and length
of the whole muscle

The cross-sectional area of the muscle and
the angle of attachment of the muscle fibers to
the tendon are parameters that significantly affect
muscular strength. The angle of attachment of the
muscle fibers and the force developed per unit of
the area of the cross section of the muscle increase
with age and peak shortly after the completion of
puberty [51]. In this regard, in studies using spastic
muscle biopsies, the age of patients can significantly
affect the results and interpretations. In a study by
G. Elder et al. that involved a well-chosen control
group, there was a decrease in the cross-sectional
area of the leg muscles in cerebral palsy patients
and a decrease in the strength of muscular effort
developed per unit of cross-sectional area of
muscle [52]. A. Marbini et al. also demonstrated
hypotrophy and reduction in the cross-sectional
area of muscle adductors and triceps muscles of the
lower leg along with decreased angle of attachment
of the muscle fibers to the tendon in patients with
cerebral palsy [36]. In addition, preterm patients
with cerebral palsy may not have the time to form
a sufficient number of muscle fibers [53], potentially
leading to an even greater reduction in the muscular
effort.

However, the use of an isolated parameter of
the transverse muscle size as a prognostic factor
in reducing muscle strength seems too optimistic
in the case of cerebral palsy. D. Damiano et al.
found that the thickness of the quadriceps and
lateral broad femoral muscle was compared with
the force of arbitrary knee extension in patients
with cerebral palsy and a control group created
according to age [54]. Thus, the thickness of the
muscle significantly influenced the strength of the
developed muscular effort in healthy children and
had limited contribution in the active movement
in patients with cerebral palsy along with factors,
such as lack of arbitrary control and the presence
of pathological reflex activity. In addition, as in the
case of other aspects of muscle changes in patients
with cerebral palsy, the following question regarding
the primary mechanism remains unanswered: is the
decrease in the muscle volume and the associated
decrease in muscle strength primary or is a decrease
in the motor activity due to CNS damage and the
resulting muscle hypotrophy primary? In either case,

measurement of muscle thickness in each specific
patient with cerebral palsy can be used for assessing
the results of physical training and rehabilitation.

Changes in the length of the entire muscle
in case of spasticity include both a shortening
of the myogaster itself (by 10% for the medial
gastrocnemius head — in a study on 15 cerebral
palsy patients of prepubertal age) and lengthening
of the tendon [55]. The shortened muscular part
contains fewer sarcomeres, leading to decreased
developing effort, while the elongated tendon part
affects the biomechanics of movements. Skeletal
muscles are known to have the ability to develop
maximum force at a certain initial length [28].
Muscle shortening due to spasticity and the
structural changes described above as well as the
lengthening of the tendon-muscular complex due
to overstretch/excessive surgical lengthening of the
tendon, leads to suboptimal initial conditions for
the development of muscular effort. The shortening
of the spastic muscle and the forced position of
the limb leads to hyperextension of the antagonist
muscles and progression of their biomechanical
incompetence.

Thus, the change in the length of both the spastic
muscles and their antagonists and the violation of
their biomechanical balance combined with the
manifestations of pathological reflexes, synkinesia,
causes progressive limitation of movement volume
as well as the appearance and aggravation of
contractures.

Conclusion

Despite the fact that in cerebral palsy the
primary cause of motor disorders and secondary
orthopedic complications is early CNS damage,
several experimental and clinical studies reveal
the presence of significant changes in the spastic
muscles at different structural levels and stages of
formation of the muscle tissue. The main changes
in spastic muscle include the following:

- change in the size and differentiation of the
muscle fibers;

- reduction in the elasticity of an individual
muscle fiber and reduction in the resistance to
stretching of the fiber bundle;

- proliferation of the extracellular matrix as
well as altered structural and mechanical pro-
perties;
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- change in the length and number of sarcomeres
in the myofibrils of the spastic muscles;

- change in the gene expression in the tendons
and muscle tissue as well as regulation of the
expression of genes affecting the composition of
the extracellular matrix;

- change in the length and cross section of the
whole muscle.

These changes disrupt the mechanical properties
of the spastic muscle and its interaction with muscle
agonists and antagonists and lead to a change in the
biomechanics of motion in cerebral palsy.

Thus, motor limitations and contracture
formation in the spastic forms of ICP cannot be
explained by a single universal mechanism and
represent a combination of structural changes
in the muscles and violations of the central
control of movement and maintenance of posture.
A consideration of all the described changes should
be the basis for developing and selecting the
optimal methods of rehabilitation and prevention
of contractures in ICP patients.
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