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THEORETICAL PART

Cerebral Palsy

Cerebral palsy (CP) is a well-recognized and common neurodevelopmental disorder beginning in early
childhood. It is a lifelong condition that challenges the individual child, their family and the individual as
an adult. The term of cerebral palsy was first used by William J. Little, English orthopedic surgeon
working in London, in a series of lectures in 1843 entitled “Deformities of Human Frame”. At about the
same time, a German orthopedic surgeon Henoch described the hemiplegia in children. Regardless,
cerebral palsy was known for many years as “Little Disease’ ”. In his best known work in 1862 Little
differentiated between the congenital deformities, such as talipes equinovarus, and the limb deformities
that developed subsequent to preterm, difficult or traumatic births, due to what he termed rigid
spasticity [1]. Another famous name connected with research of cerebral palsy is Sigmund Freud. He
advocated for classification of cerebral palsy using only clinical findings and was the first one to use the
term “diplegia” for all bilateral disorders. Regarding the etiology he identified three groups of causal
factors: (1) maternal and idiopathic congenital; (2) perinatal; (3) postnatal causes [2]. In the 1920’s
Winthrop Phelps, an American orthopaedic surgeon, pioneered modern aproaches to the management
of children with cerebral palsy advocating physical therapy, orthoses and nerve blocks [1]. He was one of
the founders of the American Academy for Cerebral Palsy in 1947. The first to describe the cerebral palsy
in the Czech literature were Havernoch (1897) and Haskovec (1898) [3]. There has been a long history of
treatment of children with cerebral palsy at Orthopaedic department for children and adults, 2" Faculty
of Medicine, Charles University, Prague. | would like to mention former chiefs of our department,
Professor Otakar Hnévkovsky and Assistent Professor Vdaclav Smetana, who dedicated their careers to

work with cerebral palsy and handicapped children.

There have been numerous attempts at defining the cerebral palsy. One of the older but still useful
definition is the one reported by Bax [4] : “Cerebral palsy is a disorder of movement and posture due to a
defect or lesion of immature brain.”. This defnition is helpful in descriptive terms, in order to
diferentiate cerebral palsy from progressive neurological diseases. However, it may contribute to a
misunderstanding of the secondary musculoskeletal pathology, which is not static but is most definitely
progressive [5]. The heterogenity of disorders covered by term , Cerebral Palsy”, as well as advances in
the understanding of infants with early brain demage led Mutch and colleagues to a more recent
definition [6] : ,Cerebral palsy is an umbrella term covering a group of non-progresive, but often

changing, motor impairmant syndromes secondary to lesions or anomalies of the brain arising in the
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early stages of its development.”. This definition ephasizes that cerebral palsy is not a disease entity. The
cerebral palsy syndromes are heterogenous in terms of primary ethiology and timing of central nervous
system (CNS) lesion, primary CNS pathology, clinical features and associated impairments and secondary
musculoskeletal pathology. To underline the idea that a comprehensive aproach to cerebral palsy needs
to be multidimensional and that management of CP patients requires multidisciplinary setting, disorders

commonly accompanying the motor aspects of CP have been identified in the refined definition.

The definition of cerebral palsy [7]

Cerebral palsy describes a group of disorders of the development of movement and posture, causing
activity limitation, that are attributed to non-progressive disturbances that occured in the developing
fetal or infant brain. The motor disorders of cerebral palsy are often accompanied by disturbances of

sensation, cognition, communication, perception, and/or behaviour, and/or by a seizure disorder.

Incidence of Cerebral Palsy

Cerebral palsy is one of the most common neurodevelopmental disabilities. According to last population
studies the world-wide prevalence of cerebral palsy is 2-4 patients per 1000 live births, varying according
to the amount and type of prenatal care, the socioeconomic conditions of the parents, the environment,
and the type of obstetrical and pediatric care the mother and child receive [8]. In Europe [9] it affects 2
to 3 per 1000 live birhts, as is usuall in developed countries. Low birthweight infants now comprise about
50% of all cases of cerebral palsy; in the early years of the study they comprised about 32% of all cases
[9]. Infants with a birth weight of less than 1500 grams are more likely to have cerebral palsy, with a
prevalence of 60 per 1000 compared with an overall prevalence of 3 per 1000 infants with normal birth
weight [10]. The proportion of cerebral palsy by clinical type has changed among low birthweight babies,
with relatively fewer cases with diplegia and a concomitant increase in the proportion with hemiplegia
[11]. In developed countries the overall frequency of congenital cerebral palsy has changed little during
the last decades. However this masks a dramatic increase in the frequency in the infants born most
preterm, a decline in those born moderately preterm and little change in those born at term, but the
severity of impairments of those born very preterm is decreasing while for those born at term severity in
increasing [12]. These changes may be the result of the increasing ability of perinatal care to rescue very

vulnerable infants.
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Etiology of Cerebral Palsy

The lesion responsible for cerebral palsy may have its origin in the prenatal, natal, or postnatal period.
The prenatal period lasts from conception until the onset of labor, the natal period from the onset of
labor until the actual time of delivery, and the postnatal period from the time of delivery until about 2
years of age [13]. According to the European Cerebral Palsy Study [14] brain MRI scans showed that
white-matter damage of immaturity, including periventricular leukomalacia (PVL), was the most common
finding (42.5%), followed by basal ganglia lesions (12.8%), cortical/subcortical lesions (9.4%),
malformations (9.1%), focal infarcts (7.4%), and miscellaneous lesions (7.1%). Only 11.7% of these
children had normal MRI findings. CNS pathology associated with cerebral palsy includes: CNS
haemorrhage; mechanical spinal-cord or brainstem damage; deep CNS hypoxia; cerebral cortex hypoxia;
and transient or irreversible ischaemia resulting in cell necrosis secondary to free-radical formation or

hypoxia-related metabolic cellular death [8].

Prenatal causes

Several prenatal causes have been implicated in the development of cerebral palsy, including maternal
and pregnancy-specific problems. Intrauterine and TORCH (toxoplasmosis, rubella, cytomegalovirus, and
herpes) infections may lead to cerebral palsy, which can be severe in some cases, especially if the
infections occurred in the mother during the first and second trimesters of pregnancy. The European
Cerebral Palsy Study [14] reported high rate of infections during pregnancy (39.5%). Hypoxia, another
cause of cerebral palsy, results in the prenatal period from various causes, including a ruptured placenta
or placental infarction. Chemical or alcohol dependency in a mother during pregnancy has been shown

to increase the incidence of cerebral palsy [10].

Natal causes

Natal causes for cerebral palsy are trauma or asphyxia occurring during labor. Current medical evidence,
however, indicates that labor and delivery events account for a relatively small portion of patients with
cerebral palsy . Nelson [15] reported that asphyxia alone accounted for less than 10% of patients with
cerebral palsy and that most patients with cerebral palsy had no signs of asphyxia in the perinatal period.
Prematurity is the most common natal cause of cerebral palsy. Low birth weight (less than 2500 g) and
cerebral palsy have been known to be causally related. Approximately 10% of cerebral palsy patients
weigh less than 1500 g at birth. In this low birth weight group, the risk of having cerebral palsy is 60 in

1000 compared with 3 in 1000 in infants weighing more than2400 g or appropriate-for-gestational age
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[16]. Even with the increased risk of cerebral palsy in premature infants, prematurity cannot solely be

blamed for most of the cases, since 54% of affected children are born at full term [14].

Postnatal causes

Encephalitis and meningitis can lead to a permanent brain injury, resulting in cerebral palsy. Traumatic
head injuries, caused by motor vehicle accidents and child abuse, account for a significant number of
cases of cerebral palsy that develop in the postnatal period. Cerebral palsy resulting from trauma or
associated hemorrhage usually is spastic [10]. In a study of children who suffered brain trauma, Brink
and Hoffer related the prognosis for recovery directly to the level and length of unconsciousness after
the initial insult [17]. Deep coma for longer than 1 week results in a poor prognosis for any significant
recovery. Anoxic encephalopathy from near-drowning creates a hypertonic pattern seen with extreme

rigidity [10].

Classification of Cerebral Palsy

Cerebral palsy is historicaly subclassified by nature of the motor disorder and its distribution. Howevwer,
classification by distribution applies mainly on the spastic types of CP beause the other motor disorders
have mostly total body involvement. Part of the children have mixed pattern. Percentages of the main

toporaphical subtypes of CP are listed in Table 1.

Mutch (1992)  European Study (2003)

(N=502) (N=381)

Spastic

Monoplegia 2

Hemiplegia 21 27
Diplegie 22 36
Tetra/quadruplegia 33 21
Ataxic

Truncal 6 4
Dyskinetic/dystonic 3 12
Mixed/unclassified 13

Table 1. Comparison of the percentages of the main topographical cerebral palsy subtypes from two large
surveys. Reproduced from Srutton D., Damiano D. Management of the motor disorders of children with cerebral

palsy. London: Mac Keith Press; 2004. [18]
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Spastic cerebral palsy

Hemiplegia
In hemiplegia the arm appears to be much more involved than the leg. The majority of the children with

spastic hemiplegia develop flexion/pronation/adduction deformities of the shoulder, flexion deformity of
the elbow and the ,thumb in palm“ deformity is very common and is associated with significant
functional impairment and equinus in the lower limb. Muscle imbalance is important in genesis of upper-
limb deformities [18] p.119. The stronger flexors and pronators tend to overcome less powerful
extensors and supinators. All children with hemiplegia walk, although their onset of walking may be
delayed. In the lower limbs, spasticity and contractures are more pronounced distally than proximally.
Therefore equinus deformity is very common and hip is mostly unaffected. There is a classification of gait

patterns in spastic hemiplegia by Winters et al. [19].

Diplegia
The child described as having classical diplegic cerebral palsy has both legs affected. However, partial

involvement might be found also in upper-limbs [20] p.78. The position of the upper extremity is usually
with internal rotation in shoulders, flexed elbows, wrist and fingers. Children with spastic diplegia walk
with slightly flexed and internally rotated hips, semi-flexed knees, extended plantar-flexed ankles.
However, the gait pattern of children with cerebral palsy may be highly variable because of mixture of
spasticity, contractures and muscle weakness. During the growth some of these dynamic contractures
may develop to fixed, what has important clinical consequences. The classification of gait patterns based

on kinematics of gait in spastic diplegia was introduced by Rodda et al. [21].

Quadriplegia
This is the most severe form of spastic cerebral palsy. It is characterised by bilateral spasticity with

upper-limbs more involved than lower-extremities. Quadruplegia is frequently associated with seizure,
cognitive impairment and severe mental retardation and microcephaly [20] p.79. The children develop
no (or very limited) functional movement and they are at great risk of developing contractures and

deformities. These children are unable to walk.

Dystonic cerebral palsy

Formely also called extrapyramidal or athetoid cerebral palsy. Dystonic cerebral palsy is defined to be a
motor disorder associated with abnormal movements or posture based on the dysregulation of muscle
tone and coordination [22]. It has few signs in the early months of life and the abnormal movements or

muscle tone develop at the end of the first year of life. This form often develops from hypotonic
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syndrom [20] p.81. There are unwanted movements around the mouth and of the arms and legs, and
these become particularly prominent when attempting fine or gross motor movements. Speech is always
problem and bulbar disorders (swallowing difficulties, nutrition and drooling) may be a major problem

[18] p.14.

Ataxia

This is a much less common diorder. The infant with ataxic cerebral palsy presents as floppy baby,
opposite to spasticity. There are increased ranges of motion at all joints. Volitional movements are
affected usually all over the body. Postural development is delayed, as is walking. Children with ataxic
cerebral palsy has unsteady, wide-base stamping gait and often gross intentional tremor in the arms and

hands [18] p.14.

Mechanisms of deformity

At birth, children with cerebral palsy do not have muscle contractures, bony torsion or hip dislocation.
These deformities are aquired during childhood. When looking at the pathological gait, it is important to
remember that what we see is always combination of cause and effect. We can distinguish primary,
secondary and tertiary abnormalities of gait [23] pp.180-204. Primary abnormalities are those which
occur at the moment of the brain injury and are a direct efect of this injury. They are permanent and
they can not be corrected. They are represented by loss of selective control of muscles, balance
difficulties and abnormal muscle tone (mostly spasticity). In normally developing children, muscles and
bones growth proportionally. In 1984 Ziv et al. [24] showed that muscle growth takes place at the
musculotendinous junction, which they called muscle growth-plate and that the stimulus to longitudinal
growth of muscle is stretch. In spastic mice they found that the rate of growth was reduced by 45%,
which resulted in contractures. It has been also reported that muscle belly becomes smaller in
proportion to the muscle tendon over the time [25]. In simple words, growing bones and muscles follow
the ,Star Wars Principle” popularized by professor Gage: ,May the force be with you!” [23] p.180.
Because the primary effects of the brain injury impose abnormal forces on the skeleton, neither bone
nor muscle grows normally. These changes we refer as the secondary abnormalities [23] p.180. Because
muscles and bones grow gradually, these seconday abnormalities do not occur immediatelly after brain
injury but in a direct proportion to skeletal growth. Even if we have certain mixture of primary and
secondary abnormalities there are allways several possibilities how to cope with them. And any of these
coping mechanisms may interfere with normal walking and therefore we refer to these ,coping

mechanisms” as tertiary gait abnormalities. Pathological gait is then a mixture of primary, secondary and
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tertiary abnormalities. It is highly important to distinguish between these different abnormalities,
because we are not able to change the first ones and the third ones dissapear spontaneously if we treat
secondary abnormalities correctly. And the gait analysis my help us to discriminate one from the other.
So the basic general principal to treat the gait problems in children with cerebral palsy is best expressed

by Reinhold Neibuhr:

,God, give us grace to accept with serenity the things that cannot be changed, courage to change the

things which should be changed and the wisdom to distinguish the one from the other.”

Spasticity

Spasticity is one of the most serious problems in patients who have upper motor lesion in the brain or
spinal cord. It was defined by Lance in 1980: , Spasticity is a motor disorder characterized by a velocity
increase in tonic stretch reflexes, with exagerated tendon jerks resulting from hyperexcitability of the
stretch reflex, as one component of the upper motoneuron syndrome®“. As the definition says, spasticity
is only one of the positive features of the upper motoneuron syndrome. Other positive features are
clonus, hyperreflexia and co-contraction. Clinicians tend to concentrate to these positive features and
omit the negative ones (weakness, loss of selective motor control, sensory and balance deficits).
Nevertheless, these negative features of the upper motoneuron syndrome are important for prognosis
of a child with cerebral palsy. Amongst these factors, muscle weakness is significant in limiting walking
ability and motor function [26]. In the past, spasticity has been considered the major obstacle to motor
function. However, advances in the management of spasticity have demonstrated that muscle weakness
limits functional improvement [27]. Furthermore, orthopaedic surgery involving muscle-tendon
lengthening procedures is known to reduce muscle strength [28], particularly in the presence of pre-
existing weakness. Nevertheless, strength gains in children with spastic cerebral palsy can be achieved
through strength training [29]. In contrast to healthy subjects it was shown in children with cerebral
palsy [30;31] that major reason for increased energy cost of locomotion is ineffective gait due to
simultaneous activation of agonist and antagonist muscles, i.e. co-contraction, which is therefore
another important positive feature of the upper motoneuron syndrome. Both positive and negative

features of upper motor neuron syndrome are displayed in Figure 1.
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Figure 1. Diagram showing the neuromusculoskeletal pathology in cerebral palsy. Both positive and negative
features of upper motor neuron syndrome together with their influence on musculoskeletal pahtology are
displayed. Reproduced from Graham and Selber: Musculoskeletal aspects of cerebral palsy, J Bone Joint Surg [Br]

2003;85-B:157-66 [32].

Treatment options of children with cerebral palsy

When treating a child with cerebral palsy the goal is not to treat the cerebral palsy itself, but to improve
some area of function and/or the quality of life. These goals should be clearly stated before the
treatment. The ability to walk still remains the most significant goal for most parents with respect to
their child with cerebral palsy [13]. However, going beyond this to help the child improve, develop and
acquire new skills in all areas of development, is also important. Because of the complexity of the

problems in children with cerebral palsy, the team taking care of these children should be
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interdisciplinary to determine the best treatment and optimize outcomes. Usually, the team consists of
the neurologist, physiotherapist, orthopaedic surgeon, pediatrician, orthotist to name just the most
important subspetialities. The treatment option is influenced by several factors, like the patient’s age,
size, functional status, present or risk of future musculoskeletal deformities, developmental potential
and mental status. All these have an impact on treatment decision-making process. Although children
with cerebral palsy have altered development because of their neurologic abnormality, they will still
make developmental gains due to the brain maturation. Rosenbaum et al. described 5 distinct motor
development curves [33]. These describe important and significant differences in the rates and limits of
gross motor development among children with cerebral palsy by severity. However, even if a certain
gross motor development status was achieved, the functional status may be adversely affected by
growth. Adolescents are particular susceptible to these changes during pubescent growth and fuctional
deterioration si common at that time [34;35]. Most children with cerebral palsy do not have just one
specific treatment modality for their spasticity, but rather benefit from variety of treatments.
Traditionally, treatment adopted , pyramid“ aproach (Figure 2) in which the most conservative measures
were initiated first and more aggresive measures used when the more conservative treatment failed [23]

p.251.

| e DR

| Orthopedic aangery

MeLnmhy®e bocks

Oiral Meclrnant

| PIST Broscingf costs

Figure 2 llustration of the traditional ,,pyramid“ approach to the treatment of cerebral palsy.

A variety of treatment modalities have been used and investigated for management of cerebral palsy
and spasticity. They include traditional physiotherapy (with a range of motion-stretching exercises and
splints or orthotics), oral medications, neurolytic blocking agents (such as phenol or botulinum toxin A
(BTX-A)), orthopaedic surgery (in particular tendon-lengthening procedures), intrathecal baclofen (ITB)
pumps and selective dorsal rhizotomy (SDR). Intervention and rehabilitation for spasticity and related
musculoskeletal effects in cerebral palsy should commence early and onces started it is a lifelong lasting

process. As | mentioned before in the text, the goals of the therapy should be stated before the
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treatment and re-evaluated whenever the goal is reached or the child does not progress futher. The

overview of the treatment modalities in children with cerebral palsy is to be found in Table 2.

T ft
ype ortone Age Advantage Disadvantage Cost
problem
. Improves .
Physiotherapy  All types Any development Expensive SSS
Oral Diffuse >1 year Works Sedating S

medication systematically

Improves joint Fails to reduce
Bracing/Casts All types Any position and S

range of motion deformity
. Temporarily
Orthopaedic All types 5 years to Cgrrects reduces $8s
surgery adolescent alignment .
deformity
Neurolytic Reduces
Focal A T
blocks oca ny spasticity emporary 2%
. . Eliminat .
SDR Diplegia 4-8 years 'minates Irreversible $$SS
spasticity
T8 Lower >17kg of Adjustable tone  20% of adverse $848
extremity bodyweight reduction effects

Table 2: Treatment options for cerebral palsy: indications, advantages/disadvantages, and relative costs.

Reproduced from Gage JR.: The treatment problems in cerebral palsy. London: Mac Keith Press, 2004, p.250 [23].

Physiotherapy

Physiotherapy plays an essential role in the management of cerebral palsy. It is the first therapy to be
descibed. The intervention ranges from passive muscle stretching to increase the range of motion to
specific neurodevelopmental concepts based on understanding of neuroscience and child motor
development. The most common aproaches are Neurodevelopmental treatment introduced by Karel and
Berta Bobath and the Method of Vojta’s reflexed locomotion. To maintain the functional level of a child
with cerebral palsy, muscle strengthening is an important issue. It is a well documented fact that children
with cerebral palsy have a significant weakness of lower extremity muscles in comparisson to normally
developing children [26]. Damiano and Abel found an improvement in gait and gross motor function

following 6 weeks of isotonic muscle strengthening in ambulant children with cerebral palsy [29].
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Moreover, the effect of 6 weeks of strength training may be as high 140% in children with cerebral palsy
[36]. Orthoses are designed to provide joint stability, to hold a joint in a functional position and to keep
tight muscles stretched. The biomechanical prerequisites of the orthotic design need to be considered in
order to address the gait problem. Serial casting is used to lengthen already shortened muscles and soft
tissues and to prevent or correct contractures. Although some of the studies showed positive effect of 6
weeks casting comaprable with BTX-A [37], it might have deletorious weakening effect on agonist as well

as antagonist muscles. However, serial casting might prolong the possitive effect of BTX-A injections [38].

Oral medication and neurolytic blocks

Oral antispasticity agents are usually of relevance to individuals with generalized or diffuse muscle
spasticity, such as spastic quadriplegia, rather than to individuals with focal spasticity. These medication
exert their effect by inhibiting excitatory neurotransmiters or augmenting inhibitory neurotransmiters at
the level of spinal cord. Unfortunately, these medications are not selective for the spine, and the
neurotransmiters changes in the brain may produce sedation prior to spasticity modulation [39]. For oral
distribution Baclofen (presinaptically inhibits release of excitatory neurotransmiters in the spinal cord),
benzodiazepines (augment GABA-mediated inhibition in the spinal cord and supraspinally), Dantrolene
(inhibits release of calcium from sarcoplasmatic reticulum in the muscle) and alpha2adrenergic agonists

(presynaptically inhibits release of excitatory neurotransmiters in the spinal cord and supraspinally).

Botulinum toxin type A (BTX-A) injections has been used clinically for more than 20 years. BTX-A induces
muscle weakness by preventing the release of acetylcholine from the presynaptic axon at the motor
endplate [40]. The degree of weakening depends on the dose of BTX-A and on the number of synapses
affected [41]. Spasticity reduction due to the effects of BTX-A injections typically lasts from 12 to 16
weeks. Re-innervation takes place by sprouting of new nerve terminals, a process that peaks at 60 days
in humans [42]. Functional benefits may last for up to 6 months or even longer [43]. Beside the effect of
muscle weakening, BTX-A was proved to influence longitudinal growth of an injected muscle in an animal
model [24]. Based on computer simulation and modeling the same effect was confirmed in humans 4
weeks after the BTX-A application [44]. Similarily to orthopaedic procedures, there is a trend for
multilevel BTX-A application [38].Moreover, the BTX-A treatment was proved to delay and reduce the

frequency of surgical procedures [45].
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Surgical treatment

Selective dorsal rhizotomy (SDR) has been used to reduce spasticity and improve function in ambulant
children with spastic diplegia [46] and to ease care of children with spastic quadriplegia [47]. The
rationale of SDR is consistent with neurophysiological evidence that spasticity is the result of decreased
inhibition from upper motor neuron corticospinal tracts and interneuron inputs. The procedure is most
safely performed by using intraoperative nerve root stimulation and EMG with the cutting of the least
number of nerve rootlets which will bring about an effective reduction of spasticity. Outcomes of SDR
are generally favorable. Children with cerebral palsy sustain permanent reduction in muscle tone of
lower extremity, increased range of motion and also gait improvement [48]. However, the proper

indication is crutial for a good outcome.

Baclofen has been used extensively as an oral agent, but problems with the blood—brain barrier and side
effects at the amounts necessary for efficacy have resulted in limited clinical utility. Using a
programmable implanted pump, baclofen can be delivered intrathecally to the target tissue at
reasonable dosages, avoiding systemic side effects [49]. Intrathecal baclofen is both adjustable and
reversible. Appropriate candidate for intrathecal baclofen are those with severe generalized spasticity
that interferes with function or impairs the ability of caregivers to help the patient [50]. Continuous
intrathecal baclofen infusion decreases spasticity in the upper and lower extremities, and reduces clonus
and muscle spasms [49]. The high cost of the pump remains problematic and therefore its use in the

Czech Republic is very limited.

Orthopaedic surgery

Orthopaedic interventions remain a critical element in the management of children with cerebral palsy.
Because of the spasticity, certain muscle groups function in an abnormal fashion including prolongation
of their phase of activity into a portion of the gait cycle when they should otherwise be silent (dysphasic
activity) and an increase in the strength of contraction during their active phase, thereby overpowering
their antagonists (excessive activity) [51]. If such a muscle imbalance persists, spastic muscles may
develop contractures over time, and limitation of joint motion together with bony deformities is the
results. Therefore reduction of muscle strength of these dysphasic and overactive muscles by surgical
release of their origins or re-establishing of balance by lengthening of tendons provides functional
improvement during gait. Overall, the aims of surgery are to reduce established deformity, improve
cosmesis, improve gait pattern and reduce the energy cost of walking. The muscles which are most

frequently addressed surgically tend to be those muscles which cross two joints and work for a
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significant portion of their activity in an eccentric mode [52]. Those muscles are hip adductors, hip
flexors, hamstrings, rectus femoris and triceps surae. The selection, timing and procedural use of
orthopaedic surgery has changed significantly in recent years. In the lower limb there is a definite trend
to avoid, or at least to delay, surgery until a child’s gait has matured in late childhood. With introduction
of multilevel application of BTX-A, the age of the first surgery has been proved to be postponed [45].
Another important change over the pas 20 years is a steady trend towards single-event multilevel
surgery (SEMLS) in place of the ‘birthday syndrome’ when children come in for their annual single-staged
surgical procedure [52]. The introduction of gait analysis into the pre-operative planning of surgical
interventions in children with cerebral palsy means a great step forward to evidence-based medicine and
better understanding of pathobiomechanics of gait and muscles’ function. Thanks to gait analysis a new
surgical method, rectus femoris transfer to treat the stiff-knee gait and improve the knee function, was
introduced and widely accepted [53]. It has been proved that surgical intervention, guided by
preoperative gait analysis, is effective and safe for children with cerebral palsy [54]. It is beyond the
scope of the present work to discuss all the indications, limitations and timing of different surgical
procedures. The reader may find the clinical and gait analysis criteria of the most frequent surgical
procedures in children with cerebral palsy in the Table 3 or more detailed information might be found in

the paper of Davids et al. [55].
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Clinical criteria
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Gait analysis criteria

Intrapelvic psoas lengthening

Adductor lengthening

Medial hamstring lengthening

Lateral hamstring lengthening

Distal rectus transfer

Gastro-soleus lengthening

Foot tendon lengthening/transfers

Tibia derotation osteotomy

Femur derotation osteotomy

Fixed flexion deformity of >15°

Passive hip abduction after hamstring

lengthening of less than 30°

Increased popliteal angle/fixed flexion

deformity under anesthesia

Increased popliteal angle/fixed flexion

deformity under anesthesia persisting

Positive Duncan-Ely Test

Equinus deformity not correctable

under anesthesia

Varus/valgus deformity seen during

observational gait analysis

Bony rotational deformity of more

than 10°

Bony rotational deformity of more

than 10°

Double bump pattern seen on sagittal

plane pelvis kinematics

Decreased knee flexion at initial

contact/terminal swing

Decreased knee flexion at initial

contact/terminal swing

Inadequate knee flexion in swing

Equinus at initial contact and in
stance, reversal of slope of ankle
moments, energy generation in mid-

stance

Persistent internal/external rotation

throughout the gait cycle

Persistent internal/external rotation

throughout the gait cycle

Table 3. Indication criteria for the most frequent surgical procedures in management of children with cerebral

palsy, based on the clinical and gait analysis examination. Reproduced from Saraph V. et al.: Multilevel Surgery

in Spastic Diplegia: Evaluation by Physical Examination and Gait Analysis in 25 Children. Journal of Pediatric

Orthopaedics (2002) 22:150-157
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Gait

Locomotion is a feature of all animals. Quadrupeds are inherently fast and stable. Their centre of mass is
located inside of base of support. A long stride is possible, because the body is interposed between the
front and back limbs. Humans employ bipedal gait that is less stable, because the centre of mass is
located above the base of support, just in front of the S2 vertebra. However, bipedal gait has the

significant advantage of freeing the upper extremities.

Gait can be defined as a method of locomotion characterized by periods of loading and unloading of the
limbs [56]. Another definition of gait is that of Perry: ,,Walking uses repetitious sequence of limbs motion
to move the body forward while simultaneously maintaining the stance stability.” [57]. Gait is a very
complex activity. It requieres a coordination of central nervous and musculoskeletal system, therefore
many disorders of these systems result in significant interference with gait which make it difficult to
participate in normal human activities. One of the basic purposes of clinical gait analysis is to define

these difficulties and to suggest remedial intervention.

Normal gait has four basic prerequisities that were defined by Perry [58] and the fifth one was added by

Gage [23]. These are, in order of importance:

1) Stability in stance — is a big challenge because the centre of mass is situated high above the base of
support. This means that body must constantly alter the position of the segments in space in order
to maintatin ballance over the base of support which is changing while walking. This is also called

dynamic stability.

2) Sufficient foot clearance during swing — this is a function of balance on the stance side and sufficient

ankle dorsiflexion on the swing side
3) Appropriate swing phase pre-positioning of the foot — very important for the weight acceptance

4) Adequate step length — demands sufficient stability on the stance side and adequate hip flexion and

knee extension on the swing side

5) Energy conservation - is a typical aspect of walking. Oxygen consumption gives an objective view of
the overall efficacy of the patient’s gait. Many factors influence energy consumption, including
spasticity, bony deformity, strength and selective motor control. Thus energy efficiency reflects the

cumulative effect of many factors [59]. It is a functional tool because its interpretation provides an
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indication of endurance, fatigue and ability to accomplish the routine daily task of locomotion [23].
Children with cerebral palsy have been shown to expend greater energy during walking than their
typically developing peers when walking at self-selected economical [60] as well as at a given speed
[61]. Energy conservation is also accomplished by minimizing the displacement of the centre of mass

while progressing forward in a steady, minimal, wavelike pattern [59].

The Gait Cycle

Walking invovles repetitious patterns of movement resulting in each foot periodically moving from one
position of support to the next. Because of its cyclic nature, human gait is conventionally described in
terms of gait cycle (Figure 3). A complete gait cycle or stride begins when foot strikes the ground and

ends when the same foot strikes the ground again and consists of two steps.
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Contact Response (MST) Stance (PS) Swing (MSW) Swing
(IC) (LR) (TST) (ISW) (TSW)
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0% 10% 30% 50% 70% 85|% 100%
Loadin - Terminal L Inital | e T o Terminal
Rcspons.gc Midstance Stance | Preswing| goino i Midswing Swing
iti Initial
Initial Toe Off
Contact | Contact
- Stance (60%) ==—I-=.." Swing (40%) ———

Figure 3. Graphical presentation and timing of gait cycle events and phases. Reprinted from Rehabilitation

medicine: Principles and practice. 1998; pp. 167-187, Philadelphia: Lippincott-Raven Publishers
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The gait cycle is devided into two major phases, stance and swing phase. Stance phase is the period of
time when the foot is in contact with the ground and begins with Initial contact (IC). Swing phase is
defined as the period of time when the limb is advancing forward and the foot is not in contact with the
ground. It begins with the Toe-off (TO). Usually, we normalize the period of time for a complete gait
cycle as 100%. Initial contact occurs at 0% and Toe-off at approximatelly 60%. Therefore, stance phase
represents 60% and swing phase 40% of the gait cycle. If we take a gait cycle of a particular lower limb,
then during that gait cycle contralateral toe-off occurs at 10% and contralateral initial contact occurs at
50%. This means that during stance phase there are two double support phases each having 10% of gait
cycle. The first one is often reffered as loading response (LR) and occurs just after the initial contact. The
second one is situated at the end of the stance phase and is called preswing (PSw). In between those two
double support pahses, there is a single support phase which can be subdevided into the midstance
(MSt) and terminal stance (TSt). Swing is generally devided into three phases: initial swing (ISw),
midswing (MSw) and terminal swing (TSw). Three important tasks must be accomplished during the gait
cycle: weight acceptance, single limb support and limb advancement (Figure 4). Weight aceptance occurs
during the first two periods (IC and LR), single limb support during the second ones (MSt and TSt) and
limb advancement during the final four (PSw, ISw, MSw and TSw). Running is differentiated from walking
by the fact that two periods of double support are replaced by periods of ,double float” when neither
foot is on the ground. The terminology and description of the gait cycle is based on the work of Perry

[571(pp.1-19).

Gait Cycle
|
; tance Swing
Periods: SN LS
i e
Tasks: Weight Single Limb Limb Advancement
Acceplance Support
I | [ 1 [ | : 1 1
Phases: - . —_— L _
Initial Loading Mid Terminal Pre Initial Mid Terminal
Contact Response Stance Stance Swing Swing Swing Swing

Figure 4. Diagram showing tasks and related phases of the gait cycle. Reproduced from: Delisa A.,

Rehabilitation medicine: Principles and practice. 1998; pp.167-187, Philadelphia: Lippincott-Raven Publishers
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Initial Contact

The heel is the first part of the lower limb to come into contact with the floor. The hip is in maximal
flexion, about 30°, knee is extended and ankle in neutral position. The principal function of the IC is to
absorb and accept the weight of the body and insure the stability while the body continuous to move
forward. Concentric activity of musculus gluteus maximus and musculi ischiocrurales is important to

maintain the stability and the excentric activity of tibialis anterior to slow down the body (Figure 6).

Loading Response

Weight acceptance and stability insurence is a common feature of the IC and LR. The LR is equal to the
first double support phase of the gait cycle. The hip is slowly extending and ground reaction force (GRF)
is situated in front of the hip a behind the knee. Therefore the hip extensors and musculus quadriceps
have to be active to maintain the upright posture. Gradual plantarflexion controled by excentric activity
of tiabialis anterior takes pace at the ankle. This movement is called the ,first rocker” and toether with

slight knee flexion are important to cushion the body weight during the loading response (Figure 5).

Mid-Stance

During the Mid Stance the stance lower limb is fully loaded because the contralateral limb is swinging.
The pelvis is shifted to the stance limb thanks to the concentric activity of hip abductors. The hip flexion
decreases and reaches the neutral position. The activity of hip extensors follow the same pattern. The
GRF is situated in front of the knee which makes it extend and stretches the posterior part of the knee
capsule. The ankle is dorsiflexing while the foot is plantigrade. The shank is rolling over the stationary

foot. This ankle motion is called the ,second rocker”.
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Figure 5. Foot rockers during the stance phase of the gait cycle. Reproduced from Gage, J.R. The treatement of

gait problems in cerebral palsy. London: Mac Keith Press; 2004. [23]
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Terminal Stance

In the Terminal stance, the body is propelling forward over the stance leg. The hip extension is controlled
by iliofemoral ligament. The maximal extension is reached when the opposite foot is in IC. Here begins
the second double support. The knee is in extension and the ankle continues to dorsiflex until the heel
leaves the floor. At this phase musculus gastrocnemius is active to stabilize the knee against the

hyperextending forces. This is known as ,,plantar flexion/knee extension couple” [62].

Pre-Swing

The aim of this phase is to prepare the lower extremity to swing. The concentric activity of the musculus
adductor longus, iliopsoas and rectus femoris makes the hip joint to start flecting. The passive flexion of
the knee joint is controled by excentric activity of the musculus rectus femoris. The rapid plantarflexion
of the ankle joint is called , push-off” and this is the most important propulsive power for forward motion

of the whole body [63].

Initial Swing

The role of the initial swing is to propel the swinging limb forward. The hip joint carry on flecting and
reaches its maximal acceleration, mainly due to the hip flexors concentric activity. The knee joint is
acting as a pendulum. The ankle extensors, namely the musculus tibialis anterior, are contracting and the

foot goes back to neutral position.

Mid-Swing
The lower limb advances in flexion. The hip joint reaches its maximal flexion of about 20° thanks to the

iliopsoas concentric activity. The knee acts still as compound pendulum and reaches its maximal flexion

when passing by the opposite stance leg. The ankle is kept in neutral position.

Terminal Swing

During the Terminal Swing it is imporant to ensure the stability of the hip and knee joints before the
Initial Contact. Therefore the hamstrings are contracting to terminate the hip flexion and controle the
knee extension. The tibialis anterior muscle is active to maintain the neutral position of the foot during

the Initial Contact.
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\
Initial Contact Loading Response Midstance
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Pre-swing Initial Swing Mid-Swing Terminal Swing

Figure 6. Graphical representation of muscle activity in particular phases of the gait cycle. Reprinted from Delisa

A., Rehabilitation medicine: Principles and practice. 1998;167-187, Philadelphia: Lippincott-Raven Publishers

-26 -



Svehlik, Gait Analysis in Cerebral Palsy

Gait analysis

Human movement analysis aims at gathering quantitative information about the mechanics of
musculoskeletal system during the execution of motor tasks [64], more simply put it is the evaluation of
a subject’s walking pattern. A standard physical examination cannot provide a complete description of
abnormal human gait. Gait analysis can [65]. Gait analysis data cannot be sufficiently predicted by a
combination of clinical measurements. This fact supports also the study by Deslovere et al. which has
proved only moderate correlation between the physical examination and gait analysis [66]. There are
several important components of gait analysis: kinematics, kinetics, electromyography, energy

expenditure and clinical observation. The summary scheme of gait analysis is to be seen in Figure 7.
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Figure 7. Scheme of the gait analysis methodology.

Kinematics

Gait is a dynamic activity. In order to understand gait we need to understand dynamics, which is the
study of objects in motion and factors that affects these motions. These factors include force, mass,
momentum and energy. Kinematics describes spatial movement of the body without the regards to its

cause. The movements are linear and angular displacements, velocities and accelerations [65].
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Figure 8. A drawing and photograph of a child walking through the calibrated volume during the gait analysis.

Three dimensional marker tracking is graphically demonstrated.

Passive reflective markers are placed on the surface of the patient’s lower extremities and aligned with
specific bony landmarks. As the patient walks in the laboratory, the location of the markers are
monitored with a three-dimensional motion data capturing system comprising of several cameras
emitting and receiving infra-red light. These systems work in a similar way to how our eyes provide a 3D
binocular vision. If the marker is visible for 2 or more cameras, it is possible to reconstruct its position in
the room. The mathematics involved in the reconstruction of 3D trajectory is highly sophisticated and
fundamentally dependent on the calibration of the volume [67]. Accuracy of tracing markers is typically
around $0,1% of the capture volume. Since the length of the capture volume in most laboratories is
around 5m, this is an equivalent to about t5mm of measurement error [68]. In practice, however, the
major limitation on accuracy is model used for deriving joint motion from skin mounted markers [69].
Defining the position of a point in volume requires three co-ordinates system (x,y,z). Any individual point
on a segment may be defined this way. Human movement analysis begins by dividing the body into a
series of segments which are assumed to behave as a rigid body. In order to locate the position and
orientation of a whole segment three individual points (markers) are required. Two points define axis of
the segment and its orientation. The third point is required to describe rotations [69]. This set of three

markers has not to be collinear.

There are three different types of coordinate systems used to derive kinematics (Figure 9). The global

coordinate system is fixed to the lab space and generally orientated along the walking path. A technical
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coordinate system is fixed to a body segment but is not aligned with anatomy. Technical coordinate
systems are derived from observed marker positions, and as such they are sometimes referred to as
marker-based coordinate systems. Anatomical coordinate system are attached to body segments, and

aligned with the principal anatomical directions (sagittal, coronal and transverse) [23] (p.100).

“ Techmcal Coordinae Sysiem [TEH|
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Figure 9. Graphical illustration of the three coordinate systems. Reproduced from Gage, J.R. The treatement of gait

problems in cerebral palsy. London: Mac Keith Press; 2004. [23]

We have determined that 3 markers are required to fix the position and orientation of a segment in the
space. A joint, in terms of mechanics, can be defined between any two segments, and it is the
interrelationship of these segments which results in the kinematic graphs. It is fundamental that joints
do not move. Body segments adjacent to joints move and the relative motion of these segments is
termed joint rotation. In clinical gait analysis, it is common to report this relative motion in terms of
Euler angles. Euler angles are one method to describe the position of one segment relative to adjacent
body segment. An important aspect is the numerical value of the angles depending on the sequence of
rotations. The sequence arbitrary used in gait analysis is sagittal plane, followed by coronal plane
followed by transversal plane [23] (p.102). The graphical illustration of normal joint kinematics over the
gait cycle at the pelvis, hip, knee and ankle in all three planes for the pediatric population may be found

on the Figure 10.
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Biomechanical model

A biomechanical model is a simplified representation of a biological system. The term ,,model” refers to a
set of assumptions and idealizations that allow to calculate important clinical information [23] (p.99).
There are plenty of different models motion analysis of lower extremities. The first one we used is an
antrhropometric model. This model is defined by markers attached over the bony landmarks (spina iliaca
anterior superior, lateral malleolus etc.) and was developed in the pioneering years of 3D gait analysis,
when the technology had difficulty tracking more than few markers. The most popular model is variously
called Modified Helen Hayes, Kadaba or Vicon Clinical Manager. The mathematic equations describing
the model may be found elsewhere [63;69]. As mentioned earlier in the text, the major limitation of
these models is the accuracy of marker placement which is fundamental. Another source of artifacts is
the skin movement and marker wobbling. However, this might be low-pass filtered [70]. Important
limitation to be remembered is the definition and calculation of hip joint centre which is based on the
location of the pelvis markers and the height of the patient [63]. These equations were developed from
measurements of normal pelvic x-rays, making the model to be dependent on anthropometry. Indeed,

the error of hip joint centre calculation may be as high as +1cm [71].

Figure 11 llustration of the six-degree-of-freedom model used in our study.

A second model used for our research (Figure 11) is so-called six-degree-of-freedom (6DoF) model. This
model is not dependent on the anthropometry and marker placement is not as fundamental as in the
previous model. In this aproach, the segments are tracked separately with no assumptions being made
about joint constraints. It resolves the problematic hip joint centre calculation in Helen Hayes model and

uncovers hidden artefacts[72] (p.59). To define the thigh and shank marker clusters, described by
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Cappozzo et. al. [73], were used. This is simply set of four orthogonal markers. Although such clusters are
attached to soft tissue, they are less sensitive to placement errors and appear to track the underlying
bone more faithfully [74]. Despite all the advantages of the 6DoF models using marker clusters, the Vicon

Clinical Manager model remains most routinely used for 3D clinical gait analysis.

Kinetics

As described earlier in the text, kinematic analysis is the study of the movement, joint angles and angular
velocities. It describes the position of the body in the space. Kinetics examines why these movements
happen and what are the consequences for the muscluloskeletal system. Speaking about kinetics, we
speak about forces, joint moments and powers. Kinematics is an important part of clinical gait analysis
because it allows to examine the mechanisms that either produce or control motion, thus developing a
better understanding of gait. It brings additional information to kinematics. Moreover, unlike kinematics,

moments and powers can not be directly observed.

When a person is standing still, the ground produces a reaction force equal and opposite to their body
weight (based on the third Newton’s law) [75]. This is called Ground Reaction Force (GRF) and acts on
the sole in the centre of pressure (aproximatelly 5cm anterior to the ankle joint). In quiet standing, the
GRF is constant, being equal and opposite to body weight (). Whenever a force is applied some distance
away from a joint centre, it will tend to rotate the joint in the direction of the force. This effect is called

the moment of force or simply joint moment (Figure 12).

Joint Moment = Force x Moment Arm (the distance from center of rotation)

Wl =w"l

Figure 12. To produce a moment of the same magnitude, the individual on the right hand side needs a longer
lever arm. Reproduced from Gage, J.R. The treatement of gait problems in cerebral palsy. London: Mac Keith Press;

2004. [23]
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To balance the external dorsiflexing load caused by the GRF while standing, active tension has to
counteract on the Achilles tendon. This internal plantarflexing moment is produced by calf muslces
(Figure 13). More generally, this simple example helps us in interpreting the joint moments during the
gait because it shows that the active muscle group is always the one on the opposite side of the joint to

the GRF [75].
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Figure 13. The relationship between the external moment produced by GRF and internal moment produced by
plantarflexing muscles. Since the lever arm of the GRF is twice as long as that of the plantarflexor muscles, GRF
magnitude would be only half of the one produced by plantarflexors. Reproduced from Gage, J.R. The treatement

of gait problems in cerebral palsy. London: Mac Keith Press; 2004. [23]

During normal gait, GRF changes with the gait cycle, resembling the shape of a letter ,M“ in sagital
plane. These dynamic changes of GRF vector during gait oscilate above or below the body weight. It has
been described by Pedotti [76] and is often reffered to as ,Butterfly diagram” (Figure 14). The GRF
oscilation is caused by accelerating and decelerating phases during the gait cycle. Even if the vertical
component of the GRF vector is the biggest one, there are another two shear components of this vector.
Antero-posterior or fore-aft shear is directed posteriorly (braking) in the first 50% of the stance but
anteriorly (propulsive) in late stance. Medio-lateral shear is almost always directed medially in response

to lateral motion of the body [77].
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Figure 14. Buterfly or Pedotti diagram. Each arrow represents the GRF at each point of the gait cycle. Reproduced

from Kirtley, C. Clinical gait analysis: Theory and praxis. Washington DC: Elsevier; 2006. [72]

The individual load and the shear components of the GRF vector can be measured using a device called
force plate. This instrument uses either strain gauges or piezo-electric crystals to convert force into
electric signals. Unfortunately, there is no practical and noninvasive method for estimating individual
internal muscle forces or moments. Therefore external forces are measured instead and based on the
mathematical and the second Newton’s law of motion we relate these external forces and moments to
internal ones. This approach is called ,inverse dynamics” because it involves working back from
kinematics to deduce muscle activity that must be responsible for them [78] (p.29-43). As mentioned
before, we are unable to measure or calculate internal moments and forces for every individual muscle,
thus reffering to muscle groups. When speaking about net internal plantarflexor moment or force it
inlcudes all of the moments and forces produced actively or pasively by all structures (muscles, tendons,
ligaments) crossing the dorsal aspect of the ankle joint (soleus, gastrocnemius, tibialis posterior, Achilles
tendon etc.). To be able to mathematically model and understand such a complex system as human gait,
certain assumptions and simplifications must be inevitably made. However, in vivo measurements using
electromyography found good agreement of estimated joint moments with those calculated by inverse

dynamics [79].

In addition to the GRF and joint moments, powers arise in response to changes in motion. Power
measures the rate of change of energy. It describes its generation or absorbtion. For human joints, which
predominantly function by rotating, the the power is a product of the joint moment and joint angular

velocity and is measured in watts per kilogram [75].

Power = Joint Moment x Angular Velocity
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The flow of power through the limb provides insight into the source and destination of the power
responsible for driving the gait pattern. Passive flows of power take place across the joint surfaces, while
active flows transfer power through the muscles and tendons. Of these, only the latter are generally
reported by commercial gait analysis systems [56] (p.177). During the gait, muscle is capable of three
basic functions: concentric contraction (power generation), excentric contraction (power absorbtion)
and isometric contraction. When the moment and angular velocity act in the same direction, the muscle
is performing concentric contraction. If they are in opposite direction, an excentric contraction takes
place. In isometric contraction there is no power generation or production. Additional to power

generation and absorbtion muslces redistribute power between segments [80].
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Figure 15 Mean Hip, Knee and Ankle powers of a group of healthy children generated over the gait cycle

Energy expenditure

Normal gait depends on an efficient use of energy something that quantitative gait data cannot directly
measure. Conservation of energy is a typical aspect of walking. Oxygen consumption gives an objective
view of the overall efficacy of the patient’s gait. Many factors influence energy consumption, including
spasticity, bony deformity, strength and selective motor control. Thus energy efficiency reflects the
cumulative effect of many factors [59]. It is a functional tool because its interpretation provides an
indication of endurance, fatigue and ability to accomplish the routine daily task of locomotion [23].
Children with cerebral palsy have been shown to expend greater energy during walking than their

typically developing peers when walking at self-selected economical [60] as well as at a given speed [61].

Energy conservation is also accomplished by minimizing the displacement of the centre of mass (COM)
while progressing forward in a steady, minimal, wavelike pattern [59]. COM trajectory is often compared

to inverted pendulum, a model of gait showing how COM rises during single support and falls during
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double support. Energy transfers have been identified as power-conserving mechanisms in walking.
During the gait cycle, forward kinetic energy is converted to potential energy. The recovery rate during
walking is about 65%, so only 35% of the energy needs to be replenished each cycle [81]. The energy
recovery rate is speed dependent. Maximal energy recovery is achieved at a speed close to the natural
walking speed. Children with cerebral palsy have a 33% smaller energy recovery and 60% greater COM
vertical excursion which make them mechanically less efficient in comparisson to able-bodied peers [82].
The vertical displacement of the pelvis during walking is a strong predictor of oxygen consumption in
normal subjects walking at variable speeds [83]. Hence, reducing energy expenditure by lowering COM

displacement is an important goal in surgical treatment of cerebral palsy children.

Children with cerebral palsy typically expend 2-3 times as much energy as age matched controls [60].
This increased energy expenditure means that these children are less effective, they operate closer to
their maximum level of effort and are therefore prone to fatigue [84]. Unnithan and colleagues
demonstrated that 43% of additional energy cost in children with cerebral palsy might be explained by
co-contraction of the lower extremity muscles while walking [30]. As mentioned earlier in the text,
energy expenditure of walking is a good functional tool with known correlation to other gait parameters.
It can provide us with a baseline assesment of children’s disability or with a critical evaluation of
effectivness of a particular treatment. Basically, energy required for walking may be calculated based on
mathematical (inverse dynamics) or mechanical (using work-energy theorem [85]) estimation. These two
methods are not often used in clinical gait analysis. The prefered method in the most of the laboratories
is the metabolic energy expenditure assesment using indirect calorimetry. Nowadays open-circuit
systems with breath-by-breath gas analyzers are used to measure oxygen utilization. This is most often
expressed as oxygen consumption or oxygen cost. The oxygen consumption (VO,) is a calculation of the
rate of oxygen uptake normalized by body mass (ml/min/kg) and indicates the intensity of physical
effort. Oxygen consumption for normal gait is about 14 ml/kg/min and about 3,5 ml/kg/min while
standing still [59]. Oxygen cost describes the amount of energy needed to walk a certain distance also
normalized to body mass and is a measure of gait efficiency. Energy cost of walking has been proved to

be related to the severity of functional involvement in children with cerebral palsy [86].

The less demanding method to asses the energy cost of walking is the Physiological Cost Index [87]. This

easy to use method is based on the nearly linear correlation of heart rate on oxygen consumption.

PCI = (Walking heart rate — Resting heart rate)/ Walking velocity
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This method is laso reffered as Energy Expenditure Index [60]. The reliability of the Physiological Cost
Index as a tool to measure the gait efficiency is often questioned in the literature with inconsistent

results [88;89].

Dynamic Electromyography

Dynamic electromyography (EMG) is a substantial component of the instrumental protocol for
assessment of motor disturbances in children with neuromuscular pathologies. The dynamic EMG
recorded during gait represents the sum of signals from multiple motor unit action potential, thus
dynamic EMG record reveals information on the timing and intensity of muscle activity [23] (p.134). EMG
signals can be picked up over the skin surface (surface EMG) or by percutaneous fine needle electrodes
inserted into the muscle belly [90]. Although activity of muscle groups may be estimated from kinematics
and kinetics of gait, activity of a particular muscle might be of high importance when surgical

intervention, for example muscle transfer, is planned.
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Figure 16. Raw EMG signal of tibialis anterior muscle during walking.

The nature of the EMG signal largely depends on factors associated with signal collection and data
processing. The raw EMG signal recorded by surface electrodes is very small, thus it needs to by
amplified to display it (Figure 16). The problem with EMG signal amplification is that the backround
electrical noise signals would be amplified as well. This problem can be solved by differential
preamplifiers which multiplies the difference between its two imput terminals by a large gain, whilst

having a very small gain for any voltage that is present on both terminals [72] (p.139). The source of the
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electrical noise signals are motion artefacts, positioning of the electrodes, skin impedance, subcutaneous
fat, the position of the muscle (superficial muscles are easier to record) and crosstalk. Therefore beside
the skin preparation, a proper electrode location is fundamental. A general criterion, proposed quite
recently and based on reasonable considerations, is that the electrodes should be located midway
between the motor end-point and the muscle-tendon junction [91]. Specific indications and suggestions

on this point can be found in the report of the SENIAM European project [92].

60

50 IR

Amplitude pl
C;:l
A

Figure 17. Rectified, enveloped and gait cycle normalized EMG signal of tibialis anterior muscle.

In most kinesiological studies, EMG signal is not presented in its raw form. The EMG data are
synchronized with the gait cycle using foot switches or kinematic data measured together with EMG
signal. This process is aften called averaging and the aim is to obtain a representative activation pattern
in which the random component of variability is removed [90]. The raw EMG signal is biphasic in its
nature thus another processing algorhytm called rectification is applied to the raw EMG signal. This is
often done tohether with low pass filtering (mostly with cut-off frequency of 3Hz) to obtain smoothed so
called ,,envelope EMG” [90] (Figure 17). Since there are many factor affecting the amplitude of the EMG
signal, some form of normalization procedure is desirable (e.g. root mean square technique which uses
maximal voluntary contraction for EMG signal normalization) [93]. However, in practice this is rarely
attempted, because it needs patient cooperation and therefore is somewhat subjective. Insted, in most
of the gait laboratories EMG tends to be used for on/off information on muscle activity to describe
premature, prolonged, out-of-phase, continuous, delayed or absent EMG activity pattern. Gait
disturbances are frequently associated with poorly selective activation of functionally antagonist

muscles, resulting in increased co-contraction levels. These can be also quantified using dynamic EMG
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[90]. Surface EMG recording during walking can be used also for objective detection of the possible
interference of a spastic component, i.e. of abnormally increased EMG recruitment during muscle
lengthening phases . In fact, spasticity can contribute to hindered locomotor movements, can vyield
negligible mechanical effects, or can even be profitably included into a motor scheme [94].

Electromyography is an important component of gait analysis. It provides additional information about
timing and action of muscles. Understanding the activity of the muscle together with other components

of gait analysis is a key knowledge for understanding the root causes of gait abnormality.

Musculoskeletal modeling

With the recent advances in medical imaging technology, numerous software packages have been
developed to process, display and manipulate medical images. Biomechanics researchers are interested
in muscle forces and how the geometric relationships among the muscles and bones influence these
forces. As a result, mathematical models have been developed to study parameters not measurable in
vivo, e.g. dynamic muscle lengths changes while walking [95]. The management of the gait abnormalities
in children with cerebral palsy is a challenging task. Computer simulations of the musculoskeletal system
can be used in combination with gait analysis to enhance our understandig of movement abnormalities
and to provide a theoretical basis for planning treatments. Delp et al. introduced the musculoskeletal
modeling into the orthopaedic clinical praxis by examining the hamstring and psoas muscle lengths
changes in patients with cerebral palsy who developed crouch gait [96]. Until then, hamstrigs were
thought to be short in cerebral palsy patients and were routinely surgically lengthened. Delp
demonstrated that most (80%) of the subjects with crouch gait had hamstrings of normal length or
longer, despite persistent knee flexion during stance. This occurred because the excessive knee flexion
was typically accompanied by excessive hip flexion throughout the gait cycle. All of the subjects with
crouch gait had a psoas that was shorter than normal by more than 1 SD during walking. These results
emphasize the need to consider the geometry and kinematics of multiple joints before performing

surgical procedures aimed at correcting gait pathology in children with cerebral palsy.
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Figure 18. Basic structural elements of the kineostatic transmition chain of our lower extremity model.

The present mathematical models of the lower extremities to study gait consist of the structural and a
parameter part. The structural part of the lower extremity model consist of kineostatic transmision chain
comprising of a coordinate frames describing the position of the bones in the space, rigid bodies
desribing the bones, and ball-and-socket joints describing the anatomic joint properties.(Figure 18) The
model parameters are derived from three dimensional gait analysis capturing systems, which has been
described earlier in the text. For the dynamic muscle length calculation in our study, only kinematic
parameters are needed [97]. The more sophisticated lower extremity models use also kinetic parameters
to compute the energy flows through the lower extremities. Nowadays, analyses of gait simulation may
provide us with information on contributions of individual muscles to segmental accelerations and
powers effecting the ground reaction force [98;99]. However, all these models are based on the previous
computerized three-dimensional data from disected species [100]. This models are then scaled to size
and mass of the subject studied. The most recent modeling techniques provide us with the possibility of
individualized models based on the magnetic resonance imaging [101].

Muscle-tendon lengths are calculated as the distance from origin to insertion along the modelled path of
each muscle. Via points are introduced to intersect the muscle-tendon paths taking into account the
underlying anatomical constraints and defining the line of action of each muscle. Calculations are based

on kinematic parameters obtained from gait analysis. The underlying model was derived from the work
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of Yamaguchi [100]. The Figure 19 shows an example of normalized dynamic muscle lenghts over the gait
cycle based on the data of healthy children.
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Figure 19. Normalized dynamic muscle lengths over the gait cycle based on the data of healthy children.
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PRACTICAL PART

Purpose of the study

Gait and posture disturbances are one of the most common problems in children with cerebral palsy. Its
treatment is a challenging task for many healthcare professionals across a wide spectrum of different
specialities. The results presented in this thesis broaden the knowledge on pathophysiology of
movements abnormalities in children with cerebral palsy and therefore allow us to better understand

this disorder with possible implications in clinical practice.

Study 1 - Genu recurvatum in children with cerebral palsy
Hyperextension of the knee in the stance phase of the gait cycle (knee recurvatum) is a common disorder

of the knee function present in patients with cerebral palsy. Simon et al. [102] described two distinct
groups of knee recurvatum based on the timing of maximum knee hyperextension in stance — early and
late recurvatum. The aim of our study was to prove that early knee recurvation is caused by a dynamic
equinus deformity and late knee recurvation is linked to the fixed equinus deformity. These two distinct
forms of equinus possibly point to a need for different treatment strategies. Therefore, such a
differentiation would have direct clinical implications. Second aim was to analyze the role of hamstrings

in the pathobiomechanics of these two distinct forms of the knee recurvatum.

Study 2 - Dynamic versus fixed equinus in children with cerebral palsy. How does the triceps
sureae work?
Equinus deformity is a very common problem in children with cerebral palsy. Equinus decreases the

stability during the stance phase of gait, causes a loss of the smooth translation of the body over the foot
and often leads to an inadequate clearance of the foot during the swing phase of gait. The aim of this
study was to evaluate the function of the triceps surae complex during walking when either a dynamic
triceps surae tightness or a fixed equinus contracture is present in children with cerebral palsy. Findings

are compared to a group of normally developing children.

Study 3 - Short-term effects of Botulinum Toxin A and serial casting on triceps surae muscle
length and equinus gait in children with cerebral palsy
Equinus gait is one of the most common motor manifestations of muscle spasticity in cerebral palsy. If

untreated, protracted spasticity can lead to fixed muscle contractures that may require surgical
intervention. To prevent that, dynamic equinus deformity is often treated with botulinum toxin type A

(BTX-A). The primary goal for the study was to perform a comprehensive analysis of the short-term
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effects of a standardized dose of BTX-A and serial casting on spastic equinus in children with cerebral

palsy. A second goal was to evaluate its short-term effect on muscle length of the triceps surae.

Study 4 - Detecting postoperative change in children with cerebral palsy: Net nondimensional
versus body mass oxygen normalization
Conservation of energy is a typical aspect of walking. Children with cerebral palsy have been shown to

expend greater energy during walking than their typically developing peers. To quantify the energy cost
of walking, oxygen consumption is often used. It is important to have an utilization measure independent
of children’s age, weight and height in order to allow efficiency to be compared between subjects. The
nondimensional normalization scheme was found to be superior to body mass normalization. The aim of
this study was to investigate if the nondimensional oxygen utilization scheme is able to detect
postoperative change in the energy cost of walking in children with cerebral palsy and to compare it to

clinically used body mass normalization scheme.

Study 5 - Evolution of walking ability after soft tissue surgery in cerebral palsy patients. What
can we expect?
The gait performance in patients with spastic cerebral palsy is impaired compared to healthy children.

There is a great deal of evidence showing that the walking ability can improve after the surgery.
However, there is not enough evidence to show the evolution of early stages of regaining the ability to
walk soon after the soft tissue surgery. The aim of this prospective study was to show the evolution of

different gait parameters over a period of nine months following soft tissue surgery.
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Research Methods

Subjects

The presented studies were performed on different groups of children but all of them had the spastic
cerebral palsy. The subjects of the Study 1-3 were recruited from the patients of Department of
Peadiatric Orthopaedics, Department of Paediatric Surgery, Medical University of Graz, Austria during
the years 2008-2009. The subjects of the study 4 and 5 were recruited from Department of Children and
Adult Orthopaedics and Traumatology, 2nd Faculty of Medicine, Charles University, Prague, Czech
Republic. All children were able to walk, even if some of them used walking aids for longer distances.
They were evaluated to be level I-lll using the Gross Motor Function Classification Scale [103]. The
different gait abnormalities, grouping, demographical description and all the inclusion and exclusion

criteria can be found in the corresponding papers.

Methods

This section is just a brief survey of methods used in our research. For more detailed information, please

refer to corresponding papers or to the text of the Theoretical part of the thesis.

Gait analysis
Computerized gait analysis was performed using video-based motion capturing system and floor-

mounted force plates. Reflective markers and clusters were used to define the pelvis and lower
extremity segments according to the method of Kadaba [69]. Moment and power parameters were
normalized to the weight of the patients. Power generation and absorption patterns in the sagittal plane
were calculated and labelled according to the method described by Winter et al. [104]. All patients
walked at self-selected speeds. For each patient a minimum of five trials providing a clear foot force
plate contact were captured and averaged. Time-distance parameters were normalized to the leg length
according to the method of Hof [105]. Vertical Centre of Mass (COM) excursions were measured as a

trajectory of sacral marker [106].

Muscle length calculation
Based on kinematic data, Mobile GaitLab software (University Duisburg-Essen, Institute of Mechatronics

and System Dynamics, Germany) [107;108] was used to compute individual muscle lengths. The
specification of the lower extremity architecture was based on the origin and insertion coordinate data
compiled by Yamaguchi [100]. The model defines the musculoskeletal geometry of a normal adult male.

Three dimensional muscle-tendon (MT) pathways were modelled as a series of straight-line segments
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extending from the origin to insertion. Where appropriate, the MT pathways were sub-sectioned into a
number of straight-line segments by introducing via-points. Muscle-tendon length parameters were

normalized to allow the comparison among subjects.

Electromyography
Raw surface electromyograms were recorded in a frequency range between 25 and 400 Hz (Noraxon,

Myosystem 2000). After an analogue to digital conversion and sampling at 1 kHz, the signals were fully
wave rectified and digitally low-pass filtered at 6 Hz. After time normalisation, a minimum of 12 gait
cycles was averaged to create an average linear envelope for each muscle. Calculation methods applied

have been described in detail by Yang and Winter [109].

Energy expenditure
Energy expenditure was measured while walking on a treadmill (Marquette T2000) and using respiratory

gas analysis system (Oxycon beta, Jaeger, Hoechberg, Germany). The monitored parameters were:
oxygen consumption (VO,) and carbon dioxide production (VCO,). The derived parameters were gross
oxygen consumption relative to body mass (mass relative VO,), nondimensional VO, [110] normalized to
leg length and respiratory exchange ratio (RER). Selected parameters were recorded at rest and at a
given speed of 2 km.h™* and 3 km.h™ at 0% gradient on treadmill. The steady state was defined as a
variation of both VO, and respiratory exchange ratio lower than 10% [111] and was expressed as the

average of the last 30 seconds of the four minutes stage.

Statistical Methods

Means and standard deviations (SD) were calculated for each subject group. To reveal the differences
between groups, Student’s t-test, Analysis of Variance with Fisher’s post-hoc test or nonparametric
Mann-Whitney U-test were used where appropriate. Level of significance in all tests was set to p<0,05.
Sperman rank correlation coefficient was calculated to find out significant relationships between
selected parameters. All the statistical tests were performed using STATISTICA 6 software (StatSoft,
Tulsa, USA).
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Results
Only the most important results are presented in this section. For more detailed information on precise
numerical and statistical significances, please refer to the corresponding papers in the Appendix of the

thesis.

Study 1
Genu recurvatum in children with cerebral palsy

Study 1 - Part |

Children with cerebral palsy and recurvatum walked slower, had a shorter stride length and longer
stance time in comparison to normally developing children (Study 1-Part I, Tab. 1). However, there was
no difference between the Early Recurvatum and Late Recurvatum group. Although, both groups rapidly
dorsi-flexed the ankle up to a mild dorsi-flexion during the loading response, dorsi-flexion stopped at
12% of the gait cycle in the Early Recurvatum group and then the foot moved back to plantar-flexion
(Study 1-Part I, Fig. 2). The Late Recurvatum group showed an arrest in tibia advancement at about 17%
of the gait cycle and remained in a mild dorsi-flexion over the whole stance phase (Study 1-Part I, Fig. 3).
None in either group were able to achieve normal dorsi-flexion during stance (Figure 20).
Electromyographic evaluation of muscle activation patterns revealed no differences between the REC
groups in gastrocnemius activity. Both groups had an early high activity in the first double support
followed by abnormally high activity during the single stance phase. A similar phasic activity was
observed for the soleus muscle in both groups but only the Early Recurvatum group demonstrated an

abnormally high activity during the single stance phase (p=0.042).

Muscle-tendon length parameters revealed substantial differences among the early and late recurvatum
groups and a group of normally developing children. The medial gastrocnemius in the Early Recurvatum
group elongated rapidly to its maximum during the first double-support phase (approximately the first
10% of the gait cycle). It subsequently shortened gradually during the rest of the stance phase. In
contrast, the medial gastrocnemius of Late Recurvatum group gradually elongated to its maximum
length that was reached at 46% of the gait cycle (Figure 20). The soleus muscle of the Early Recurvatum
group elongated quickly from initial contact to its peak at 11% of the gait cycle. At the start of single limb
support, the muscle shortened and remained at a constant length during the rest of the single stance
phase. The soleus in the Late Recurvatum group elongated slowly to its maximal length and did not

change over the single stance phase (Figure 20).
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The differences in the patterns of muscle length changes during the single support were described by the
slope quotient of muscle lengths. While positive values were obtained for the medial gastrocnemius and
soleus muscles in the Norm group, the Late Recurvatum group showed slope quotient values close to
zero and for the Early Recurvatum group negative values were calculated. Negative values indicated

muscle shortening during the single support phase (Study 1-Part |, Table 2).
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Figure 20. Time-distance parameters, kinematics, kinetics and normalized muscle-tendon lengths of the Early (E-
REC) and Late (L-REC) Recurvatum groups compared to a group of normally developing children (Norm). The
vertical lines define the single stance phase of the gait cycle for each recurvatum group.
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Study 1 - Part Il
Both recurvatum groups demonstrated increased external extensor moments across the knee in the

stance phase of the gait cycle. The increase was greater in the Early Recurvatum group. All extremities
with the knee recurvatum showed a forefoot landing. Electromyographic evaluation of muscle activation
patterns revealed no differences between the Early Recurvatum and the Late Recurvatum. In contrast to
a normal muscle activation pattern, 87% of the spastic limbs demonstrated prolonged activity of the

medial hamstrings during stance and their early activation during swing phase.

The normalized muscle-tendon lengths of both medial and lateral hamstrings for both recurvatum
groups were abnormally long at initial contact (Figure 21) when compared to the control group (Study 1-
Part Il, Tab. 2). During the single limb support phase, hamstrings of both recurvatum groups were
contracting faster and shortened approximately 16% of the mean muscle-tendon length compared to a
shortening of 10% for the control group respectively (Study 1-Part Il, Tab. 2). In single limb support the

mean hamstring muscle-tendon length was shorter in the Early Recurvatum group than in the Late

Recurvatum.
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Figure 21. The knee kinematics, kinetics and dynamic muscle-tendon lengths over the gait cycle. Graphical
comparison of means over the gait cycle among all the three groups. (E-REC = Early recurvatum group, L-REC =
Late recurvatum group, Norm = Control group of normally developing children).
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Study 2
Dynamic versus fixed equinus in cerebral palsy in children with cerebral palsy. How does the
triceps sureae work?

Analysis of ankle joint motion revealed that none of the equinus feet reached a neutral position at any
time during the gait cycle (Study 2, Fig 1). The maximal dorsiflexion in stance was not different between
the Dynamic Equinus and Fixed Equinus groups. The plantarflexion at toe-off and the ankle range of
motion were different for the three groups with the Dynamic Equinus group showing more
plantarflexion than the Fixed Equinus group, which exceeded the values of the Control group (Study 2,
Table 1). The ankle slope parameter was different among the three study groups (Study 2, Table 1).
Negative values for both equinus groups indicated a pathological plantarflexion motion during single
support, which was more pronounced for the Dynamic Equinus group (Study 2, Fig 1). About 50-70% of
the propulsive power for walking is generated by plantarflexor muscles at the end of single support
stance. Although the Dynamic Equinus group generated more power during plantar flexion than the
Fixed Equinus group (Study 2, Fig 1) the maximum ankle power generation during the stance phase of
gait was reduced for both equinus groups when compared to the Control group. There was an early
timing of maximum ankle power generation in Dynamic Equinus group (29 percent of the gait cycle).
Kinematics of the knee revealed a decreased range of knee motion for both equinus groups. Also, the

maximal knee flexion occurs later during the swing phase in both equinus groups (Study 2, Table 1).

Muscle-tendon length parameters of the soleus, medial and lateral gastrocnemius muscles were
abnormal for both equinus groups when compared to the Control group (Study 2, Table 2). While in
healthy children the triceps surae muscles elongated during the single stance phase, the muscle complex
appeared to plateau in its length for the Fixed Equinus group and even showed shortening for the
Dynamic Equinus group (Figure 22). During the stance phase the timing and the amount of the maximal
muscle-tendon lengths of the soleus and the medial gastrocnemius were different among the equinus
groups (Study 2, Table 2). The muscle-tendon lengths at toe-off were abnormally short in Fixed Equinus
group compared to Dynamic Equinus and healthy children. Equinus limbs demonstrated slower
contraction/elongation velocity than limbs of the Control group. Moreover, the muscle-tendon velocity
was slower in the Fixed Equinus group when compared to the Dynamic Equinus group (Study 2, Table 2).
The graphical summary of important results distinguishing dynamic and fixed equinus using gait analysis

and musculoskeletal modeling is given in Table 4.
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DEQ FEQ NORM (mean * SD)
Ankle ROM NA N 31.09+5.62°
Timing of maximal plantarflexor power | | N 53.07 £ 1.25 % of GC
Max plantarflexion power N2 NN 3.27 £ 0.51 Watt*kg-1
Ankle angle at toe-off N2 N -11.35+4.47°
Ankle slope parameter NG NE 9.86+5.11°
Maxima) medial gastrocnemius Norm. W 10278+ 056 %
Maximal medial gastrocnemius ¢ ol 0.19 + 0.03 m*s-1

muscle-tendon velocity

Table 4. The major differences between dynamic (DEQ) and fixed (FEQ) equinus groups in comparison to
normally developing children (NORM). ({ =decreased in comparison to normals, |, ' = very decreased in
comparison to normals, Norm.=within the normal range)
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Figure 22. Muscle length and velocities of triceps surae in children with dynamic and fixed equinus deformity in
comparison to normally developing children. The * (star) shows the statistically significant differences in the
peak lengthening velocity of each head of triceps surae muscle.
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Study 3
Short-term effects of Botulinum Toxin A and serial casting on triceps surae muscle length and

equinus gait in children with cerebral palsy

The walking velocity and the stride length did not change after the BTX-A application. Ankle kinematics
and kinetics changed towards normal 10 weeks after the treatment (Figure 23). The maximal ankle angle
at the end of single support increased (p=0,045) and also the timing of the maximal angle was shifted
towards normal values (Study 3, Tab. 2). The ankle angle slope quotient changed to normal positive
values (p=0,001). We did not observe any changes in the knee kinematics. While the maximum ankle
moment values remained unchanged, the abnormal ankle moment peak in the first part of the single
support phase decreased and the timing of maximum ankle moment occurred later in the stance phase
(p=0,024). An abnormal power generation in the first part of the single support stance phase decreased
markedly (p=0,012). Musculo-skeletal modeling revealed no lengthening of the triceps surae muscles
compared to the baseline assessment (Study 3, Tab. 2). We did not observe any adverse effects in our

study group.

Ankle Power

Degrees

Knee Angle
60+
1.0 50+
- wr
2 081 ,"‘\ 8 404
Eoel / S 30
= /] L
044 204
0.2 104/
0.0 T T T T o T T v T
o 20 a0 80 100 o 20 40 60 80 100
% of Gait Cycdle % of Gait Cycle
Normals = = Pre BTX-A = FPost BTX-A MNormels = = Pre BTX-A = Post BTX-A

Figure 23. The sagittal plane ankle and knee kinematics and kinetics plots over the gait cycle. The straight lines in
the Ankle Angle graph show the slope quotient pre- and post application of Botulinum toxin A. A rising “slope
quotient” indicates improvement of ankle motion. There is an obvious improvement to normal positive values of
slope quotient. (Normals = normally developing children, Pre BTX-A = patients with cerebral palsy before the
Botulinum toxin A application, Post BTX-A = patients with cerebral palsy after the Botulinum toxin A application)
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Study 4
Detecting postoperative change in children with cerebral palsy: Net nondimensional versus

body mass oxygen normalization

The average comfortable walking speed (2.025 km.h™) did not change after the surgery. Gait analysis
demonstrated normalization of the ankle motion. The ankle position at the initial contact changed from
9.6° of plantarflexion to 1.7° of dorsiflexion (p=0.001) and the maximal dorsiflexion during the stance
phase of the gait cycle increased from 1.7° to 12.2° (p=0.022). Knee flexion angle at initial contact
decreased from 33.2° to 21.1° (p<0.0001). During single limb support, the knee flexion angle also
decreased by 14.5° (p<0.0001).

There was no difference between pre- and postoperative resting VO, and respiratory exchange ratio.
Oxygen utilization data are shown in Figure 24. There were significant decreases in both mass relative and
nondimensional VO, parameters at 2 km.h™ as well as at 3 km.h™. Preoperative and postoperative
coefficients of variation of the net nondimensional VO, were notably lower at both speeds when
compared to mass relative VO, (Study 4, Table 1). The Spearman rank correlation revealed a significant
association between mass relative and net nondimensional VO, at both speeds preoperatively, as well as

postoperatively.
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Figure 24. Comparison of pre- and postoperative oxygen consumption results using two different normalization
schemes (* indicates the statistical significance at the P<0.05).
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Study 5

Evolution of walking ability after soft tissue surgery in cerebral palsy patients. What can we

expect?

We found a decrease in time-distance parameters after three month, but this was followed by progress
in all parameters at nine months postoperative gait analysis. Step length and velocity decreased at first
follow-up and by the time of the second follow-up increased to higher value than preoperatively. At
initial contact the position of the foot changed from an average 8,28° plantarflexion to neutral position
at the first follow-up and was maintained until the last gait analysis. Mean ankle angle in single support
normalized nine months after surgery. Push-off range of ankle motion significantly decreased after
surgery, but was restored to the same level as preoperatively after nine months period. (Figure 25; Study
5, Tab. 2). We observed an improvement of knee joint movement towards extension at stance phase
with maintainence of knee flexion in swing, resulting in increased knee range of motion. Overall hip joint
motion had a tendency to more extension pattern. Maximal hip extension over the gait cycle improved.
Maximal hip flexion during a swing was not changed over the time. The centre of mass vertical excursion
decreased markedly during three postoperative months, but did not reach the statistical significance.
(Study 5, Fig.4) Physical examination confirmed the results of gait analysis and revealed increase in hip
flexion and extension during the passive range of motion. There were no changes in hip rotations.
Passive knee flexion increased. The most dramatic changes were seen at the ankle: passive dorsiflexion
increased from 7.44° of plantarflexion to 8.18° of dorsiflexion after three months and this remained

throughout the whole follow-up period.
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Discussion

The Musculoskeletal Modeling

The first three studies presented use musculoskeletal modeling techniques to evaluate the the
pathobiomechanics of the spastic muscle. As there is no direct way to measure muscle length in humans,
muscle length calculations are based on mathematical models of the lower extremities and on
measurements of ankle, knee, hip and pelvis kinematics. It is obvious that such approaches to
mathematical modeling have limitations, but the method is well accepted in the literature [112;113]
because it provides additional information which can help us to better understand the biomechanics of a
spastic muscle. Even if the studies cover a wide variety of modeled muscles, there are some limitations
to be considered. The Mobile GaitLab utilizes musculoskeletal data of a normal adult male [100;114].
This aproach is widely accepted and there are no children models available. Moreover, similar models
have also been used as an outcome measure in studies on children with cerebral palsy [96;115]. To get
rid of the of the dependance of the real adult meaures, the dynamic muscle length are normalized and
presented as dimensionless number. The use of an adult model should not affect normalized muscle
lengths [116]. A more elaborate way to study muscle-tendon lengths would be to use an individualized
MRI-based model. However, at the present time, building an individualized MRI-based model would be
costly and labour intensive and is not feasible for retrospective evaluation. Therefore these models have
been only used for a very limited number of patients. Another consideration should be that children with
cerebral palsy cannot be assumed to have normal bone architecture, osseous deformities could alter
muscle attachment points and muscle paths. Schutte showed the effect of femoral anteversion on psoas
muscle length [117]. To our knowledge, no study has yet determined the influence of bone deformities
(tibial torsion, ankle varus/valgus) on the calculation of triceps surae muscle length. The method of
Eames [118] has frequently been applied to calculate gastrocnemius muscle-tendon length. Eames used
a simple 2-dimensional model based on the measurements of the knee X-rays and MRI. This model does
not account for the two heads of the gastrocnemius muscle and therefore it might be too simplistic.
There is an evidence that the medial and lateral heads of the gastrocnemius muscle differ considerably in
their architecture [119], their length and pattern of activation [120]. The Mobile GaitLab muscle model
uses separate attachement points for the two gastrocnemius heads according to Yamaguchi‘s data [100].
Therefore the results in our study might be more realistic because they account also for the rotational

movements of the lower extremity.
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There is another important limitation of the mechanical models of lower extremities, such as the Mobile
GaitLab. These models do not have antropomorphic muscles and therefore they are unable to
understand the muscle coordination [121]. In the very recent studies, new type of models occured.
Simulation based analyses of the muscle actions, in combination with measured gait kinematics and
electromyographic (EMG) recordings, have tremendous potential to advance our understanding of
normal and pathological movements. In addition to the model used in our studies, muscles are not
simulated as a straight lines spanning between two points, but have their own properties and are driven
by force plates measurements and EMG signals. Simulation derived from dynamic models with
physiologic-like muscles have a very high potential of understanding of coordination of gait. These
models may identify the instantaneous contribution of individual muscles to acceleration and energetics
of the individual body segment. Analysis of these muscle-induced segmental accelerations and powers
have shown how muscles work together in synergy, or independently to coordinate movement of the
body [98]. For example, Hicks at al. [122] showed that the capacities of almost all the major hip and knee
extensors were markedly reduced in a crouched gait posture, with the exception of the hamstrings
muscle group, whose extension capacity was maintained in a crouched posture. Crouch gait also
increased the flexion accelerations induced by gravity at the hip and knee throughout single limb stance.
These findings help explain the increased energy requirements and progressive nature of crouch gait in
patients with cerebral palsy. Another study [99] quantified the muscle contributions to vertical support
and forward progression over a range of walking speeds. They found that during very slow and slow
walking speeds, vertical support in early stance is primarily provided by a straighter limb, such that
skeletal alignment, rather than muscles, provides resistance to gravity. When walking speed increased
from slow to free, contributions to support from vasti and soleus increased dramatically. Greater stance-
phase knee flexion during free and fast walking speeds caused increased vasti force, which provided
support but also slowed progression, while contralateral soleus simultaneously provided increased
propulsion. These types of modeling studies demand a deep mathematical and biomechanical
backround, knowledge of forward dynamics and do not allow to process greater number of subjects.

They are therefore not feasible for clinical research.
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Study 1
Genu recurvatum in children with cerebral palsy

Knee hyperextension during the stance phase of the gait cycle is commonly observed in children with
cerebral palsy. Children with cerebral palsy often have poor motor control at the ankle. In all CP children
included in this study, knee recurvatum occurred secondary to abnormal movement of the tibia during
the stance phase. Our results based on the musculoskeletal modeling, show two distinct patterns of the

triceps muscle behaviour during the stance phase of the gait cycle.

In the Early Recurvatum group, tibia advancement over the planted foot is suddenly stopped by an
exaggerated stretch reflex [123] of the soleus muscle, and the foot is brought back to equinus position.
Such a spastic “catch-up” is clear evidence of muscle spasticity and the dynamic nature of the equinus
deformity in the Early recurvatum group. This behaviour of the soleus is further confirmed by the
electromyographic hyperactivity, present throughout the single stance phase, and was the only
statistically significant difference in EMG activity between the REC groups. More evidence of the dynamic
nature of equinus in Early recurvatum group is given by the clinical examination, which agrees with our

hypothesis.

The gastrocnemius of Early recurvatum elongates, similarly to the soleus, to its maximal length during
the loading response. Because the gastrocnemius is one of the knee stabilizers, a rapid elongation might
add to an existing instability to the knee joint, and the gastrocnemius could then not act as a restraint
[124]. The rapid elongation of the gastrocnemius medialis might also support the soleus muscle in its
pathological function of pulling the tibia backwards. The gastrocnemius muscle’s rapid elongation to its
maximum length could also be indication of weakness which has been reported as one of the causes of
knee recurvatum [102;125;126]. In our study this is only an indirect sign of weakness obtained from gait

analysis and we do not have clinical data to back up this finding.

The triceps surae muscle of the Late Recurvatum (Late recurvatum) group demonstrated an entirely
different pattern of action. The soleus muscle slowly elongates to its maximal length and then stops the
tibia during forward progression. It then remains at a constant length during the whole single stance
phase. The soleus and the medial gastrocnemius have a smaller range of dynamic muscle lengths. This
could be interpreted as a sign of increased muscle stiffness. Increased muscle stiffness would be
expected in the presence of a fixed equinus deformity. The dynamic behaviour of the gastrocnemius

muscle in the Late recurvatum group showed a pattern closer to normal. Perhaps a good parameter to
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describe the dynamic action of the soleus and the gastrocnemius muscles in the single stance phase is
the slope of muscle length. The slope quotient demonstrates that while triceps surae muscles in the Early
recurvatum group contract and shorten, they remain at a constant length, or show a slight elongation in
the Late recurvatum group. As walking velocity was comparable for both recurvatum groups, the group

differences observed in musculoskeletal modeling should not be biased by this factor.

In a study of children with hemiplegic cerebral palsy, Hullin et al. proposed that the difference between
the two groups of recurvatum patients is the degree of soleus tightness — early hyperextenders have a
relatively tighter soleus than late hyperextenders [124]. In contrast to his observation, our results clearly
indicate that early knee recurvatum is more likely associated with dynamic equinus deformity. A smaller
range of dynamic muscle lengths of the medial gastrocnemius and soleus muscles in the Late recurvatum
is to be considered as a sign of the fixed contracture. Moreover, there is a 85,8% agreement between the

fixed equinus deformity assessed by clinical examination and the Late recurvatum group.

In the second part of the study, kinematic and kinetic analyses together with musculoskeletal modeling
and surface electromyography were used to investigate the role of the hamstrings in children with
cerebral palsy who developed knee recurvatum. Hamstrings are biarticular muscles providing hip
extension and knee flexion. The length of these biarticular muscles does not intuitively reflect angular
changes of a single joint, but is dependent on angular changes of multiple joints as well as on the
moment arms about these joints. Delp introduced musculoskeletal modeling into the clinical routine,
reporting that 80% of patients with cerebral palsy who developed crouch gait had hamstrings of normal
length or longer, despite persistent knee flexion during the stance phase of gait [96]. This was an
unexpected finding as until then hamstrings were considered to be too short and were routinely

addressed by surgery in children with crouch gait.

According to electromyography studies of normal gait, hamstrings are active in the terminal swing and
just after the initial contact during the loading response. Hamstrings, in the terminal swing, produce the
hip extensor moment that promotes knee extension and the knee flexor moment that controls and slows
that motion [23]. Because the lever arm of the hamstrings at the knee is shorter, compared to its lever
arm at the hip, hamstrings are more effective as hip extensors [127]. They play an important role during
initial contact when hamstrings inhibit the knee extension and assist in generating extension power at
the hip [23]. This study demonstrated both medial and lateral hamstrings to be abnormally long at initial
contact in knee recurvatum limbs. For both recurvatum groups these muscles act over a wider range of

functional muscle lengths over the gait cycle. As hamstrings inhibit the knee extension at initial contact,
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abnormally long hamstrings could result in a knee instability, which could lead to the knee
hyperextension. This finding goes hand in hand with the well documented fact that surgical hamstring

over-lengthening can cause knee hyperextension in the stance phase of gait [128].

In contrast to Lin’s findings [129] and in accordance with Simon’s report [102] the outcome of this study
showed prolonged activity of the hamstrings during the stance phase of gait. Hamstring muscles of both
recurvatum groups shortened approximately 16% during the single support stance phase compared to
only 10% shortening for the control group. Moreover, the Early recurvatum group had a shorter mean
muscle-tendon length of the hamstrings in the single support stance phase, which points to a more
dynamic muscle tightness in Early recurvatum group. The increased hamstring shortening during the
stance phase of gait in the recurvatum limbs could represent a compensation for functionally long
hamstrings at initial contact. This interpretation is supported by the finding of a prolonged

electromyographic activity of the hamstrings for both recurvatum groups.
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Study 2

Dynamic versus fixed equinus in cerebral palsy in children with cerebral palsy. How does the
triceps sureae work?

The distinction between dynamic calf muscle tightness and a fixed calf muscle contracture is critical in
clinical decision making [130;131]. While dynamic tightness might be addressed by conservative
treatments [132], fixed muscle contracture represents an indication for surgery [131]. In cerebral palsy
increased muscle tone and spasticity make it difficult to asses the muscle-tendon length of a single
muscle group in the awake state. While the clinical range of motion testing to detect fixed contractures
might have considerable sensitivity, the specificity of the tests is documented to be poor [133].
Therefore, if surgical decision-making had to rely on clinical examination alone, several dynamically tight

calf muscles would be evaluated as requiring surgical lengthening procedures.

Ankle kinematics differed between the Dynamic Equinus and the Fixed Equinus group (Study 2, Fig. 1).
During the stance phase of gait, normal ankle motion shows a gradual dorsiflexion. Here, ankle motion in
the Fixed Equinus group demonstrated persistant equinus and in the Dynamic Equinus group the ankle is
even plantarflexing. This abnormal ankle motion in the Dynamic Equinus group relates to early maximal
power generation during single stance. In contrast, normal children show ankle power absorption during
single limb support. The nearly opposing patterns of ankle kinematics and ankle powers in children with
a Dynamic equinus can be interpreted as the effect of an out of phase muscle contraction due to a
muscle stretch following a forefoot landing. The Dynamic nature of this contraction is documented by
the high muscle-tendon velocity for the triceps surae in the Dynamic Equinus group. For the Fixed
Equinus group the kinematic, kinetic and muscle-tendon length parameters illustrate the fixed nature of
the equinus. Here, the ankle shows only minor motion and the muscle-tendon lengths remain almost
unchanged during single limb support. The muscle-tendon velocity was close to zero. The reduction in
ankle motion contributes to a reduction in ankle power generation values that were the lowest of all the

three study groups.

Besides the reduction of muscle-tendon lengths in children with cerebral palsy, we feel that the
shortening and lengthening muscle-tendon velocity of the triceps surae during gait represents a valuable
parameter to evaluate spastic equinus. Our results indicate that all three triceps surae muscles achieve
significantly lower peak lengthening velocities in the Fixed Equinus group when compared to the
Dynamic Equinus group. Decreased peak lengthening velocity might be an effect of increased muscle

stiffness due to an increase in passive tension of the triceps surae muscle fibres. Fridén and Leiber
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proved that the mechanical properties of isolated muscle fibers are different in patients with cerebral
palsy who developed contractures [134]. Cells of spastic muscles have shorter resting sarcomere lengths
and develop passive tension on significantly shorter sarcomere lengths compared to healthy individuals.
Another explanation for the decreased peak muscle-tendon lengthening velocity could be a change in
the architecture of spastic muscles. Rose et al. demonstrated that spastic muscles in children with
cerebral palsy show a predominance of slow-twitch type | muscle fibers and that fiber sizes were
different when compared to healthy individuals [135]. Weakness of the dorsiflexor muscles, which is
common among children with cerebral palsy who walk with equinus pattern, could represent another
factor for decreased peak lengthening velocity [39]. This would, however, not explain the difference in

peak lengthening velocity between fixed contracture and Dynamic tightness.
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Study 3

Short-term effects of Botulinum Toxin A and serial casting on triceps surae muscle length and

equinus gait in children with cerebral palsy

This study utilised three dimensional gait analyses to evaluate effects of BTX-A and serial casting on
kinematic and kinetic gait parameters in children with cerebral palsy who demonstrate equinus gait.
Short-term effects were analysed ten weeks after BTX-A injections. To evaluate changes in dynamic
muscle length, musclulo-skeletal modeling techniques were applied. The results of this study confirm
previously reported beneficial short-term outcome when equinus gait is treated with BTX-A and serial
casting in children with cerebral palsy. In accordance with other authors [38;42] we observed significant
improvements of ankle kinematics and kinetics. These improvements include a reduction in equinus and
a change of timing and modulation of ankle motion patterns towards normal. During the “second rocker”
of ankle motion we documented improved dorsal-flexion at the end of the stance phase of the gait cycle
[130]. Abnormal power absorption was observed whenever a forefoot landing occurred and the ankle
was loaded through a forefoot lever. This power absorption can be interpreted as a calf muscle stretch,
which is followed by a burst of power generation in the first half of single support. This burst of power
generation points towards a spasticity driven stretch reflex after loading the ankle via a forefoot lever
arm. When treated with BTX-A and serial casting the reflex induced power generation was markedly
reduced. In this study musculo-skeletal modeling revealed no changes in muscle length that could be
attributed to the interventions of BTX-A and serial casting. As the changes in kinematics and kinetics
cannot be attributed to changes in muscle length, possibly BTX-A affects intrafusal muscle spindles,
reducing the effects of the gamma-loop stretch reflex. In a recent study of long-term effects of BTX-A
treatment on muscle tone and range of motion in a group of children with cerebral palsy Tedroff et al.
[136] proved that BTX-A was efficient in reducing the muscle tone but the improvement of range of
motion lasted only for a short period of time in the gastrocnemius muscle. This evidence would support
our conclusion that during the first weeks after the application of BTX-A, the therapy might have a more

significant influence on muscle spasticity than on muscle growth.

The dose of BTX-A used in this trial (7 IU/kg of BTX-A for the triceps surae complex) is rather high when
compared to the literature [137;138]. However, a randomized double blinded trial demonstrated that
high-dose BTX-A treatment has a better effect on gait and spasticity improvement than low-dose BTX-A
treatment [139]. Similar dosages of BTX-A have been evaluated by other authors [42;113] who did not

observe any increase in adverse effects. There is no general agreement on the use of serial casting
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together with BTX-A treatment in children with cerebral palsy [140]. It has been shown that serial casting
enhanced and prolonged the effect of BTX-A treatment [38;42]. In a more recent study, Newman et al.
[141] showed additional benefits in the recurrence of spasticity when casting is delayed after BTX-A
injections. Based on these supportive data and our personal experience we adopted this procedure for
routine use. The cast is not applied immediately after BTX-A administration but on the same day
(approximately four to five hours after injecting BTX-A). This time is used to move and stretch the triceps
surae muscle. It has been proved in an animal model that even 10 passive stretch/relax cycles can
increase the efficacy of BTX-A [142]. However, to our knowledge no published data could confirm this
finding in a group of children with cerebral palsy. On the other hand, electrical stimulation was proved to

prolong the gait improvement in children with spastic diplegic cerebral palsy [143].

Management of cerebral palsy is primarily directed towards maintaining or regaining muscle length. Use
of BTX-A here is based on the concept that muscle fibres in children with spastic cerebral palsy are short,
and weakening the muscles with BTX-A injections might allow them to be stretched and thus grow in
length. Therefore the progression from dynamic to a fixed deformity may be delayed [144] and any
orthopaedic surgical procedures could be postponed or reduced in frequency [45]. Although muscle
growth following the BTX-A injection has also been found in animal models [24;144], the findings of our
study did not support this in children with cerebral palsy in a short-term follow up. We speculate that a
period of ten weeks is too short to expect any measurable gain in muscle length by muscle growth.
However, we observed significant improvements in ankle kinematics and kinetics. We interpret the
beneficial changes in kinematics and kinetics observed in this study as an effect of BTX-A on intrafusal
muscle fibres [145]. Therefore, the application of BTX-A might have a more significant influence on
muscle spasticity than on muscle growth. The BTX-A is effective to reduce the over-activity of the spastic
muscle and improve its function [146]. Moreover, even if the main effect of BTX-A might be to weaken
the muscle, we did not observe any decrease in power generation in terminal stance, which is the most
important factor for forward propulsion in walking. Again, this could be explained by different influences

of BTX-A on intrafusal and extrafusal muscle fibres.
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Study 4
Detecting postoperative change in children with cerebral palsy: Net nondimensional versus

body mass oxygen normalization

Energy expenditure as measured by oxygen consumption can be considered as an objective tool for
assessment of functional ability. Fixed selected speeds of 2 km.h™ and 3 km.h™ should be comparable to
speeds perceived in the patient’s everyday life [30]. While resting oxygen consumption remained
unchanged, gross mass relative oxygen consumption decreased and thus efficiency of walking increased.
Lower oxygen consumption point out the lower energy demand and thus longer time till fatigue occurs.
In contrast to healthy persons, the major reason for the increased energy cost of locomotion in children
with cerebral palsy is ineffective gait, due to simultaneous activation of antagonist muscles [30;31]. The
preoperative values of VO, in our group of children with cerebral palsy are considerably higher in
comparison to values of the population of healthy children but similar to previously published data on
children with cerebral palsy [61]. Moreover, the comfortable walking speed is more than double in

healthy subjects [59].

Because of the strong dependence of gross oxygen consumption on anthropometrical data there is a
need for normalization. Gross oxygen consumption relative to body mass (ml.kg?) is the most widely
used parameter representing the intensity of physical effort during exercise. The mass relative
normalization scheme provides widely accepted but not entirely effective normalization and its
performance decreases with increasing height, mass and age [110]. The net nondimensional
normalization scheme, using the nondimensional variables described by Hof [105], is essentially
independent of all three above mentioned factors. This scheme was shown to perform better than
standard mass relative normalization in able-bodied children [110] and it was also used to evaluate gait
efficiency in children with cerebral palsy [147]. To our knowledge, it has not been used to detect the

improvement of gait efficiency after the soft-tissue surgery in children with cerebral palsy.

Our results demonstrate that the net nondimensional normalization enables a better pre- and
postoperative comparison of energy consumption in children with cerebral palsy of different ages and
anthropometrical parameters. This was reflected by the lower variability of the net nondimensional VO,
at both speeds when compared to mass relative VO, Moreover, the Spearman rank correlation pre- and

postoperatively indicates a close association between the two normalization methods.
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Study 5
Evolution of walking ability after soft tissue surgery in cerebral palsy patients. What can we

expect?

Evaluating our surgical results in cerebral palsy population we have to be cautious about
underestimating the immediate effect of surgical intervention which results in stabilization of a child’s
gait pattern [148]. The aim of our study was to prove following clinical observation: although we can
surgically help our patients to stabilize their walking level or even to improve their gait in long-term run
[149-151], there is a period of time up to 6 months just after the surgery [152], when the walking ability

deteriorates.

The indications for selection of surgical procedures are often discussed in the literature. It is well
documented, that adductor muscles surgical lengthening may be inappropriate in an attempt to reduce
excesive internal rotation of the hip [153], but contracture of adductors may be associated with hip
lateralisation or even subluxation or luxation of femoral head in spastic cerebral palsy [25]. Specifically
the adductor longus, have been noted to have the greatest effect in causing hip dislocation [154]. This
paltological sequence may be prevented by surgical release of adductor muscles [155]. In agreement
with other authors [150;156] we consider the restriction of abduction more than 302 as a contracture of
adductors and we provide adductor muscle tenotomy as a preventive hip surgery, because adductor
tenotomy reduces trend towards lateral displacement of the hip joint [157]. Hip flexor contracture is
belived to result in gait deviations including restricted stride length, excessive anterior pelvic tilt,
increased lumbar lordosis and limited hip extension in stance [158]. Proximal rectus femoris release was
initially proposed to reduce hip flexion contracture and lumbar lordosis while improving knee flexion in
swing [159]. Inappropriate activity of rectus femoris during swing is belived to contribute to stiff-knee
gait in cerebral palsy patients [160]. Distal rectus femoris transfer posterior to the knee was proposed by
Perry [161] to treat this gait deviation. This procedure was thought to convert the rectus femoris from
knee extensor to knee flexor, but it shows that beneficial effects of rectus femoris tendon transfer are
derived from reducing the effects of the rectus femoris muscle as a knee extensor rather than from
converting the muscle to knee flexor [101]. Our aim was to address anterior pelvic tilt, hyperlordosis and
reduced hip extension by proximal rectus femoris release. Contrary to results of some authors [158] we

have a good clinical experience with this procedure which we have already published [162].
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At the first follow-up we found a trend to more extension pattern at the hip and the knee which is
pointed out as an important mechanism in cerebral palsy patients [148]. These changes allow normal
weight acceptance through the ankle and knee. At the knee there was a dramatic improvement towards
extension at initial contact and during single support stance phase, but maximal knee flexion in swing
decreased. This might be due to decreased walking velocity and power generation during push-off [163].
The push-off range of motion decreased which goes along with slower velocity and step length and
implicates a reduction in plantar flexor power. The normalization of foot position in swing, as it was
observed in our group of patients is in agreement with Reimers [164], who states that antagonist

function improves when spasticity of the agonist is reduced by tendon lengthening.

At the second follow-up (nine month postoperatively) an overall improvement was present. Velocity,
step length and cadence increased. Even though parents of our patients reported stability improvement,
we did not find any significant change in double support time or step width. This discrepancy might be
explained by small sample size in our study. At the hip the increased extension pattern during stance
phase was still present and the change in maximum hip extension reached statistical significance. On the
contrary to findings of Abel [149], the maximum knee flexion in swing increased back to preoperative
level, although the improved knee extension in initial contact and stance remained. Significant
improvement was seen in push-off range of movement compared to first follow-up. This parameter
reached back the preoperative level and indicates better propulsion. This finding is consistent with
findings by Steinwender et al. [131] who did not find any changes in push-off range of motion after

surgery and the energy generated at push-off was significantly increased.

Analysis of Center of Mass vertical movement seems to be a good biomechanical factor in monitoring of
walking efficacy [82]. We observed a decrease of Center of Mass vertical displacement at first follow-up,
but it did not reach statistical significance. However, there was a significant improvement of COM

vertical excursion at second follow-up (p=0.0298) which indicates better walking efficacy of our patients.

Functional Mobility Scale (FMS) proved an excellent ability to demonstrate a difference between pre-
and postoperative state and to detect improvement and deterioration in walking ability of cerebral palsy
children [21]. There was no improvement seen after three month period in FMS, but there was found a
highly significant increase in parent’s rating of children walking ability after nine months.Subjective

parent’s perception of children’s gait improvement goes together with other kinematic data.
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Gait analysis in Cerebral Palsy — Pros & Cons

Cerebral palsy is the most common cause of chronic childhood disability. Because of negative effects of
upper motoneuron syndrome on developing muscles, they fail to keep pace with growing bones and the
occurrence of muscle contractures is the result [24]. These are initially dynamic, but often become fixed
over the time. Abnormal muscles produce abnormal forces on the growing skeleton and lead to
secondary bony deformities and joint instability [23] (p.185). Further more, the response to these
primary and secondary abnormalities may differ among the children. To differentiate between the
primary and secondary abnormalities and coping responses is the key for understanding the gait

pathology in children with cerebral palsy.

The three-dimensional kinematic and kinetic gait analysis is a widely used tool for research of gait
abnormalities as well as for clinical assessment and decision making in children with cerebral palsy. Gait
analysis provides an objective record of gait [165]. Clinical gait analysis typically seeks to discriminate
between normal and abnormal gait and to assess change in walking over time. Repeated gait
measurements can be used to evaluate the response to therapeutic interventions such as surgery,
physiotherapy, medications and orthotics. Variability between ‘before’ and ‘after’ measurements may be
due to treatment effects or measurement variation, or a combination of both. Knowledge of the error
magnitude can enable clinical teams to minimise the risk of over-interpreting small differences as
meaningful [166]. Therefore the variability represents an absolute prerequisite of validity for any
measurement. The sources of variability in the gait analysis are the patients themselves, the motion
laboratory equipment, data aquisition and interpretation. Patients with cerebral palsy have been found
to have worse intra-subject reliability than healthy children [167]. This facts make the comparison of pre-
and post-treatment measurements a bit cumbersome and the interpreter must pay attention to the
variation of the parameter measured. The measurement error rising from the technical equipment of the
gait laboratory is dependent on the resolution of cameras, their positioning and the the calibrated
volume as have been discussed in the theoretical part of the thesis. There is still a need for modifying
measurement techniques to reduce levels of error. Many current techniques rely heavily on the skill of
assessors in accurately placing markers and inaccurate marker placement is almost certainly the principal
source of error. New techniques are now emerging based on functional calibration techniques which are
in principle less dependent on the accuracy of marker placement [168]. A recent review of McGinley et
al. on reliability of three-dimensional kinematic gait measurement [169] concluded that although most
errors in gait analysis are acceptable, they are generally not small enough to be ignored during clinical

data interpretation. The highest reliability indices, according this review, occurred in the hip and knee in
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the sagittal plane, with lowest errors in pelvic rotation and obliquity and hip abduction. Lowest reliability
and highest error frequently occurred in the hip and knee transverse plane. Most studies providing
estimates of data error reported values (S.D. or S.E.) of less than 5°, with the exception of hip and knee
rotation. Therefore a goal of any clinical measurement technology must be to provide measurements
that are free from any measurement error that might affect interpretation. To ensure this, a quality
control and new dynamic joint centering techniques could be the right step forward in the accuracy of
measurement. Those, who have already implemented these techniques, report the intertherapist,

intersession and intertrial errors of less than 4° [166].

Despite of all these limitations and data variability, three-dimensional kinematic and kinetic gait analysis
has been proved to be a reliable research and clinical tool which is widely accepted by orthopaedic,
biomechanic, neurologic and physiotherapeutic communities. Thanks to the gait analysis we can
measure and objectively assess parameters, which can not be visually aspected (joint moments, powers,
dynamic muscle length etc.). Exactly these parameters, which distinguish computerized gait from
observational analysis, led to a change of treatment philosophy of gait problems in children with cerebral
palsy. It was a shift from morphologic way of thinking to a more functional approach to management of
cerebral palsy. The example of such a step towards functionality may be the evolution of ankle orthosis.
Initially, only rigid ankle-foot orthosis were manufactured to treat the crouch gait. They block and hold
the movement in the neutral position. However, such an orthosis not only completely blocks
acceleration forces of third rocker and thus any power generated by the calf muscles in the terminal
stance is lost, but also interferes with second rocker and plantarflexion/knee-extension couple. Better
understanding of ankle function during gait and ground reaction forces applied to the foot led to the
development of hinged floor-reaction ankle-foot orthosis which blocks dorsiflexion in single stance but
still allowing plantarflexion for propulsion in terminal stance [23] (p.281). Another example of functional
approach to cerebral palsy concerning the paediatric orthopaedics, would be the concept of lever-arm

dysfunction and its treatment popularized by professor Gage [170].

A common topic of the studies presented in this thesis is the gait analysis in children with cerebral palsy.
Although they span from studying the pathobiomechanics of movement (Study 1 and 2) over a
application of new normalization methods (Study 4) to clinically orientated question-driven research
(Study 3 and 5), they all might have a direct impact on management of children with cerebral palsy. As
the gait analysis itself has been developed as a reasearch and clinical tool to allow a better

understanding of gait problems, it is important to answer the question: ,Does gait analysis alter
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treatment decision making?“. The first one, who tried to answer this question in his study was DelLuca et
al. [171]. He compared the surgical recommendations for 91 children with cerebral palsy made by
clinicians experienced in gait analysis when using information provided from the clinical examination and
videotape, with recommendations made after the addition of kinematic, kinetic and electromyographic
data. Addition of gait analysis data resulted in changes in surgical recommendations in 52% of the
patients with an associated reduction in costs of surgery, not to mention the human impact of an
inappropriate surgical decision, which is more likely without gait analysis. Chang et al. in his study
addresses the clinical value of the gait analysis when used as a diagnostic tool [172]. He found that
patients who complied with gait analysis surgical recommendations were 3.68 times more likely to
experience a positive outcome than matched patients who chose not to follow gait analysis
recommendations. An important finding was made by Desloovere et al. in her study of the correlation
between gait analysis data and clinical measurements [66]. She evaluated the combined predictive value
of static and dynamic clinical measurements on gait data of 200 children with cerebral palsy. Only fair to
moderate correlations were found between clinical measurements and gait data, the overall highest
correlation being 0.60. Multiple regression analysis revealed that adding dynamic clinical measurements
(spasticity, strength and selectivity) to a static model enhanced the link between clinical measurements
and gait data. The interpretation of this study stresses the fact that gait analysis data cannot be
sufficiently predicted by a combination of clinical measurements. The independence of the
measurements supports the notion that both, clinical examination and gait analysis data provide
important information for delineating the problems of children with cerebral palsy. An interesting finding
that documents the benefit of the gait analysis is that of Molenaers et al. who retrospectively reviewed a
sample of 424 children with cerebral palsy and found that the introduction of gait analysis increased the

age of the first orthopaedic surgical procedure [45].

Obviously, there is not only positive acceptance of the gait analysis. Narayanan [173] in his 2007 review
evocates that although gait analysis has been shown to alter decision making, there is a little evidence
that the decision based on gait analysis lead to a better outcome and consequently concluded that gait
analysis remains controversial. Another criticism of gait analysis in the literature is the paper of Noonan
and collegues [174]. To determine the efficacy of gait analysis in the treatment of ambulation problems
in cerebral palsy, the authors set out to assess the consistency of both the quantitative data and
recommendations for treatment from 4 different motion analysis laboratories. To accomplish this, they
sent 11 children to four separate gait analysis centers and then compared the clinical data and treatment

recommendations from these centers. They found that gross inaccuracies existed in the clinical data,
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with the sagittal plane data being the most reproducible and the transverse plane the least. Treatment
recommendations were similar in only 2 of the 11 patients and were widely disparate in the other 9.
From this they concluded that traditional methods of physical examination and observational gait
analysis were more reliable and that methods other than gait analysis were needed to determine the
outcomes of treatment of gait problems in cerebral palsy. The authors speculated about but did not
attempt to determine the reasons for the disparate data. The poor agreement on treatment
recommendations is an important finding, but it relates more to the opinions on treatment strategy of
particular surgeons than to the gait analysis data itself. The interpretation of the gait analysis data is
subject of individual variability similar to the interpretation of electrocardiogram. In both papers the
authors underline the variability of gait analysis data. This topic has been discussed earlier in the text and
| would therefore only note that the reliability of gait analysis data has been found to be acceptable
[169] keeping in mind its technical limitations. Futhermore, since the Narayanan’s 2007 review new data
supporting the value of gait analysis have been published. Filho et al. showed in his study [175] that the
patients whose treatment matched the recommendations from three-dimensional gait analysis showed
a more significant improvement in walking. Moreover, gait analysis prooved to be helpful in
distinguishing children with bilateral spastic cerebral palsy who would benefit from surgery from those in
whom nonoperative management is appropriate [176]. Therefore its routine clinical use is encouraged in

the management of children with cerebral palsy.

Studies presented in this thesis enhance the up-to-date knowledge in the field of pathophysiology of
movement disorders in children with cerebral palsy. Based on the literature review, our team was the
first one to introduce the three-dimensional gait analysis in children with cerebral palsy in the Czech
Republic. In cooperatin with the Medical University of Graz and University Duisburg-Essen, Institute of
Mechatronics and System Dynamics new technique of the dynamic muscle length modeling was
introduced. Outcomes of our clinical studies have a direct implication in the treatment strategy of
children with cerebral palsy. As cerebral palsy is the most common cause of chronic childhood disability
and motor disorders are the leading sign of this syndrome, the work presented here might be of interest
for a wide spectrum of audience including paediatric orthopaedic surgeons, neurologists,

physiotherapists, rehabilitation doctors and biomechanical engineers.
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Summary Of main outcomes:

Study 1 — Genu recurvatum in children with cerebral palsy

This study used gait analysis and musculoskeletal modeling to provide the link between the type of
equinus deformity and the timing of knee hyperextension in children with cerebral palsy. Early knee
recurvation is caused by a dynamic equinus deformity and the late knee recurvation is linked to the fixed
equinus deformity. Such a finding might simplify the decision as to which treatment to select for equinus
deformity, present in patients with genu recurvatum.

Semimembranosus, semitendinosus and the long head of biceps femoris are abnormally long at initial
contact and operate over a wider range of muscle-tendon lengths in patients with cerebral palsy who
developed knee recurvatum. Functionally long hamstrings might result in some degree of knee joint
instability and could cause its hyperextension. This interpretation is supported by the clinical observation
that surgical over-lengthening of hamstrings leads to knee hyperextension in children with cerebral
palsy. In our opinion, abnormally long hamstrings together with equinus position of the foot at initial

contact are the main causes of genu recurvatum in children with spastic cerebral palsy.

Study 2 - Dynamic versus fixed equinus in children with cerebral palsy. How does the triceps sureae
work?

The distinction between a dynamic and a fixed equinus was based on an examination under general
anaesthesia. This allowed the evaluation of kinematics, kinetics and calf muscle-tendon length
parameters in well defined groups. Characteristic changes in ankle joint kinematics and abnormal kinetic
parameters were found for both types of equinus. The rate of change of muscle-tendon length might be

a promising parameter to distinguish between fixed and dynamic equinus gait in children with cerebral

palsy.

Study 3 - Short-term effects of Botulinum Toxin A and serial casting on triceps surae muscle length and

equinus gait in children with cerebral palsy

The BTX-A is effective in reducing the over-activity of the spastic muscle and improving its function. We
did not observe any change in the peak muscle-tendon length of the gastro-soleus muscle complex. The
application of BTX-A might have a more significant influence on muscle spasticity than on muscle growth.
As the changes in kinematics and kinetics cannot be attributed to changes in muscle length, possibly BTX-

A affects intrafusal muscle spindles, reducing the effects of the gamma-loop stretch reflex. The study
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demonstrated beneficial functional changes in ankle kinematics and kinetics after the application of BTX-

A when combined with serial casting.

Study 4 - Detecting postoperative change in children with cerebral palsy: Net nondimensional versus

body mass oxygen normalization

The net nondimensional VO2 was able to detect the postoperative improvement of gait efficiency with
smaller variability compared to standard mass relative normalization. Because of its independance on

age, weight and height it might be recommended in studies concerning children with cerebral palsy.

Study 5 - Evolution of walking ability after soft tissue surgery in cerebral palsy patients. What can we

expect?

We found the soft-tissue surgery to be an effective method for correction of contracted muscle
deformities. Although six months period is reported to be a sufficient time for recovery after soft tissue
surgery, some of the important gait parameters (push-off range of motion at ankle joint) did not recover
to preoperative level until nine months postoperatively. Despite the normalization of range of motion
immediately after operation, there is an obvious period of deterioration after a corrective surgery in
cerebral palsy patients and we have to inform our patients about this fact in advance. Our results also
highlight the importance of postoperative physiotherapy and the necessity of muscle and gait training

programs after soft-tissue gait improvement surgery.
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Abstract

The aim of the study was to confirm the hypothesis of the influence of the dynamic and fixed equinus
deformity on timing of knee recurvation (hyperextension). According to our hypothesis, dynamic equinus is
linked to early and fixed equinus to late knee hyperextension. A group 35 children with CP (47 lower limbs) was
divided into two subgroups according to the timing of maximum knee hyperextension. Clinical examination
confirmed our hypothesis. The gait analysis and musculoskeletal modelling results were compared to 12
normally developing children. Both recurvatum groups had forefoot landing and neither achived normal ankle
dorsiflexion. EMG examination revealed a abnormally high soleus activity in single stance. Muscle length
changes of medial gastrocnemius and soleus were in agreement with our hypothesis. Such a finding might
simplify the decision as to which treatment to select for equinus deformity, present in patients with genu
recurvatum.






Introduction

Hyperextension of the knee in the stance phase of
the gait cycle (knee recurvatum) is a common
disorder of the knee function present in patients
with stroke or traumatic brain injury [1],
poliomyelitis [2] and patients with cerebral palsy
[3]. Knee recurvatum is not only a pathological
kinematic pattern but produces significantly
increased peak extensor torque across the knee
[2], placing the capsular and ligamentous
structures of the posterior aspect of the knee at
risk of injury, possibly causing pain, ligamentous
laxity [4], or bony deformity [5]. Recurvatum has
also been shown to increase energy consumption
because of the interruption of the smooth transfer
of potential energy to kinetic energy [6,7]. Simon,
based on the results of kinematic analysis of
children with cerebral palsy, postulated two
different groups of the knee recurvatum [3]. In the
first group (Early recurvatum) recurvation occurred
within the first half of the stance phase and in the
second group during the second half (Late
recurvatum). The timing of peak recurvation has
been shown to be an important predictor of the
knee extensor torque. Late stance knee
recurvatum patients have significantly lower
extensor torque compared to the early recurvation
group [2].

There are several contributing factors to knee
recurvatum: triceps surae spasticity or weakness,
quadriceps spasticity, anterior trunk lean [3],
weakening of hamstrings [8], or bony deformities
of the proximal tibia [5]. The primary cause
mentioned in every study is the equinus position of
the foot. The role of the triceps surae and the
importance of the musculus soleus in the timing of
recurvation has already been mentioned in the
literature [9]. Hullin et al. postulated that early
hyperextenders have a relatively tighter soleus
than late hyperextenders. We agree that it is the
soleus muscle which plays an important role in the
timing of the peak hyperextension. However based
on our clinical knowledge, it is early knee
recurvation which is caused by a dynamic equinus
deformity, and late knee recurvation is linked to
the fixed equinus deformity. These two distinct
forms of equinus possibly point to a need for
different treatment strategies, and therefore such
a differentiation would have direct clinical
implications. The aim of our study was to evaluate
our clinical hypothesis. Kinematic and kinetic gait
analysis together with electromyography and
musculoskeletal modelling techniques were used
to describe and distinguish between the different
behaviour of gastrocnemius and soleus muscles
with regard to timing of the peak hyperextension
in children with cerebral palsy.
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Figure 1. The “Recurvatum identifier” represents the graphical
definition of knee recurvatum in the present study.The black
and dashed lines represent the normal values + one standard
deviation of the knee angle over the gait cycle in a group of
normally developing children. The vertical dotted lines define
the single support stance phase of the gait cycle during which
the knee recurvation occurred. The grey area represents the
minimal knee angle minus one stanard deviation in normally
developing children. Whenever knee angle values of a cerebral
palsy child fell below this reference during any time of the
single support stance phase, the limb was considered to have
the knee recurvatum.

Methods

Subjects

Knee recurvatum was defined as a knee angle
showing more extension than a reference knee
angle during the stance phase of the gait cycle. In
our study The reference knee angle was obtained
from a group of normally developing children.
Within this group the most pronounced knee
extension minus one standard deviation was
calculated for every percentage point of the gait
cycle forming the reference knee angle (Fig. 1).
This  reference knee angle (“recurvatum
indentifier”) was used as a cut-off to select the
patients with knee recurvatum.

The inclusion criteria were: spastic diplegic or
hemiplegic form of cerebral palsy, the knee
recurvatum as defined above, the GMFCS level of I-
Il, no prior triceps surae surgery, no application of
Botullinum toxin A within the last 6 months, the
full set of kinematic and kinetic data available.
Thirty-five children (21 boys and 14 girls) were
included in this retrospective study. Twelve were
diplegic and twenty-three hemiplegic. The
recurvatum group of 47 extremities was divided
into two subgroups according to a timing of the
peak hyperextension [3]. The group demonstrating
early recurvatum (group “E-REC”) (14 extremities)
had an average age of 8.01+2.7 years, and was
defined to have a peak hyperextension during the



first half of the stance phase. The group showing
late recurvatum (group “L-REC”) consisted of 33
extremities with an average age of 7.62+2.36
years, and had the peak hyperextension in the
second half of the stance phase. A group of 12
normally developing (group “Norm”) children (24
extremities) without any known neurologic or
orthopaedic condition influencing the gait served
as a reference collective. The average age of the
Norm group was 10.32+2.96. The type of equinus
deformity was examined clinically. If the foot could
not be dorsiflexed beyond the neutral position
with the knee fully extended, the equinus was
considered to be fixed. If the child had an equinus
gait and the foot could be dorsiflexed beyond the
neutral position with the knee fully extended, the
equinus was defined to be dynamic. The Ethics
Committee of the local medical University
approved the study.

Gait analysis

Computerized gait analysis was performed using a
six-camera, video-based motion capturing system
(Vicon 370, Oxford Metrics, Oxford, U.K.) and two
floor-mounted force plates (Kistler Instruments
Limited, Winterthur, Switzerland). Thirteen
reflective markers were used to define the pelvis
and lower extremity segments in accordance with
the Vicon Clinical Manager model (Oxford Metrics,
Oxford, U.K.). Moment and power parameters
were normalized to the weight of the patients.
Power generation and absorption patterns in the
sagittal plane were calculated and labelled
according to the method described by Winter et al.
[10]. All patients walked at self-selected speeds
along a 12-meter walkway. For each patient a
minimum of five trials providing a clear foot force
plate contact were captured and averaged.

Muscle length calculation

Based on kinematic data, Mobile GaitLab software
(University Duisburg-Essen, Institute of
Mechatronics and System Dynamics, Germany)
[11,12] was used to compute individual muscle
lengths. The specification of the lower extremity
architecture was based on the origin and insertion
coordinate data compiled by Yamaguchi [13]. The
model defines the musculoskeletal geometry of a
normal adult male. Three dimensional musculo-
tendon (MT) pathways were modelled as a series
of straight-line segments extending from the origin
to insertion. Where appropriate, the MT pathways
were sub-sectioned into a number of straight-line
segments by introducing via-points. Musculo-
tendon length parameters were normalized to
allow the comparison among subjects. To describe
the different patterns of muscle length changes

during the stance phase, a so-called “slope
quotient” was introduced. The slope quotient was
computed as a subtraction of the muscle length at
the beginning of single support from the muscle
length at the end of the single support. Positive
values of the slope quotient would therefore
indicate muscle elongation, negative values muscle
shortening and values near to zero would indicate
that the muscle stays of the same length during the
whole single support phase of the gait cycle.

Electromyography

Surface electromyograms were obtained from the
medial gastrocnemius and soleus of 5 children of E-
REC group (3 diplegic and 2 hemiplegic) and 10
children of L-REC group (3 diplegic and 7
hemiplegic) included in this study. Raw
electromyograms were recorded in a frequency
range between 25 and 400 Hz (Noraxon,
Myosystem 2000). After AD-conversion and
sampling at 1 kHz, the signals were fully wave
rectified and digitally low-pass filtered at 6 Hz.
After time normalisation, a minimum of 12 gait
cycles were averaged to create an average linear
envelope for each muscle. Calculation methods
applied have been described in detail by Yang and
Winter [14].

Statistics

One-way ANOVA with Fischer post-hoc test
(Statistica 6.0, StatSoft, Tulsa, OK, USA) was used
for comparisons between the controls, and the
early and late recurvatum groups. The significance
level was set to p<0.05. Electromyographic data
were evaluated and described by means of
descriptive statistics. Kinematics and kinetics in the
sagittal plane, as well as the lengths of the medial
gastrocnemius and soleus muscles over the gait
cycle were considered as main outcome measures
for this study.

Results

The recurvatum groups were age-matched but not
sex-matched and walking velocities were not
statistically different between the groups. Children
with CP and recurvatum walked slower, had a
shorter sride length and longer stance time in
comparison to normally developing children (Tab.
1). However, there was no difference between the
E-REC and L-REC group. The maximal knee
recurvation of the E-REC group on average
occurred at 25% of the gait cycle compared to 39%
of L-REC group (Fig. 4). Based on the clinical
evaluation, all 14 extremities from the E-REC group
were assessed as dynamic equinus deformity and



26 of 33 extremities from the L-REC group were
assessed to be fixed.

Kinematics, kinetics and EMG

There was no difference in ankle angle at initial
contact and both groups had a forefoot landing
(Tab. 1). Although, both groups rapidly dorsi-flexed
the ankle up to a mild dorsi-flexion during the
loading response, dorsi-flexion stopped at 12% of
the gait cycle in the E-REC group and then the foot
moved back to plantar-flexion (Fig. 2). The L-REC
group showed an arrest in tibia advancement at
about 17% of the gait cycle and remained in a mild
dorsi-flexion over the whole stance phase (Fig. 3).
None in either group were able to achieve normal
dorsi-flexion during stance (Fig. 4). There was no
significant difference in the ankle moments when
comparing E-REC and L-REC. However, compared
to group Norm both the REC groups had lower and
earlier maximum of the ankle moment. The L-REC
had higher power absorption during the first
double-support phase of the gait cycle. The
maximum power generation was not different
between the REC groups but power production at
the end of the stance did not reach the level of the
Norm group. Electromyographic evaluation of
muscle activation patterns revealed no differences
between the REC groups in gastrocnemius activity.
Both groups had an early high activity in the first
double support followed by abnormally high
activity during the single stance phase. Also
pathological swing phase activity of the
gastrocnemius occurred in both groups. A similar
phasic activity was observed for the soleus muscle
in both groups but only the E-REC group
demonstrated an abnormally high activity during
the single stance phase (p=0.042).

Muscle-tendon length simulation

Muscle-tendon length parameters were different
among the three groups. The medial
gastrocnemius in the E-REC group elongated
rapidly to its maximum during the first double-
support phase (aproximatelly the first 10% of the
gait cycle). It subsequently shortened gradually
during the rest of the stance phase. In contrast,
the medial gastrocnemius of L-REC group gradually
elongated to its maximum length that was reached
at 46% of the gait cycle (Fig. 4). The maximal
lengths of the medial gastrocnemius during the
stance phase of gait were similar between the
groups. At toe-off, the medial gastrocnemius
length for L-REC group was markedly longer when
compared to the E-REC and the Norm groups.
Medial gastrocnemius and soleus operated over a

smaller range of muscle lengths in both REC groups
(Table 2).

The soleus muscle of the E-REC group elongated
quickly from initial contact to its peak at 11% of the
gait cycle. At the start of single limb support, the
muscle shortened and remained at a constant
length during the rest of the single stance phase.
The soleus in the L-REC group elongated slowly to
its maximal length and did not change over the
single stance phase (Fig. 4). The maximal lengths of
the soleus were not different between the REC
groups. The range of soleus lengths was smaller in
the L-REC group (Table 2).

The differences in the patterns of muscle length
changes during the single support were described
by the slope quotient of muscle lengths. While
positive values were obtained for the medial
gastrocnemius and soleus muscles in the Norm
group, the L-REC group showed slope quotient
values close to zero and for the E-REC group
negative values were calculated. Negative values
indicated muscle shortening during the single
support phase (Table 2).

Discussion

Knee hyperextension during the stance phase of
the gait cycle is commonly observed in children
with cerebral palsy. Children with cerebral palsy
often have poor motor control at the ankle. In all
CP children included in this study, knee recurvatum
occurred secondary to abnormal movement of the
tibia during the stance phase. Our results, based on
the musculoskeletal modelling, show two distinct
patterns of the triceps muscle behaviour during
the stance phase of the gait cycle.

In the Early Recurvatum group (E-REC), tibia
advancement over the planted foot is suddenly
stopped by an exaggerated stretch reflex [15] of
the soleus muscle, and the foot is brought back to
equinus position. Such a spastic “catch-up” is clear
evidence of muscle spasticity and the dynamic
nature of the equinus deformity in the E-REC
group. This behaviour of the soleus is further
confirmed by the electromyographic hyperactivity,
present throughout the single stance phase, and
was the only statistically significant difference in
EMG activity between the REC groups. More
evidence of the dynamic nature of equinus in E-
REC group is given by the clinical examination,
which agrees with our hypothesis.

The gastrocnemius of E-REC elongates, similarly to
the soleus, to its maximal length during the loading
response. Because the gastrocnemius is one of the
knee stabilizers, a rapid elongation might add to an
existing instability to the knee joint, and the
gastrocnemius could then not act as a restraint [9].



The rapid elongation of the gastrocnemius medialis
might also support the soleus muscle in its
pathological function of pulling the tibia
backwards. The gastrocnemius muscle’s rapid
elongation to its maximum length could also be
indication of weakness which has been reported as
one of the causes of knee recurvatum [3,4,16]. In
our study this is only an indirect sign of weakness
obtained from gait analysis and we do not have
clinical data to back up this finding.

The triceps surae muscle of the Late Recurvatum
(L-REC) group demonstrated an entirely different
pattern of action. The soleus muscle slowly
elongates to its maximal length and then stops the
tibia during forward progression. It then remains at
a constant length during the whole single stance
phase. The soleus and the medial gastrocnemius
have a smaller range of dynamic muscle lengths.
This could be interpreted as a sign of increased
muscle stiffness. Increased muscle stiffness would
be expected in the presence of a fixed equinus
deformity. The dynamic behaviour of the
gastrocnemius muscle in the L-REC group showed a
pattern closer to normal. Perhaps a good
parameter to describe the dynamic action of the
soleus and the gastrocnemius muscles in the single
stance phase is the slope of muscle length. The
slope quotient demonstrates that while triceps
surae muscles in the E-REC group contract and
shorten, they remain at a constant length, or show
a slight elongation in the L-REC group. As walking
velocity was comparable for both recurvatum
groups, the group differences observed in
musculoskeletal modelling should not be biased by
this factor.

In a study of children with hemiplegic cerebral
palsy, Hullin et al. proposed that the difference
between the two groups of recurvatum patients is
the degree of soleus tightness — early
hyperextenders have a relatively tighter soleus
than late hyperextenders [9]. In contrast to his
observation, our results clearly indicate that early
knee recurvatum is more likely associated with
dynamic equinus deformity. A smaller range of
dynamic  muscle lengths of the medial
gastrocnemius and soleus muscles in the L-REC is
to be considered as a sign of the fixed contracture.
Moreover, there is a 85,8% agreement between
the fixed equinus deformity assessed by clinical
examination and the L-REC group.

There are some limitations of our study to be
considered. First, the musculoskeletal model used
in this study has several limitations. The Mobile
GaitLab utilizes musculoskeletal data of a normal
adult male [13,17]. However, similar models have
also been used as an outcome measure in studies
on children with cerebral palsy [18,19]. The use of

an adult model should not affect normalized
muscle lengths [20]. The second limitation
concerns the retrospective nature of our study.
Unfortunately, electromyographic data were not
available for all patients. Also some additional
clinical data, e.g. triceps surae testing under
general anaesthesia to distinguish between the
fixed and dynamic equinus deformities, would
enhance the power of our study. Another
consideration should be that children with cerebral
palsy cannot be assumed to have normal bone
architecture, osseous deformities could alter
muscle attachment points and muscle paths.
Schutte showed the effect of femoral anteversion
on psoas muscle length [21]. To our knowledge, no
study has yet determined the influence of bone
deformities (tibial torsion, ankle varus/valgus) on
the calculation of triceps surae muscle length.
Treatment options for knee recurvatum range
from physiotherapy, ankle-foot orthoses [22,23],
and electrogoniometric feedback [4], to the
application of Botulinum toxin A [24] and surgery
[15]. Our results might have a direct clinical
implication for the treatment of knee recurvatum.
While dynamic tightness of the triceps surae
muscle might be addressed by conservative
treatments [25], fixed muscle contracture
represents an indication for surgery [26]. We
believe that surgical correction of equinus
deformity in the presence of knee hyperextension
should focus on the soleus muscle, which seems to
play an important role in the inducing of the stance
knee extension [27]. The Baumann [28] procedure,
which permits selective lengthening of the
gastrocnemius and soleus, could be a feasible
solution.

The timing of the peak hyperextension is easily
distinguishable by observational gait analysis. As
gait analysis and musculoskeletal modelling
techniques are not always available in the clinical
setting, an association between the timing of the
peak knee hyperextension and the type of the
equinus deformity could help to determine
appropriate treatment in children with cerebral
palsy who have developed knee recurvatum.

In conclusion, this study used gait analysis and
musculoskeletal modelling to provide the link
between the type of equinus deformity and the
timing of knee hyperextension in children with
cerebral palsy. Such a finding might simplify the
decision as to which treatment to select for
equinus deformity, present in patients with genu
recurvatum.



EvLREC EvNorm Lv Norm E-REC L-REC NORM
p-level p-level p-level Mean SD Mean SD Mean SD
Cadence (s?) 0.106 0.429 0343 126265 37.940 143.128 38395 131.022 14.711
Velocity (m/s) 0.459 0.002 0.002 1.001 0373 1057 0212 1288 0151
Stride length (m) 0.863 0.000 0.000 0929 0126 0937 0141 1189  0.164
Stance Time (% of GC) 0.602 0.002 0.000 61555 2480 61953 2710 59.074  1.803
Ankle angle at IC 0.548 0.000 0.000 7424 8051 -6003 9110 3173  2.991
Maximum dorsiflexion of the ankle ~ 0.237 0.000 0.000 0676  7.656 3.422 8957 14.802  3.028
z/r'fl‘(’l‘iem”m plantarflexion of the 0.463 0.190 0437  -20.383 10654 -18214 10547 -16.284 5.646
Maximum ankle moment 0.190 0.000 0.001 0.919 0.249 1.026 0.293 1.252 0.186
ﬁzgﬁn’?ﬁﬁ gig:asﬂggrit the 0.005 0.942 0001  -0.164 0477 -0.787 0935 -0.147  0.112
gg:ﬁar;i’:m“m power 0.174 0.000 0.000 0.754 0296 0990 0629 3275  0.509
;:;g‘rg tci’:):”k'e maximum power 4 g39 0.077 0.049 45214 15177 46.061 16319 53.083  1.248
Knee angle at toe-off 0.001 0.001 0.000 29852 50933 23849 5921 36371 5088
Maximum knee flexion angle 0.708 0.002 0.001 54.234 9.124 55.183 9.369 62.741 4.022
Zin';izg of maximum knee flexion 0323 0.000 0.000 78214 4458 79333 4.044 71417  1.666
Minimum knee angle at stance 0.992 0.000 0.000 -3.795 3.098 -3.807 3.753 5.013 4.536
Maximum hip flexion ange 0.637 0.029 0.028 40823 8820 39.647 8997 34963 4.794
Minimum hip angle 0.082 0.662 0.127 8002 7.630 -12.313 7.820 -9.135  7.473
Mean pelvic tilt over the GC 0.754 0.023 0.014 14.842 6848 14215 6831 9970  4.872

Table 1

Summary of ANOVA statistic results with Fisher post-hoc tests on time-distance, kinematics and kinetics parameters of the Early (E-REC)
and Late (L-REC) Recurvatum groups compared to a group of normally developing children (Norm). Statistically signifacant results are in
bold. (IC=Initial Contact. GC=Gait Cycle)

EVLREC EvNorm LvNorm E-REC L-REC NORM

p-level p-level p-level Mean SD Mean SD Mean SD
MG at toe-off 0.000 0.286 0.000 95.571 2.050 98.076 1.407 96.179 0.673
MG maximum length 0.173 0.427 0.363 103.077 1.026 102.572 0.943 102.782 0.555
MG range of muscle lengths 0.014 0.439 0.007 8.206 2.424 6.131 1.968 7.567 1.395
MG slope quotient 0.013 0.000 0.043 -1.530 3.292 0.906 2.444  2.128 1.085
SOL at toe-off 0.001 0.112 0.003 94.420 3.080 97.364 2.125 95.757 0.776
SOL maximum length 0.256 0.308 0.858 103.586 1.934 103.031 1.092 103.085 0.713
SOL range of muscle lengths 0.060 0.499 0.054 9.753 4.636 7.488 2.506 8.944 2.034

0.022 0.000 0.004 -2943 5051 0.171 3.321  2.616 1.392

SOL slope quotient

Table 2. Normalized muscle-tendon length parameters of medial gastrocnemius and soleus. Summary of ANOVA statistic results with Fisher
post-hoc tests of the Early (E-REC) and Late (L-REC) Recurvatum groups compared to a group of normally developing children (Norm).
Statistically signifacant results are in bold. (MG = medial gastrocnemius. SOL = soleus)
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Figure 2. llustration of the stance phase of the gait cycle in Early Recurvatum group. The difference compared to the Late Recurvatum
group is not only to be seen in the timing of the knee hyperextension but also the equinus position of the foot in the stance phase of the
gait cycle.

Figure 3. llustration of the stance pahse of the gait cycle in Late Recurvatum group. There is not only late timing of the maximum knee
hyperextension but the foot is in the neutral position during the whole single limb support.
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Figure 4. Time-distance parameters, kinematics, kinetics and normalized muscle-tendon lengths of the Early (E-REC) and Late (L-REC)
Recurvatum groups compared to a group of normally developing children (Norm). The vertical lines define the single stance phase of the
gait cycle for each recurvatum group.
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Abstract
Hyperextension of the knee in stance (knee recurvatum) is a common disorder in patients with spastic cerebral

palsy (CP). A group 35 children with CP (47 lower limbs) was divided into two subgroups according to the timing
of maximum knee extension during the stance phase of gait. Gait analysis and musculoskeletal modelling data
were compared to a control group of twelve normally developing children. We observed no difference in
kinematics between the CP groups who demonstrated an equinus position of the foot at initial contact. Both
groups demonstrated increased external extensor moments across the knee. The muscle-tendon lengths of the
hamstrings were abnormally long at initial contact, and in both recurvatum groups, contracted faster compared
to the control group. Surface electromyography revealed prolonged activity of the hamstrings in stance and
early activation in swing. Abnormally long hamstrings at initial contact together with equinus position of the
foot are the main causes of genu recurvatum in children with CP.






Introduction

Gait is a complex pattern of movement and gait
pathology is common in children with neurological
impairment. In the stance phase of the gait cycle
the knee serves three principal functions:
transverse rotation, shock absorption, and energy
conservation [1]. Hyperextension of the knee in the
stance phase of the gait cycle (knee recurvatum) is
a common disorder of the knee function in
patients after stroke or traumatic brain injury [2],
poliomyelitis [3], and also in children with cerebral
palsy [4]. There are several causes of knee
recurvatum described in the literature: triceps
surae spasticity or weakness, contracture of tendo
Achilles, quadriceps spasticity, anterior lean of the
trunk [4], bony deformities of the proximal tibia
[5], ligament or capsular laxity at the knee [6],
weakness of hamstrings [7], or it may develop after
the distal lengthening of the hamstrings [8]. Knee
recurvatum leads to an increased external extensor
moment across the knee [4], placing the capsular
and ligamentous structures of the knee at risk of
injury [3]. When a significant hyperextension of the
knee is ignored during growth, a growth
disturbance of the proximal tibia may lead to
severe instability of the knee [9]. Also, due to an
increased vertical excursion of the center of mass,
knee  recurvatum increases the energy
consumption during walking [7]. The treatment
options for knee recurvatum range from
physiotherapy, electro-goniometric bio-feedback
[10], ankle foot orthoses [6], application of
Botulinum-toxin A [11] to orthopaedic surgery [7].
Hamstrings are important stabilizers of the knee.
They play a crucial role during initial contact by
limiting knee extension. Their role in crouch gait
has been extensively studied and Delp et al. have
shown that 80% of cerebral palsy subjects with
crouch gait have hamstrings of normal length or
longer [12]. This was an interesting finding as
surgical lengthening of the hamstrings is a common
treatment of crouch gait. It is well documented in
the literature that surgical over-lengthening of
hamstrings can lead to the development of genu
recurvatum [8]. Surprisingly, the role of hamstrings
in children with cerebral palsy showing knee
recurvatum has not been evaluated in detail.
Simon et al. [4] described the two distinct groups
of knee recurvatum based on the timing of
maximum knee hyperextension in stance. Since
that time, there is a lack of literature concerning
with the pathophysiology of the knee recurvatum.
The aim of this study was to analyze the role of
hamstrings in the pathobiomechanics of two
distinct groups - Early and Late Recurvatum.
Kinematic and kinetic parameters, surface
electromyography, and musculoskeletal modelling

techniques were applied to evaluate
pathobiomechanics of the knee recurvatum and
the role of hamstrings.
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Figure 1. The grey area represents the graphical definition of
the knee recurvatum in the present study.

Methods

Subjects

Knee recurvatum was defined as a knee angle
showing more extension than a reference knee
angle during the stance phase of the gait cycle. The
reference knee angle in our study was obtained
from a group of normally developing children.
Within this group the most pronounced knee
extension minus one standard deviation was
calculated for every percentage point of the gait
cycle to determine the reference knee angle (Fig.
1). This reference knee angle (“recurvatum
identifier”) was used as a cut-off to select the
patients with knee recurvatum.

The inclusion criteria were: spastic diplegic or
hemiplegic form of cerebral palsy, knee
recurvatum as defined above, GMFCS level of I-Il,
no prior triceps surae or hamstrings surgery, the
full set of kinematic and kinetic data available.
Following the above-mentioned criteria thirty-five
children (21 boys and 14 girls) were included in this
study. Twelve children had diplegic cerebral palsy,
twenty-three the hemiplegic type. This collective
of 47 extremities was divided into two subgroups
according to the description of Simon on the
timing of peak recurvation [4]. The Early
Recurvatum group (group  “E-REC”) (14
extremities) had an average age of 8.01+2.7 years,
and was defined to have a peak recurvation during
the first half of the stance phase. The Late
Recurvatum group (group “L-REC”) consisted of 33
extremities with an average age of 7.6212.36
years, and had the peak recurvation in the second
half of the stance phase. A group of 12 normally



developing children (24 extremities) without any
known neurologic or orthopaedic condition
influencing their gait was used as a reference
collective (group “Norm”). The average age of the
“Norm” group was 10.32+2.96 years. The Ethics
Committee of the local University approved the
retrospective study.

Gait analysis

Computerized gait analysis was performed using a
six-camera, video-based motion capturing system
(Vicon 370, Oxford Metrics, Oxford, U.K.) and two
floor-mounted force plates (Kistler Instruments
Limited, Winterthur, Switzerland). Thirteen
reflective markers were used to define the pelvis
and lower extremity segments in accordance with
the Vicon Clinical Manager model (Oxford Metrics,
Oxford, U.K.). Kinetic parameters were normalized
to the weight of the patients. All patients walked at
self-selected speeds along a 12-meter walkway.
For each patient a minimum of five trials providing
a clear foot force plate contact were captured and
averaged.
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Figure 2. The knee kinematics and kinetics. Graphical
comparison of all the three groups. ( E-REC = Early recurvatum
group, L-REC = Late recurvatum group, Norm = Control group of
normally developing children )

Muscle length calculation
Using kinematic data, the Mobile GaitLab software
(University Duisburg-Essen, Institute of

Mechatronics and System Dynamics, Germany)
[13,14] was utilised to compute individual muscle
lengths of semimembranosus (ST), semitendinosus
(SM) and the long head of biceps femoris (BCL).
The specification of the lower extremity
architecture was based on the origin and insertion
coordinate data compiled by Yamaguchi [15]. The
model defines the musculoskeletal geometry of a
normal adult male. Three dimensional muscle-
tendon pathways were modelled as a series of
straight-line segments extending from the origin to
insertion. Where appropriate, the muscle-tendon
pathways were sub-sectioned into a number of
straight-line segments by introducing via-points.
Muscle-tendon length parameters were
normalized to allow the comparison among
subjects.

Electromyography

Surface electromyograms of the medial and lateral
hamstrings were available for 15 CP children
included in this study (5 children from E-REC, 10
children from L-REC). Raw electromyograms were
recorded in a frequency range between 25 and
400Hz (Noraxon, Myosystem 2000). After AD-
conversion at a sampling rate of 1kHz, the signals
were full wave rectified and digitally low pass
filtered at 6Hz. After time normalisation a
minimum of 12 gait cycles were averaged to create
an average linear envelope for each muscle.
Calculation methods applied have been described
in detail by Yang and Winter [16].

Statistics

One-way ANOVA with Fischer post-hoc test
(Statistica 6.0, StatSoft, Tulsa, OK, USA) was used
for comparison between the healthy children and
the two recurvatum sub-groups. The significance
level was set to p<0.05.

Kinematics and kinetics in the sagittal plane, the
normalized lengths of the semimembranosus,
semitendinosus and the long head of the biceps
muscles and electromyographic data were
considered as outcome measures for this study.

Results

There was no difference in the minimum knee
angle during the stance phase of the gait cycle
between the E-REC and L-REC groups, but both
were abnormal when compared to the control
group (Tab. 1). The maximal knee flexion angles in
both recurvatum groups were lower and delayed in
timing compared to the control group. Both
recurvatum groups demonstrated increased
external extensor moments across the knee in the
stance phase of the gait cycle. The increase was
greater in the E-REC group. All extremities with the



knee recurvatum showed a forefoot landing. Figure
2 represents the knee kinematics and kinetics for
the study groups. Electromyographic evaluation of
muscle activation patterns revealed no differences
between the E-REC and the L-REC. In contrast to a
normal muscle activation pattern, 87% of the
spastic limbs demonstrated prolonged activity of
the medial hamstrings during stance. Also, more
than two thirds of the spastic limbs showed an
early activation of the medial hamstrings during
swing phase.

The normalized muscle-tendon lengths of both
medial and lateral hamstrings for both recurvatum
groups were abnormally long at initial contact (Fig.
3) when compared to the control group (Tab. 2).
The semimembranosus, semitendinosus and the
long head of biceps femoris of both the
recurvatum groups were contracting and
elongating over a wider range of muscle-tendon
lengths when compared to the control group.
There was no difference in the range of hamstring
muscle-tendon lengths between recurvatum
groups. During the single limb support phase,
hamstrings of both recurvatum groups were
contracting faster and shortened approximately
16% of the mean muscle-tendon length compared
to a shortening of 10% for the control group
respectively (Tab. 2). In single limb support the
mean hamstring muscle-tendon length was shorter
in the E-REC group than in the L-REC.

Discussion

Hyperextension of the knee during the stance
phase of the gait cycle is frequently observed and
commonly treated in children with cerebral palsy.
Such a pathological gait pattern puts the knee
under an abnormal and increased external
extensor moment which may cause joint laxity,
knee pain [10] and it has also been reported to
induce growth disturbance of the proximal tibia
[9].

In this study, kinematic and kinetic analyses
together with musculoskeletal modelling and
surface electromyography were used to investigate
the role of the hamstrings in children with cerebral
palsy who developed knee recurvatum. Hamstrings
are biarticular muscles providing hip extension and
knee flexion. The length of these biarticular
muscles does not intuitively reflect angular
changes of a single joint, but is dependent on
angular changes of multiple joints as well as on the
moment arms about these joints. Delp introduced
musculoskeletal modelling into the clinical routine,
reporting that 80% of patients with cerebral palsy
who developed crouch gait had hamstrings of
normal length or longer, despite persistent knee

flexion during the stance phase of gait [12]. This
was an unexpected finding as until then hamstrings
were considered to be too short and were
routinely addressed by surgery in children with
crouch gait.

According to electromyography studies of normal
gait, hamstrings are active in the terminal swing
and just after the initial contact during the loading
response. Hamstrings, in the terminal swing,
produce the hip extensor moment that promotes
knee extension and the knee flexor moment that
controls and slows that motion [17]. Because the
lever arm of the hamstrings at the knee is shorter,
compared to its lever arm at the hip, hamstrings
are more effective as hip extensors [18]. They play
an important role during initial contact when
hamstrings inhibit the knee extension and assist in
generating extension power at the hip [17]. This
study demonstrated both medial and lateral
hamstrings to be abnormally long at initial contact
in knee recurvatum limbs. For both recurvatum
groups these muscles act over a wider range of
functional muscle lengths over the gait cycle. As
hamstrings inhibit the knee extension at initial
contact, abnormally long hamstrings could result in
a knee instability, which could lead to the knee
hyperextension. This finding goes hand in hand
with the well documented fact that surgical
hamstring over-lengthening can cause knee
hyperextension in the stance phase of gait [8].

The musculoskeletal model used in this study has
several limitations. The Mobile GaitLab software
utilizes musculoskeletal data of a normal adult
male [15]. As the data are scaled to the model,
relative differences in muscle lengths should not
be affected even if the an adult model is used [19].
Similar models have been used as an outcome
measure in studies of children with cerebral palsy
[12,20]. Children with cerebral palsy cannot be
assumed to have normal bony architecture.
Osseous  deformities might alter muscle
attachment points and muscle paths. Schutte et al.
showed the effect of femoral anteversion on psoas
muscle length, but the lengths of hamstring
muscles were unaffected [21]. A more elaborate
way to study muscle-tendon lengths would be to
use an individualized MRI-based model. However,
at the present time, building an individualized MRI-
based model would be costly and labour intensive
and is not feasible for retrospective evaluation.

In contrast to Lin’s findings [22] and in accordance
with Simon’s report [4] the outcome of this study
showed prolonged activity of the hamstrings
during the stance phase of gait. Hamstring muscles
of  both recurvatum  groups  shortened
approximately 16% during the single support
stance phase compared to only 10% shortening for



the control group. Moreover, the E-REC group had
a shorter mean muscle-tendon length of the
hamstrings in the single support stance phase,
which points to a more dynamic muscle tightness
in E-REC group. The increased hamstring
shortening during the stance phase of gait in the
recurvatum limbs could represent a compensation
for functionally long hamstrings at initial contact.
This interpretation is supported by the finding of a
prolonged electromyographic activity of the
hamstrings for both recurvatum groups.

In summary, this study shows that
semimembranosus, semitendinosus and the long
head of biceps femoris are abnormally long at
initial contact and operate over a wider range of
muscle-tendon lengths in patients with cerebral
palsy showing knee recurvatum. The mean
hamstring muscle-tendon length was shorter in the
E-REC group compared to L-REC in the single
support stance phase. Functionally long hamstrings
might result in some degree of knee joint
instability and could cause its hyperextension. Our
interpretation is supported by the clinical
observation that surgical over-lengthening of
hamstrings leads to knee hyperextension in
children with cerebral palsy. In our opinion,
abnormally long hamstrings together with equinus
position of the foot at initial contact are the main
causes of genu recurvatum in children with spastic
cerebral palsy.
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Figure 3. Normalized muscle-tendon lengths of hamstrings.
Comparison of Early and Late recurvatum group means with a
control group.



E-RECv L-REC E-RECvNorm L-RECv Norm E-REC L-REC NORM

P-level P-level P-level Mean SD Mean SD Mean SD
Ankle angle at initial contact 0.5482 0.0001 0.0000 -7.42 8.05 -6.00 9.11 3.17 2.99
Maximal knee extension in stance 0.9922 0.0000 0.0000 -3.79 3.10 -3.81 375 501 454
Maximal knee flexion in GC 0.7084 0.0021 0.0007 54.23 9.12 55.18 9.37 62.74 4.02
22"'"3 of maximal knee flexion in 0.3233 0.0000 0.0000 7821 4.46 7933 4.04 7142 167
External extensor moment in stance 0.2798 0.0000 0.0000 -0.64 0.25 -0.58 0.21 -0.25 0.08
Maximal hip flexion in GC 0.6375 0.0286 0.0283 40.82 8.82 39.65 9.00 34.96 4.79
Maximal hip extension in GC 0.0824 0.6618 0.1270 -8.00 7.63 -12.31 7.82 -9.13 7.47
Mean pelvis tilt in GC 0.7535 0.0233 0.0136 14.84 6.85 1421 6.83 997 4.87

Table 1. Summary of the kinematics and kinetics results. ( E-REC = Early recurvatum group, L-REC = Late recurvatum group, Norm = Control
group of normally developing children )

E-RECVL-REC ¢ pecvNorm LRECVNorm E-REC L-REC Norm
P-value P-value P-value Mean SD Mean SD Mean SD
SM Initial contact 0.5872 0.0082 0.0008 112.21 1.33 11140 0.64 108.12 0.67
Maximum in SS 0.3499 0.6500 0.0290 105.48 1.08 106.61 0.52 104.93 0.54
Minimum in SS 0.3789 0.0006 0.0000 88.94 1.37 90.29 0.66 94.53 0.68
Mean in SS 0.0026 0.0000 0.0060 96.85 211 98.70 1.43 99.74 0.79
ROM in SS 0.9316 0.0205 0.0005 16.55 2.30 16.33 1.10 10.41 1.15
ROM 0.3913 0.0045 0.0013 2394 246 2147 1.18 16.03 1.23
ST Initial contact 0.5685 0.0106 0.0015 111.45 1.24 110.66 0.60 107.77 0.62
Maximum in SS 0.3619 0.6168 0.0265 105.13 0.98 106.13 0.47 10458 0.49
Minimum in SS 0.3372 0.0006 0.0001 89.78 1.27 91.15 0.61 94.97 0.64
Mean in SS 0.0033 0.0000 0.0088 97.18 2.01 98.88 1.35 99.82 0.75
ROM in SS 0.8758 0.0180 0.0005 1535 5.39 1499 6.46 9.61 3.09
ROM 0.3716 0.0059 0.0024 2394 246 2147 1.18 16.03 1.23
BCL Initial contact 0.3619 0.6168 0.0265 111.63 4.52 110.65 3.41 106.89 1.77
Maximum in SS 0.2516 0.9452 0.0871 104.77 236 106.17 3.50 104.85 1.32
Minimum in SS 0.6053 0.0010 0.0000 89.47 4.14 90.20 3.65 94.43 2.03
Mean in SS 0.0036 0.0000 0.0011 96.67 191 98.31 1.30 99.48 0.80
ROM in SS 0.7892 0.0547 0.0007 1530 5.84 15.96 6.78 10.42 3.29
ROM 0.4344 0.0009 0.0000 24.27 9.50 22.07 7.29 14.34 3.22

Table 2. Summary of the normalized muscle-tendon lengths results. ( E-REC = Early recurvatum group, L-REC = Late recurvatum group,
Norm = Control group of normally developing children, SM = semimembranosus, ST = semitendinosus, BCL = biceps femoris long head, SS =
single support phase of the stance, ROM = range of muscles lengths )
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Abstract

Equinus deformity is a common problem in children with cerebral palsy. Distinguishing between the dynamic
tightness and fixed triceps surae contracture is a key-point in clinical decision making. We compared 12
dynamic (DEQ) and 19 fixed equinus (FEQ) deformities based on kinematic and kinetic gait analysis and
muscluloskeletal modeling. Ankle range of motion, maximal plantarflexor power and its timing were different
between the groups. Maximal muscle lengths of medial gastrocnemius and soleus were longer in DEQ
compared to FEQ group. Peak lengthening velocity of triceps surae muscle was significantly slower for all
triceps surae muscles in FEQ group and occured in the early swing phase. The presented results indicate that
peak lengthening velocity of triceps surae muscle might be one of the discriminating factors between fixed and
dynamic equinus deformity in children with cerebral palsy, which could help the clinical decision-making on
treatment of equinus gait pattern.






Introduction

In children with cerebral palsy, motor impairment
is due to a number of deficits, including poor
muscle control, weakness, impaired balance,
hypertonicity and spasticity. As a consequence,
muscle tendon units frequently become contracted
over time. Equinus deformity is a very common
problem in children with cerebral palsy. Equinus
decreases the stability during the stance phase of
gait, causes a loss of the smooth translation of the
body over the foot and often leads to an
inadequate clearance of the foot during the swing
phase of gait [1]. A shortened gastrocnemius-
soleus complex results in a coupled motion
between ankle plantarflexion and knee extension
[2]. Surgical techniques to lengthen the triceps
sureae complex (Baker, Strayer, Baumann) [3-5] or
the Achilles tendon [6] represent appropriate
treatments for fixed equinus contractures. In
contrast, dynamic triceps surae tightness can be
addressed by ankle-foot orthoses, the application
of Botulinum Toxin A and serial casting [7].
Differntiating a fixed contracture from a dynamic
muscle tightness can pose a challenge in clinical
decission making. Here, the clinical examination is
limited by its static nature and there is only fair to
moderate correlation to muscle function during
walking [8]. Moreover, dynamic equinus
deformities cannot be accurately assessed clinically
through traditional muscle tests such as the
Silverskiold test because the findings might be
invalid if the tests are performed in the awake
state [1]. To date, the examination of ankle motion
under general anesthesia represents the gold
standard for distinguishing between dynamic
triceps muscle tightness and fixed equinus
contracture and allows an assessment of
mechanical muscle properties for each of the two
equinus deformities possible. This gold standard
has, however, rarely been utilised in projects
investigating spastic equinus deformities which
could have biased the interpretation of previous
research on dynamic and fixed equinus deformities
in cerebral palsy.

This report presents results of a study investigating
the function of the triceps surae complex during
walking when either a dynamic triceps surae
tightness or a fixed equinus contracture is present
in children with cerebral palsy. To describe
differences between dynamic and fixed equinus
deformities we applied 3D gait analysis and
analysed kinematic and kinetic parameters. To
provide further insight into the different types of
equinus we utilized musculoskeletal modelling to
study length changes of muscle-tendon units
during gait. Findings are compared to a group of
normally developing children.

Methods

This prospective evaluation utilized data from gait
analysis, musculo-skeletal modelling and hospital
medical records. Inclusion criteria were: 1) spastic
diplegic or hemiplegic type of cerebral palsy; 2)
equinus gait; 3) examination of the triceps surae
under general anesthesia; 4) complete gait analysis
data to perform musculoskeletal modeling.
Exclusion criteria were: 1) previous surgery on the
triceps surae; 2) Botulinum toxin A treatment in
the previous 6 months preceding gait analysis; 3)
other than spastic form of cerebral palsy.

Equinus gait was defined to be present when peak
ankle dorsiflexion during the stance phase of gait
measured more than one standard deviation
below the normal average [9]. Within eight weeks
after gait analysis patients were examined under
general anesthesia to discriminate fixed
contracture from dynamic tightness. The indication
for general anesthesia was either the application of
Botulinum Toxin A or surgery. Under general
anaesthesia, with the knee fully extended a
maximum dorsiflexion at the ankle of less than 5
degrees was defined to represent a fixed
contracture.

Based on these inclusion and exclusion criteria,
twenty-three children (31 limbs) with spastic
cerebral palsy and equinus gait were included in
this study. Eight children were diplegic and fifteen
hemiplegic. According to the definition of the type
of equinus 12 limbs showed a fixed contracture
(Fixed Equinus Group, FEQ) and 19 limbs
demonstrated dynamic tightness of the triceps
muscle (Dynamic Equinus Group, DEQ). The
average age in the FEQ group was 11 years and 6
months and 9 years and 4 months in the DEQ
group. The level of Gross Motor Classification
System (GMFCS) was | or Il in all children with
cerebral palsy [10]. A group of 12 healthy children
without any neurological or orthopaedic disorder
served as the control group. The study was
approved by the the local.ethics committee.
Gait analysis

Computerized gait analysis was performed using a
ten-camera video based motion-capturing system
(Vicon MX, Oxford Metrics, Oxford, U.K.) and four
floor-mounted force plates (AMTI). Marker
arrangement, calculation methods and model
assumptions that were applied have been
described in detail by Kadaba et al. [11].
Calculations of kinematic parameters for the pelvis,
and the hip, knee and ankle joints as well as kinetic
parameters for the hip, knee and ankle joint were
performed using the Vicon Clinical Manager
software (VICON, Oxford Metrics, Oxford, UK).
Moment and power parameters were normalized



to the weight of the patients. Power generation
and absorption patterns in the sagittal plane were
calculated and labeled according to the method
described by Winter et al [12]. Patients walked
barefoot along a 10-m long walkway at self-
selected speed. For each limb a minimum of five
valid trials with clear foot contacts on a force plate
were recorded.

Musculoskeletal modelling

The “Mobile Gaitlab” software (University
Duisburg-Essen, Institute of Mechatronics and
System Dynamics, Germany) [13-15] was utilized to
estimate muscle-tendon lengths and velocities of
muscle—tendon length changes. Calculations are
based on kinematic parameters obtained from gait
analysis. The underlying model is based on the
work of Yamaguchi [16]. Muscle-tendon lengths
were calculated as the distance from origin to
insertion along the modelled path of each muscle.
Via points were introduced to intersect the muscle-
tendon paths taking into account the underlying
anatomical constraints and defining the line of
action of each muscle. Muscle-tendon velocity was
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estimated by computing the first derivative of the
muscle—tendon length data with respect to time.
The muscle-tendon lengths were normalized to
allow comparison between groups. Similar to a
study by Arnold et al. no attempt was made to
scale the model prior to normalization [17]. For
this study muscle-tendon length parameters were
evaluated for the soleus and the medial and lateral
head of the gastrocnemius muscle.

Statistics

Sagital plane kinematic and kinetic parameters of
the ankle and knee joint as well as muscle-tendon
length and velocity parameters of the medial
gastrocnemius (MGAC), the lateral gastrocnemius
(LGAC) and the soleus (SOL) muscles were
considered as outcome measures. One way ANOVA
with the Fisher post-hoc test (Statistica 6.0,
StatSoft, Tulsa, OK) were used to describe the
differences between dynamic and fixed equinus
groups and both groups were compared to the
control group of healthy children.
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Figure 1. Kinematic and kinetic parameters of children with dynamic and fixed equinus deformity in comparison to normally developing

children.



Results

The study groups were comparable in age and
there was no statistical difference in the self-
selected walking speed between the DEQ and FEQ
groups. Analysis of ankle joint motion revealed
that none of the equinus feet reached a neutral
position at any time during the gait cycle (Fig 1).
The maximal dorsiflexion in stance was not
different between the DEQ and FEQ groups. The
plantarflexion at toe-off and the ankle range of
motion were different for the three groups with
the DEQ group showing more plantarflexion than
the FEQ group, which exceeded the values of the
NORM group (Table 1). Subtracting ankle angles at
the start of single support from the ankle angle
values at the end of single support provided
information about the direction of motion at the
ankle joint during single limb support. This
parameter was called “ankle slope parameter”. The
ankle slope parameter was different among the
three study groups (Table 1). Negative values for
both equinus groups indicated a pathological
plantarflexion motion during single support, which
was more pronounced for the DEQ group (Fig 1).
Ankle joint kinetics was abnormal in both equinus
groups. While the maximal ankle moment values
during stance did not differ between the two
groups, the maximal ankle moments of DEQ and
FEQ occurred early at the beginning of the single
stance phase (DEQ at 12 and FEQ at 16 percent of
the gait cycle). In contrast, in the NORM group
maximal ankle moment values were observed at
the end of single support at about 45 percent of
the gait cycle. About 50-70% of the propulsive
power for walking is generated by plantarflexor
muscles at the end of single support stance.
Although the DEQ group generated more power
during plantar flexion than the FEQ group (Fig 1)
the maximum ankle power generation during the
stance phase of gait was reduced for both equinus
groups when compared to the NORM group. There
was an early timing of maximum ankle power
generation in DEQ group (29 percent of the gait
cycle). On the other hand, the timing of maximum
ankle power generation for the FEQ occured at the
end of the stance phase and was similar to the
NORM group. The total power generated during
the second double support phase was reduced for
both equinus groups. Kinematics of the knee
revealed a decreased range of knee motion for
both equinus groups. Also, the maximal knee
flexion occurs later during the swing phase in both
equinus groups (Table 1).

Muscle-tendon length parameters of the soleus,
medial and lateral gastrocnemius muscles were
abnormal for both equinus groups when compared

to the NORM group (Table 2). During the first
double support stance phase both equinus groups
demonstrated fast initial elongation. While in
healthy children the triceps surae muscles
elongated during the single stance phase, the
muscle complex appeared to plateau in its length
for the FEQ group and even showed shortening for
the DEQ group (Fig. 2). During the stance phase the
timing and the amount of the maximal muscle-
tendon lengths of the soleus and the medial
gastrocnemius were different among the equinus
groups. Muscle-tendon lengths of the lateral
gastrocnemius were similar for both the DEQ and
FEQ groups (Table 2). The muscle-tendon lengths
at toe-off were abnormally short in FEQ group
compared to DEQ and healthy children. Analyzing
the muscle-tendon velocity revealed group
differences. Here equinus limbs demonstrated
slower contraction/elongation than limbs of the
NORM group. Moreover, the muscle-tendon
velocity was slower in the FEQ group when
compared to the DEQ group (Table 2). The
graphical summary of important results
distinguishing dynamic and fixed equinus using gait
analysis and musculoskeletal modeling is given in
Table 3.

Discussion

The distinction between dynamic calf muscle
tightness and a fixed calf muscle contracture is
critical in clinical decision making [1;18]. While
dynamic tightness might be addressed by
conservative treatments [19], fixed muscle
contracture represents an indication for surgery
[18]. In cerebral palsy increased muscle tone and
spasticity make it difficult to asses the muscle-
tendon length of a single muscle group in the
awake state. While the clinical range of motion
testing to detect fixed contractures might have
considerable sensitivity, the specificity of the tests
is documented to be poor [20]. Therefore, if
surgical decision-making had to rely on clinical
examination alone, several dynamically tight calf
muscles would be evaluated as requiring surgical
lengthening procedures.

The musculoskeletal model used in this study has
several limitations. The Mobile GaitLab utilizes
musculoskeletal data of an adult male [16].
However, similar models were used to calculate
outcome measures in studies evaluating children
with cerebral palsy [21;22], and an adult model
should not affect normalized muscle lengths [9].
Children with cerebral palsy cannot be assumed to
have normal bone architecture. Rather their
muscle attachments and muscle-tendon paths



might be altered by bony deformities. For the
psoas muscle Schutte showed the effect of femoral
anteversion on muscle-tendon length [23]. So far
no study has documented the influence of bony
deformities (tibial torsion, ankle varus/valgus) on
the calculation of triceps surae muscle-tendon
length parameters.

The method of Eames [24] has frequently been
applied to calculate gastrocnemius muscle-tendon
length. As this model does not account for the two
heads of the gastrocnemius muscle and might
therefore be too simplistic. There is evidence that
the medial and lateral heads of the gastrocnemius
muscle differ considerably in their architecture
[25], their length and pattern of activation [26].
The Mobile GaitLab muscle model uses separate
attachement points for the two gastrocnemius
heads according to Yamaguchi‘s data [16]. This
might explain the differences in muscle-tendon
length parameters of the medial and the lateral
head of gastrocnemius in this study.

Ankle kinematics differed between the DEQ and
the FEQ group (Fig. 1). During the stance phase of
gait, normal ankle motion shows a gradual
dorsiflexion. Here, ankle motion in the FEQ group
demonstrated persistant equinus and in the DEQ
group the ankle is even plantarflexing. This
abnormal ankle motion in the DEQ group relates to
early maximal power generation during single
stance. In contrast, normal children show ankle
power absorption during single limb support. The
nearly opposing patterns of ankle kinematics and
ankle powers in children with a dynamic equinus
can be interpreted as the effect of an out of phase
muscle contraction due to a muscle stretch
following a forefoot landing. The dynamic nature
of this contraction is documented by the high
muscle-tendon velocity for the triceps surae in the
DEQ group. For the FEQ group the kinematic,
kinetic and muscle-tendon length parameters
illustrate the fixed nature of the equinus. Here, the
ankle shows only minor motion and the muscle-
tendon lengths remain almost unchanged during
single limb support. The muscle-tendon velocity
was close to zero. The reduction in ankle motion
contributes to a reduction in ankle power
generation values that were the lowest of all the
three study groups.

Besides the reduction of muscle-tendon lengths in
children with cerebral palsy, we feel that the
shortening and lengthening muscle-tendon velocity
of the triceps surae during gait represents a
valuable parameter to evaluate spastic equinus.
Our results indicate that all three triceps surae
muscles achieve significantly lower peak
lengthening velocities in the FEQ group when
compared to the DEQ group. Decreased peak
lengthening velocity might be an effect of
increased muscle stiffness due to an increase in
passive tension of the triceps surae muscle fibres.
Fridén and Leiber proved that the mechanical
properties of isolated muscle fibers are different in
patients with cerebral palsy who developed
contractures [27]. Cells of spastic muscles have
shorter resting sarcomere lengths and develop
passive tension on significantly shorter sarcomere
lengths compared to healthy individuals. Another
explanation for the decreased peak muscle-tendon
lengthening velocity could be a change in the
architecture of spastic muscles. Rose et al.
demonstrated that spastic muscles in children with
cerebral palsy show a predominance of slow-twitch
type | muscle fibers and that fiber sizes were
different when compared to healthy individuals
[28]. Weakness of the dorsiflexor muscles, which is
common among children with cerebral palsy who
walk with equinus pattern, could represent
another factor for decreased peak lengthening
velocity [29]. This would, however, not explain the
difference in peak lengthening velocity between
fixed contracture and dynamic tightness.

This study compared dynamic and fixed equinus
gait in children with cerebral palsy. The distinction
between a dynamic and a fixed equinus was based
on an examination under general anaesthesia. This
allowed the evaluation of kinematics, kinetics and
calf muscle-tendon length parameters in well
defined groups. Characteristic changes in ankle
joint kinematics and abnormal kinetic parameters
were found for both types of equinus. The rate of
change of muscle-tendon length might be an
interesting parameter to distinguish between fixed
and dynamic equinus gait in children with cerebral

palsy.
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Figure 2. Muscle length and velocities of triceps surae in children with dynamic and fixed equinus deformity in comparison to normally
developing children. The * (star) shows the statistically significant differences in the peak lengthening velocity of each head of triceps surae

muscle.

)-level p-level  p-level DEQ FEQ NORM
DEQv DEQv  FEQv a a a a a a
FEQ  Norm Norm M (se) (a5%) 0 MM 5oy (esy) SO Mean  on (o5 P
Maximal ankle 0.6096 <0.0001 <0.0001 -4.85 -883 -0.83 835 364 -813 084 627 1480 1352 1608 3.03
dorsiflexion
Ankle plantarflexion at - - - - - -
et 00076 <0.0001 00111 -2959 . .. . .. 1258 2005 L .o o o 772 Lo 00 946 447
Maximal ankle - _
dorsiflexion during swing 08778 <0.0001 <00001 1353 .. 929 881 1315 ., 786 740 656 572 7.40 199
A"k'e'a(';g;;;mm" 0.0065 00577 <0.0001 27.23 2332 3115 812 2005 1692 2319 439 31.09 2871 33.46 5.2
0.0048 <0.0001 <0.0001 -10.16 .. 572 923 -2.23 -593 148 518 986 770 12.01 5.1
Ankle slope 14.61
Maximal anke moment 08127 05818 08384 120 099 141 044 123 097 148 035 125 117 133 0.9
Timing of maxankle o 03/ 00001 <0.0001 1232 910 1553 667 1580 7.8 2442 1204 4517 4438 4595 1.6
moment (% of GC)
Absorption powerin ;00 00001 <0.0001 1.07 066 148 085 049 033 065 022 237 213 260 056
single stance
Maximal power 0.0181 <0.0001 <0.0001 123 078 169 094 059 041 077 026 327 306 349 0.51
generatlon
Timing of max ankle
power generation (% of  0.0007 <0.0001 0.1353 29.26 21.20 37.33 1674 46.20 3507 57.33 1555 53.08 52.56 53.61 1.25
G0)
sumof Push-off power 06672 <0.0001 <0.0001 434 158 710 573 361 195 526 232 1820 1665 1975 3.67
Maximal knee flexion  0-2497 <0.0001 <0.0001 5578 5218 59.37 747 5279 4617 5942 926 6274 6104 6444 4.02
K"ee'a:':;“:f)mmw" 09275 0.0002 0.0015 4861 4434 52.89 887 4831 3836 5825 13.90 59.17 57.15 61.19 4.78
Timing of maxknee (o) 00001 <0.0001 8100 7875 8325 467 8040 77.46 8334 412 7142 7071 7212 167

flexion (% of GC)

Table 1. Results of ANOVA comarison of kinematic and kinetic parameters among dynamic (DEQ) , fixed (FEQ) equinus and normally
developing children (NORM). Statistically significant results (P<0,05) are in bold.
(GC = gait cycle, Cl = confidence interval, SD = standard deviation)



p-level  p-level p-level DEQ FEQ NORM
DEQv  DEQv  FEQv cl cl cl cl cl cl
FEQ  Norm  Norm M (5o (o596 S0 Mean g (950 SD Mean e ggey SD
Muscle 'ee":;:;’:)‘::"‘" atthe 0057 <0.0001 <0.0001 10232 101.76 102.89 1.17 10141 10090 10192 071 99.37 9920 99.54 041
Muscle '::i‘:f;;“ atthe (0419 <0.0001 <0.0001 10272 10212 10331 123 10200 10137 102.63 089 99.44 9926 99.62 0.42
Muscle '::jt:f;sslo Latthe (0028 <0.0001 <0.0001 103.61 10280 10443 169 10217 10133 10301 1.17 99.27 99.07 9948 049
Maximum ’2::;'9 lengthof 0039 04202 00160 10297 10245 10349 1.08 10206 10178 102.34 039 10278 10255 103.02 0.56
Maximum "(‘;‘:L"e lengthof 1702 00586 0.8933 103.74 10323 10424 1.05 10323 10245 10401 109 10318 10286 10350 0.77
Maximum ";‘(‘;L"e lengthof 0015 00009 05365 10425 10353 10496 149 102.83 10224 10343 083 10309 10278 10339 0.71
Length of GAM at toe-off 00111 02138 00004 9665 9579 9751 178 9790 97.30 9851 085 9618 9590 9646 067
Length of GALat toeoff 00007 01923 00101 9547 9472 9622 156 97.16 9632 9800 118 9596 9561 9631 0.82
Length of SOLattoe-off 00070 00532 01080 0473 9355 9591 244 9650 9548 9770 155 9576 9543 9609 078
Maximum lenghtening 0.0040 <0.0001 <0.0001 012 010 013 003 008 007 010 002 019 018 020 003
velocity of GAM
Maximum lenghtening 0.0042 <0.0001 <0.0001 013 012 014 002 009 007 011 003 017 016 019 004
velocity of GAL
Maximum lenghtening 0.0001 00227 <0.0001 012 011 013 002 008 006 009 002 014 013 015 003

velocity of SOL

Table 2. Results of ANOVA comarison of muscles length and velocity parameters of triceps surae among dynamic (DEQ) , fixed (FEQ)
equinus and normally developing children (NORM). Statistically significant results (P<0,05) are in bold.
(GC = gait cycle, Cl = confidence interval, SD = standard deviation, GAM = medial gastrocnemius, GAL = lateral gastrocnemius, SOL = soleus)

NORM
DEQ FEQ (mean % SD)
+
Ankle ROM . ol 31.09 +5.62
degrees
- . 53.07+1.25
Timing of maximal plantarflexor power N2 N2 % of GC
. 3.27+0.51
Max plantarflexion power NZ N Watt*kg
-11.35+4.47
Ankle angle at toe-off N2 N2 degrees
9.8645.11
Ankle slope parameter N2 N2 degrees
. . . ) .
Maximal medial gastrocnemius muscle Norm. ol 102.78 £ 0.56
tendon length %
Maximal medial gastrocnemius muscle- 0 ol 0.19 £ 0.03
tendon velocity m*s™

Table 3. The major differences between dynamic (DEQ) and fixed (FEQ) equinus groups in comparison to normally developing children
(NORM). ({,=decreased in comparison to normals, {, | = very decreased in comparison to normals, Norm.=within the normal range)
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Abstract:

Aims: The aim of the study was to perform a comprehensive analysis of the short-term effects of a
standardized high-dose of BTX-A and serial casting on spastic equinus in children with cerebral palsy. A second
goal was to evaluate this short-term effect on muscle lengths of the triceps surae.

Materials and Methodology: Prospective study on 10 children (17 limbs) with spastic cerebral palsy and
equinus gait pattern. Three-dimensional kinematic and kinetic gait analysis with musclulo-skeletal modelling
was used to evaluate pre- and 10 weeks post-treatment results. Paired student’s t-test were used for data
analysis.

Results: The walking velocity and the stride length did not change after the BTX-A application. The maximal
ankle angle at the end of single support increased (p=0,045) which led to a change of the ankle angle slope
quotient towards normal positive values (p=0,001). Abnormal ankle power generation in the first part of single
stance changed towards normal (p=0,012). Notably, the ankle plantar-flexor power was not reduced 10 weeks
after BTX-A injection (p=0,486). No lengthening of the triceps surae muscles compared to the baseline
assessment was found.

Conclusions: Beneficial functional changes in ankle kinematics and kinetics after the application of BTX-A when
combined with serial casting were demonstrated. The results of our study underline the possible differences in
effect of BTX-A on intrafusal and extrafusal muscle fibres.
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Short-term Effects of Botulinum Toxin A and
Serial Casting on Triceps Surae Muscle Length
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Palsy

Vliv [éCby botulinum toxinem-A a redresniho sadrovani na délku
musculus triceps surae a ekvindzni postaveni nohy béhem chiize

u pacientl s détskou mozkovou obrnou

Abstract

Aims: The aim of the study was to perform a comprehensive analysis of the short-term effects
of a standardized high dose of BTX-A and serial casting on spastic equinus in children with
cerebral palsy. A second goal was to evaluate this short-term effect on muscle lengths of the
triceps surae. Materials and methodology: Prospective study on 10 children (17 limbs) with
spastic cerebral palsy and equinus gait pattern. Three-dimensional kinematic and kinetic gait
analysis with musclulo-skeletal modelling was used to evaluate pre- and 10 weeks post-treat-
ment results. The paired Student’s T-test was used for data analysis. Results: Walking velocity
and stride length did not change after BTX-A application. The maximal ankle angle at the end
of single support increased (p = 0.045) which led to a change of the ankle angle slope quoti-
ent towards normal positive values (p = 0.001). Abnormal ankle power generation in the first
part of single stance changed towards normal (p = 0.012). Notably, the ankle plantar-flexor
power was not reduced 10 weeks after BTX-A injection (p = 0.486). No lengthening of the
triceps surae muscles compared to the baseline assessment was found. Conclusions: Beneficial
functional changes in ankle kinematics and kinetics after the application of BTX-A when com-
bined with serial casting were demonstrated. The results of our study underline the possible
differences in effect of BTX-A on intrafusal and extrafusal muscle fibres.

Souhrn

Cile: Cilem této studie bylo provést komplexni analyzu kratkodobého Gcinku vysokodavko-
vaného botulinum toxinu-A (BTX-A) aplikovaného spolec¢né s redresnim sadrovanim z dlvodu
ekvindzniho postaveni nohy béhem chlize u pacientl s détskou mozkovou obrnou (DMO).
Dalsim cilem bylo zhodnotit vliv této Iécby na délku musculus triceps surae. Materidl a me-
todika: Jedna se o prospektivni studii, do které bylo zafazeno 10 pacientl (17 koncetin) se
spastickou formou DMO a ekvinéznim postavenim nohy. K hodnoceni byla pouzita metoda
trojdimenzionalni kinematické a kinetické analyzy chlize spole¢né s pocitacovou modelaci
délky musculus triceps surae. Pacienti byli vysetfeni pfed a 10 tydnU po lécbé. Ke statistické
analyze byl pouzit parovy t-test. Vysledky: Rychlost chize a délka kroku se po aplikaci BTX-A
nezménila. Maximalni dorziflexe na konci faze jedné opory se zvysila (p = 0,045), coz vedlo
k normalizaci ,slope quotient” (p = 0,001). Do3lo také k odstranéni patologické generace sily
béhem prvni poloviny faze jedné opory (p = 0,012). Oproti ocekavéni, sila plantiflexort nebyla
aplikaci BTX-A ovlivnéna (p = 0,486). Neprokdzali jsme prodlouzeni musculus triceps surae.
Zavér: Aplikace BTX-A spole¢né s redresnim sadrovanim vede ke zlepseni kinematiky a kinetiky
chlze pacientl s ekvinozni deformitou a DMO. Vysledky nasi studie upozorfiuji na moznost
rozdilného pusobeni BTX-A na intrafuzalni a extrafuzalni svalova vldkna.
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SHORT-TERM EFFECTS OF BOTULINUM TOXIN A AND SERIAL CASTING ON TRICEPS SURAE MUSCLE LENGTH

Introduction

Cerebral palsy refers to a group of disor-
ders in the development of posture and
motor control, occurring as the result of
a non-progressive lesion of the develop-
ing central nervous system [1]. Children
with cerebral palsy may display a range of
movement disorders, alone or in combina-
tion, including dystonia, athetosis, ataxia
and spasticity [2]. Equinus gait is one of
the most common motor manifestations
of muscle spasticity in cerebral palsy [3].
Equinus decreases stability during the
stance phase of gait, interferes with the
smooth translation of the body over the
foot and leads to inadequate clearance
of the foot in the swing phase. [4]. If un-
treated, protracted spasticity can lead to
fixed muscle contractures that may require
surgical intervention.

Previous reports have found that the
presence of spasticity increases mus-
cle stiffness and thereby inhibits muscle
growth [4,5]. Besides conservative the-
rapies such as physiotherapy, serial cast-
ing, orthotics and oral medication, a va-
riety of invasive treatment methods are
now commonly available to manage spas-
ticity in cerebral palsy. These include se-
lective dorsal rhizotomy (SDR), intrathecal
administration of baclofen (ITB) or botuli-
num toxin type A (BTX-A) injections, which
has been used clinically for more than
20 years. BTX-A induces muscle weak-
ness by preventing the release of acetyl-
choline from the presynaptic axon at the
motor endplate [5]. The degree of weak-
ening depends on the dose of BTX-A and
on the number of synapses affected [6].
Spasticity reduction due to the effects of
BTX-A injections typically lasts from 12 to
16 weeks. Re-innervation takes place by
sprouting of new nerve terminals, a pro-
cess that peaks at 60 days in humans [7].
Functional benefits may last for up to six
months or even longer [8]. In addition to

the effect of muscle weakening, BTX-A
has been shown to influence the longitu-
dinal growth of an injected muscle in an
animal model [9]. Based on computer si-
mulation and modelling, the same effect
was confirmed in humans four weeks after
BTX-A application [10].

The motivation for the present study
was to perform a comprehensive analy-
sis of the short-term effects of a standard-
ized dose of BTX-A and serial casting on
spastic equinus in children with cerebral
palsy. A second goal was to evaluate this
short-term treatment on muscle length of
the triceps surae. To evaluate functional
outcome and changes in muscle length,
we applied three-dimensional gait analy-
sis and calculated individual dynamic peak
muscle lengths by using musculo-skeletal
modelling techniques.

Methods

Design

The study is a prospective analysis of the
short-term effects of a standardized high
dose of BTX-A (7 1U/kg) applied to the
gastro-soleus complex and serial casting.
The patients were examined before and
10.1 weeks (SD 1.3) after a BTX-A applica-
tion. The pre-treatment gait analysis was
used as a baseline for validation of treat-
ment effect.

Subjects

For this investigation, equinus gait was
defined as a peak ankle dorsal-flexion of
more than one standard deviation below
the normal average during the stance
phase of gait [11]. Inclusion and exclu-
sion criteria are listed in Table 1. Based
on these criteria, 10 children with spas-
tic cerebral palsy were included in the
trial (4 males, 6 females). The average age
of our study group was 7 years and one
month (SD 2 years and 3 months). Seven
children were diplegic and three hemiple-

gic. A total of 17 lower extremities were
analysed and used for statistical analysis.
The ethics committee of the local medical
university approved the study.

Intervention

BTX-A injections were performed under
general anaesthesia. A BTX-A dose of
7 1U/kg (Botox®, Allergan Inc, Irvine, CA,
USA) was applied to multiple sites over
the muscle belly of the gastrocnemius
and soleus. A multiple injection site tech-
nique was applied in which every site was
injected with 10 IU BTX-A. The position-
ing of the needle in the muscle was as de-
scribed by Baker et al [10]. A few hours
after the BTX-A injections a below-knee
walking cast was applied in maximal
ankle dorsal-flexion for a duration of three
weeks. Casts were changed every week.
Special physiotherapy training was per-
formed after the removal of the third cast
in all cases, on an out-patient basis two
times a week for the whole period of the
study. The physiotherapy included passive
muscle stretching and gait improvement
training; either the Vojta concept or the
Bobath concept was utilized.

Gait analysis

Computerized gait analysis was per-
formed using a six-camera, video-based
motion-capturing system (Vicon MX, Ox-
ford Metrics, Oxford, U.K.) and four
floor-mounted force plates (Kistler Instru-
ments Limited, Winterthur, Switzerland).
Thirteen reflective markers were used to
define the pelvis and lower extremity seg-
ments in accordance with the Vicon Clin-
ical Manager model (Oxford Metrics,
Oxford, U.K.). Moment and power para-
meters were normalized to the weight of
the patients. Power generation and ab-
sorption patterns in the sagittal plane were
calculated and labelled according to the
method described by Winter [12]. All pa-

Inclusion criteria

Table 1. Inclusion and exclusion criteria.

Exclusion criteria

2. Equinus gait

1. Spastic diplegic or hemiplegic cerebral palsy

3. Ability to walk at least 12 m without walking aids

4. Gross Motor Function Classification System Level ||

5. Good vision and willingness to participate

6. Complete gait analysis data sets to perform musculo-skeletal modelling

1. Previous surgery of the triceps surae
2. Botulinum toxin A treatment within
six months before entering the trial
3. Dystonic, athetotic or ataxic form of cerebral palsy
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Figure 1. Sagittal plane ankle and knee kinematics and kinetics plots over the gait cycle.

Ankle Angle: the straight lines in the Ankle Angle graph show the slope quotient pre- and post botulinum toxin A application. A rising
“slope quotient” indicates improvement of ankle motion. There is an obvious improvement to normal positive values of slope quotient.
Ankle Moment: there is a decrease in abnormal ankle moment during the first part of the single stance phase.

Ankle Power: decrease of abnormal power generation in the first part of the single stance phase.

Knee Angle: there is no significant difference.

(Normals: normally developing children; Pre-BTX-A: patients with cerebral palsy before the botulinum toxin A application; Post BTX-A:
patients with cerebral palsy after botulinum toxin A application)

tients walked at self-selected speeds along
a 12-metre walkway. For each patient
a minimum of five trials, providing clear
foot-force plate contact, were captured
and averaged. To better describe the dif-
ferent patterns of ankle kinematics during
the single stance phase, a “slope quotient”
was employed [13]. The slope quotient of
the sagittal plane ankle angle during walk-
ing was computed as a subtraction of the
ankle angle at the beginning of single sup-
port from the ankle angle at the end of
the single support. Positive values of the
slope quotient indicate muscle elongation,
negative values indicate muscle shortening
and values close to zero show that a mus-
cle has stayed at the same length dur-
ing the single support phase of the gait
cycle.

Muscle length calculation

Based on kinematic data, Mobile GaitLab
software (Duisburg-Essen University, Insti-
tute of Mechatronics and System Dynam-
ics, Germany) [14] was used to compute
individual muscle lengths of the gastro-
cnemius and soleus. The specification of
the lower extremity architecture was based
on the origin and insertion coordinate
data compiled by Yamaguchi [15]. The
model defines the musculoskeletal geo-
metry of a normal adult male. Three-di-
mensional musculo-tendon (MT) pathways
were modelled as a series of straight-line
segments extending from origin to inser-
tion. Where appropriate, the MT path-
ways were sub-sectioned into a number
of straight-line segments by introducing
via-points. Musculo-tendon length para-

meters were normalized to allow compari-
son between subjects.

Statistics

Ankle and knee kinematic and kinetics in
the sagittal plane as well as maximal length
of the medial gastrocnemius (MGACQ), la-
teral gastrocnemius (LGAC) and the so-
leus (SOL) muscles over the gait cycle were
considered as main outcome measures for
this study. Student’s T-test (Statistica 6.0,
StatSoft, Tulsa, OK) was used to describe
the pre- and post-treatment differences.

Results

The walking velocity and the stride length
did not change after the BTX-A application.
Ankle kinematics and kinetics changed to-
wards normal 10 weeks after the treatment
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Table 2. Summary of results

Slope quotient

Maximal ankle angle at the end of single
support (°)

Timing of maximal ankle angle
(% of gait cycle)

Maximal ankle moment (N x m x kg™)

Timing of maximal ankle moment
(% of gait cycle)

Maximal power generation in the first part
of single support (Watt x kg-1)

Maximal power generation over the gait
cycle (Watt x kg-1)

Maximal knee flexion (°)
Maximal knee extension (°)

Maximal length of medial gastrocnemius
(% of normalized muscle length)

Maximal length of lateral gastrocnemius
(% of normalized muscle length)

Maximal length of soleus
(% of normalized muscle length)

Pre-BTX Post-BTX
p Mean CI5% Cl95% SD Mean CI5% Cl95% SD
0.001 -0.489 -2.234 1.256 3.394 4.226 1.997 6.454 4.335
0.045 6739 3836  9.642 5646 11.016 7.781 14250 6.291
0.003 28412 21.134 35690 14.156 42765 36.469 49.061 12.245
0.362 0.921 0.807 1.035 0.221 0.854 0.749 0.958 0.203
0.024 23.000 15.085 30.915 15.395 35588 27.608 43568 15.520
0.012 0300 0.181 0.419  0.232 0.094 -0.017 0206 0.216
0.486 0.998 0.829 1.166 0.328 0.914 0.728 1.100 0.362
0.162 58.733 55566 61.900 6.159 55.169 50944 59.393 8216
0.747 7.614 4.251 10.977  6.541 6.897 3.672 10.123  6.273
0.128 101.746 101.572 101.920 0.314 102.101 101.823 102.379 0.502
0.930 102.494 102.036 102.952 0.827 102.518 102.177 102.859 0.616
0.385 101.863 101.585 102.142 0.503 101.998 101.825 102.171 0.312
The table summarizes the results of pre- and post- botulinum toxin A application analysis of ankle and knee kinematics, kinetics and muscle-
tendon lengths of triceps surae. Significant changes in the ankle kinematics document an improvement after BTX-A application. Not only the
abnormal power generation in the first part of single support phase of stance normalized, but there was no decrease in maximal power gene-
ration, which is the most important factor for forward propulsion in walking. No change in muscle lengths was observed after BTX-A applica-

tion. (p: level of statistical significance, Cl: confidence interval, SD: standard deviation)

(Fig. 1). The maximal ankle angle at the end
of single support increased (p = 0.045) and
also the timing of the maximal angle shifted
towards normal values (Table 2). The ankle
angle slope quotient changed to normal
positive values (p = 0.001). We did not
observe any changes in knee kinematics.
While the maximum ankle moment values
remained unchanged, the abnormal ankle
moment peak in the first part of the single
support phase decreased and the timing of
maximum ankle moment occurred later in
the stance phase (p = 0.024). An abnormal
power generation in the first part of the
single support stance phase decreased mar-
kedly (p = 0.012). Musculo-skeletal model-
ling revealed no lengthening of the triceps
surae muscles compared to the baseline as-
sessment (Table 2). We did not observe any
adverse effects in our study group.

Discussion
This study utilised three-dimensional gait
analyses to evaluate the effects of BTX-A

and serial casting on kinematic and kinetic
gait parameters in children with cerebral
palsy who exhibit equinus gait. Short-term
effects were analysed ten weeks after
BTX-A injections. To evaluate changes in
dynamic muscle length, musclulo-skele-
tal modelling techniques were applied.
The results of this study confirm previ-
ously reported beneficial short-term out-
come when equinus gait is treated with
BTX-A and serial casting in children with
cerebral palsy. Like other authors [7,16]
we observed significant improvements of
ankle kinematics and kinetics. These im-
provements include a reduction in equinus
and a change of timing and modulation
of ankle motion patterns towards normal.
During the “second rocker” of ankle mo-
tion we documented improved dorsal fle-
xion at the end of the stance phase of the
gait cycle [4]. As it has been demonstrated
that equinus gait increases the energy ex-
penditure during walking in children with
cerebral palsy [17], the improvement of

the ankle kinematics might allow for lon-
ger walking distances, which could im-
prove the quality of life. The changes in
ankle moments and powers observed in
this study provide insight into the under-
lying patho-physiology of the gastro-soleus
muscle in spastic equinus gait. Abnormal
power absorption was observed whenever
a forefoot landing occurred and the ankle
was loaded through a forefoot lever. This
power absorption can be interpreted as
a calf muscle stretch, which is followed by
a burst of power generation in the first half
of single support. This burst of power ge-
neration points towards a spasticity-driven
stretch reflex after loading the ankle via
a forefoot lever arm. When treated with
BTX-A and serial casting the reflex-induced
power generation was markedly reduced.
In this study, musculo-skeletal modelling
revealed no changes in muscle length that
could be attributed to the interventions
of BTX-A and serial casting. This finding
contrasts with previous reports [10,18,19]

556

Cesk Slov Neurol N 2009; 72/105(6): 553-558




SHORT-TERM EFFECTS OF BOTULINUM TOXIN A AND SERIAL CASTING ON TRICEPS SURAE MUSCLE LENGTH

that documented changes in calf mus-
cle length as a beneficial short-term out-
come. As the changes in kinematics and
kinetics cannot be attributed to changes in
muscle length, possibly BTX-A affects in-
trafusal muscle spindles, reducing the ef-
fects of the gamma-loop stretch reflex.
In a recent study of the long-term effects
of BTX-A treatment on muscle tone and
range of motion in a group of children
with cerebral palsy, Tedroff et al [20] de-
monstrated that BTX-A was efficient in re-
ducing the muscle tone but the improve-
ment of range of motion lasted for only
a short period of time in the gastrocne-
mius muscle. This evidence would support
our conclusion that during the first weeks
after the application of BTX-A, the therapy
might have a more significant influence on
muscle spasticity than on muscle growth.
On the other hand, Kanovsky et al showed
a lack of deterioration in maximum pas-
sive ankle dorsiflexion for both groups in
a paper concerning the long-term efficacy
and tolerability of 4-monthly versus yearly
BTX-A treatment for lower limb spasticity
in children with cerebral palsy [21].

The dose of BTX-A used in this trial
(7 1U/kg of BTX-A for the triceps surae
complex) is rather high when compared in
the literature [22,23]. However, a rando-
mized, double-blinded trial demonstrated
that high-dose BTX-A treatment has a bet-
ter effect on gait and spasticity improve-
ment than low-dose BTX-A treatment [24].
Similar dosages of BTX-A have been eva-
luated by other authors [7,25] who did not
observe any increase in adverse effects.
There is no general agreement on the use
of serial casting together with BTX-A treat-
ment in children with cerebral palsy [26].
It has been shown that serial casting en-
hanced and prolonged the effect of BTX-A
treatment [7,16]. In a more recent study,
Newman et al [27] showed additional be-
nefits in the recurrence of spasticity when
casting is delayed after BTX-A injections.
Based on these supportive data and our
personal experience, we adopted this pro-
cedure for routine use. The cast is not ap-
plied immediately after BTX-A administra-
tion but on the same day (approximately
four to five hours after injecting BTX-A).
This time is used to move and stretch the
triceps surae muscle. It has been proved
in an animal model that as few as 10 pas-
sive stretch/relax cycles can increase the ef-
ficacy of BTX-A [28]. However, to the best

of our knowledge, no published data con-
firms this finding in a group of children
with cerebral palsy. On the other hand,
electrical stimulation has been proved to
prolong gait improvement in children with
spastic diplegic cerebral palsy [29].
Management of cerebral palsy is prima-
rily directed towards maintaining or re-
gaining muscle length. Use of BTX-A here
is based on the concept that muscle fibres
in children with spastic cerebral palsy are
short, and weakening the muscles with
BTX-A injections might allow them to be
stretched and thus grow in length. Thus
the progression from dynamic to fixed de-
formity may be delayed [30] and any or-
thopaedic surgical procedures might be
postponed or reduced in frequency [31].
Although muscle growth following BTX-A
injection has also been found in animal
models [9,32], the findings of our study
did not support this in children with ce-
rebral palsy in a short-term follow up. As
there is no direct way to measure muscle
length in humans, muscle length calcula-
tions are based on mathematical models
of the lower extremities and on measure-
ments of ankle, knee, hip and pelvis kine-
matics. It is obvious that such mathemati-
cal modelling approaches have limitations,
but the method is well accepted in the lit-
erature [25,33] because it provides addi-
tional information which can help us to
better understand the biomechanics of
a spastic muscle. We speculate that a pe-
riod of ten weeks is too short to expect any
measurable gain in muscle length by mus-
cle growth. However, we observed signifi-
cant improvements in ankle kinematics
and kinetics. We interpret the beneficial
changes in kinematics and kinetics ob-
served in this study as an effect of BTX-A
on intrafusal muscle fibres [34]. Therefore,
the application of BTX-A may have a more
significant influence on muscle spasticity
than on muscle growth. The BTX-A is ef-
fective in reducing the over-activity of the
spastic muscle and improving its function
[35]. Moreover, even if the main effect of
BTX-A might be to weaken the muscle,
we observed no decrease in power gen-
eration in terminal stance, which is the
most important factor for forward propul-
sion in walking. Again, this could be ex-
plained by different influences of BTX-A
on intrafusal and extrafusal muscle fibres.
Such differences in outcome might be at-
tributed to the variety of methods used

to calculate muscle lengths in the various
studies.

In conclusion, this study demonstrated
beneficial functional changes in ankle ki-
nematics and kinetics after the applica-
tion of BTX-A when combined with serial
casting. We did not observe any change in
the peak muscle-tendon length of the gas-
tro-soleus muscle complex. Further studies
are needed to address the question of
muscle growth after BTX-A application in
children with spastic cerebral palsy.
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Abstract

The aim of the study is to investigate if the net nondimensional oxygen utilization scheme is able to detect
postoperative improvement in the energy cost of walking of children with cerebral palsy and compare it to
body mass normalization scheme. We evaluated ten children with spastic cerebral palsy pre- and nine months
after equinus deformity surgery. Participants walked at a given speed of 2 km.h™ and 3 km.h™ on a treadmill.
Oxygen utilization was measured, mass relative VO, and net nondimensional VO, were calculated. Coefficient
of variation was used for the description of variability among subjects. Postoperatively, gait kinematics
normalized and the mass relative VO, and net nondimensional VO, showed significant improvement. Net
nondimensional VO, is able to detect postoperative improvement with smaller variability among subjects than
body mass related normalization in children with cerebral palsy.






Introduction

Cerebral palsy (CP) describes a group of permanent
disorders of the development of movement and
posture causing activity limitation, that are
attributed to nonprogressive disturbances that
occurred in the developing fetal or infant brain.
Deformity, impaired function and limitation in
mobility are key features of many of the children
with cerebral palsy, which lead to referral to an
orthopaedic surgeon (Young & Wright, 1995).
Measuring physical function is more difficult than
measuring deformity, and measures of deformity
are often used as surrogate measures for function
(Graham et al., 2004).

Normal gait depends on an efficient use of energy,
something that kinematic and kinetic gait data
cannot directly measure. Conservation of energy is
a typical aspect of walking. Children with cerebral
palsy have been shown to expend greater energy
during walking than their typically developing
peers when walking at self-selected economical
(Rose et al., 1990) as well as a given speed (Rose et
al., 1993). Many factors influence energy expense
while walking, including spasticity, bony deformity,
strength and selective motor control. Thus the
energy cost of walking reflects the cumulative
effect of many factors (Waters & Mulroy, 1999).

To quantify the energy cost of walking, oxygen
consumption was used in previous studies
(Dahlback & Norlin, 1985; Piccinini et al., 2007;
Rose et al., 1989), because it gives an objective
view of the overall efficacy of the patient’s gait.
Schwartz pointed out the need to have a utilization
measure independent of children’s age, weight and
height in order to allow efficiency to be compared
between subjects. Therefore Schwartz introduced
a nondimensional normalization scheme for
oxygen utilization data (Schwartz et al., 2006).
Nondimensionalisation is a form of normalization
that renders parameters independent of original
units of measurement. It decreases or even
removes the impact of key anthropometric and
physiological variables on the energy variables.
This is important when comparing the energy cost
of walking in children of different ages and
morphology (Thomas et al, 2009). The
nondimensional normalization scheme was found
to be superior to body mass normalizaion, because
it is only about one-fourth as sensitive to mass,
height and age changes, and therefore provides a
much more robust, reliable and properly
interpreted measure of efficiency. (Schwartz et al.,
2006). However, this scheme has not yet been
used in assessing the effectiveness of soft-tissue
surgery in children with cerebral palsy.

The aim of this study is to investigate if the
nondimensional oxygen utilization scheme is able
to detect postoperative change in the energy cost

of walking in children with cerebral palsy and to
compare it to body mass normalization scheme.

Methods

Subjects

Ten children (4 girls, 6 boys) were included in this
prospective study. The average age of our group of
patients at the time of surgery was 8.4%3.1 years
(meanzSD). Six children had a diplegic and 4
hemiplegic topographic distribution of spasticity.
Partial body weight support reduces the oxygen
cost of walking (Unnithan et al., 2006). Therefore
patients who were not able to walk on a treadmill
without continuous holding of the bars were
excluded. They were only allowed to touch the
bars momentarily to maintain their balance. Two
of the children used forearm crutches as their
normal walking aid, but all participants were able
to fulfill the above mentioned criteria.

Children were community ambulators and were
designated for gait corrective surgery for fixed
equinus deformity. Two patients underwent
additional adductor longus lengthening. All the
other contractures were assesed as dynamic
(rectus femoris, hamstrings) and were addressed
by conservative treatment. Patients suitable for
corrective bony procedures and patients treated
with botullinum toxin in the last six months were
excluded. Parents’ approval of the study was given
in written form and children agreed verbally. This
study was approved by the local Ethical
committee.

Study design

Children were evaluated preoperatively and nine
(9.33+0.64) months postoperatively. Based on our
previous study, the nine months period is a
sufficient time for functional recovery after a
surgery in children with cerebral palsy (Svehlik et
al., 2008). Based on the findings that reliable
physiologic and metabolic variables may be
collected in subjects with mild cerebral palsy after
one treadmill walking practice session (Maltais et
al., 2003), exercise testing and gait analysis were
carried out in two sessions at the same time of the
day on separate days.

The first session (introductory visit) consisted of a
physical examination, assessment of joint
contractures, weight, height, lower limbs lengths
and body adiposity assessment. Leg length was
measured as the distance between the spina illiaca
anterior superior and the tip of the medial
malleolus using the medial condyle of the femur as
a reference point if the knee extension was
restricted.

Familiarization with walking on a treadmill
(Marquette T2000) and respiratory gas analysis
system (Oxycon beta, Jaeger, Hoechberg,
Germany) was performed during 15 minutes of



walking. Ability of participants to walk without
holding on to bars at a given speed of 2 km.h™,
3km.h™ and the velocity of comfortable walking
speed were tested.

The second session took place a day after the
introductory visit and selected parameters were
recorded at rest and at a given speed of 2 km.h™
and 3km.h" at 0% gradient on treadmill. The
monitored parameters were: oxygen consumption
(VO,) and carbon dioxide production (VCO,). The
derived  parameters were gross  oxygen
consumption relative to body mass (mass relative
V0O,), nondimensional VO, (Schwartz et al.)
normalized to leg length (Equtation 1) and
respiratory exchange ratio (RER). The steady state
was defined as a variation of both VO, and
respiratory exchange ratio lower than 10%
(McArdle et al., 2006) and was expressed as the
average of the last 30 seconds of the four minutes
stage. The steady state was reached in all patients.
Gait analysis was used to provide an objective
measure of the postoperative improvement.
Instrumented gait analysis was performed with
eight-camera video based motion capture system
(Proreflex 240Hz, Qualysis, Sweden), and provided
three-dimensional kinematic and temporal-spatial
parameters. Changes in the joint angles over the
gait cycle were calculated using a seven-segment
model using Euler angles (Visual3D, C-motion,
USA).

Postoperatively, below-knee plaster casts were
applied to all patients for six weeks. Physiotherapy
followed the same protocol for all the patients and
continued on an out-patient basis for the whole
period of our study.

Statistical analysis

Statistical analysis was done using STATISTICA 6
(StatSoft, Tulsa, USA). Descriptive data are referred
as meanzSD. Student’s paired t-test for dependent
samples was used to compare pre- and
postoperative values. P-value of less than 0.05 was
considered statistically significant. Coefficient of
variation (computed as standard deviation / mean)
for the both normalization methods was
computed. Spearman rank correlation coefficient
was used to assess the relation between the two
methods.

Results

The average height of our patients increased by
mean 3.8 c¢cm (range 1.7-5.3 cm), leg length
increased by 2.6 cm (range 1.2-3.5 cm) and body
weight increased by 1.9 kg (range 0.2-4.1 kg)
during the postoperative period. The average
comfortable walking speed (2.025 km.h™) did not
change after the surgery. The level of Gross Motor

Function Classification system was II-Ill (Palisano et
al., 1997).

Gait analysis demonstrated normalization of the
ankle motion. The ankle position at the initial
contact changed from 9.6° of plantarflexion to 1.7°
of dorsiflexion (p=0.001) and the maximal
dorsiflexion during the stance phase of the gait
cycle increased from 1.7° to 12.2° (p=0.022). Knee
flexion angle at initial contact decreased from
33.2° to 21.1° (p<0.0001). During single limb
support, the knee flexion angle also decreased by
14.5° (p<0.0001).

There was no difference between pre- and
postoperative resting VO, and respiratory
exchange ratio. Oxygen utilization data are shown
in Figure 1. There were significant decreases in
both mass relative and nondimensional VO,
parameters at 2 km.h™ as well as at 3 km.h™
Preoperative and postoperative coefficients of
variation of the net nondimensional VO, were
notably lower at both speeds when compared to
mass relative VO, (Table 1). The Spearman rank
correlation revealed a significant association
between mass relative and net nondimensional
VO, at both speeds preoperatively, as well as
postoperatively.

Mass relative and Net

nondimensional VO, correlation

Spearman R P-level
2km.h™ Pre OP 0.8788 0.0008
2 km.h™ Post OP 0.7697 0.0092
3 km.h™ Pre OP 0.8666 0.0024
3 km.h™ Post OP 0.7000 0.0358

Table 2. Spearman rank correlation of the body mass relative
and net nondimensional VO, normalization.
(Pre OP = preoperatively, Post OP = postoperatively)

Discussion

Energy expenditure as measured by oxygen
consumption can be considered as an objective
tool for assessment of functional ability. It is an
objective tool because it does not rely on parental
or patient report and is also functional because its
interpretation provides an indication of endurance,
fatigue and ability to accomplish the routine daily
task of locomotion. Fixed selected speeds of 2
km.h™ and 3 km.h™ should be comparable to
speeds perceived in the patient’s everyday life
(Unnithan et al., 1996). While resting oxygen
consumption remained unchanged, gross mass
relative oxygen consumption decreased and thus
efficiency of walking increased. Postoperatively,
the gait kinematics also considerably improved.



Most of the oxygen, especially during locomotion
or other exercise is used in energy metabolism.
Lower oxygen consumption point out the lower
energy demand and thus longer time till fatigue
occurs. In contrast to healthy persons, the major
reason for the increased energy cost of locomotion
in children with cerebral palsy is ineffective gait,
due to simultaneous activation of antagonist
muscles (Unnithan et al., 1996; Unnithan et al.,
1999). The preoperative values of VO, in our group
of children with cerebral palsy are considerably
higher in comparison to values of the population of
healthy children but similar to previously published
data on children with cerebral palsy (Rose et al.,
1993). Morover, the comfortable walking speed is
more than double in healthy subjects (Waters &
Mulroy, 1999).

Because of the strong dependence of gross oxygen
consumption on anthropometrical data there is a
need for normalization. Gross oxygen consumption
relative to body mass (ml.kg") is the most widely
used parameter representing the intensity of
physical effort during exercise. The mass relative
normalization scheme provides widely accepted
but not entirely effective normalization and its
performance decreases with increasing height,
mass and age (Schwartz et al., 2006). The net
nondimensional normalization scheme, using the
nondimensional variables described by Hof (Hof,

1996), is essentially independent of all three above
mentioned factors. This scheme was shown to
perform better than standard mass relative
normalization in able-bodied children (Schwartz et
al., 2006) and it was also used to evaluate gait
efficiency in children with cerebral palsy (Brehm et
al., 2008). To our knowledge, it has not been used
to detect the improvement of gait efficiency after
the soft-tissue surgery in children with cerebral
palsy.

Our results demonstrate that the net
nondimensional normalization enables a better
pre- and postoperative comparison of energy
consumption in children with cerebral palsy of
different ages and anthropometrical parameters.
This was reflected by the lower variability of the
net nondimensional VO, at both speeds when
compared to mass relative VO, Moreover, the
Spearman rank correlation pre- and
postoperatively indicates a close association
between the two normalization methods.

In conclusion, the net nondimensional VO, was
able to detect the postoperative improvement of
gait efficiency with smaller variability compared to
standard mass relative normalization. Because of
its independance on age, weight and height it
might be recommended in studies concerning
children with cerebral palsy.

Velocity Parameter P-level Pre OP CV Pre OP Post OP CV Post OP
Mass relative VO, 0.0498 19.4+4.3 1.4108 17.8+2.7 0.9010
2km.h*?
Net nondimensional VO, 0.0068 0.57+0.17 0.0531 0.50+0.11 0.0375
Mass relative VO, 0.035 24.0+3.3 0.9971 22525 0.8508
3km.h*
Net nondimensional VO, 0.0333 0.76+0.18 0.0556 0.70+0.10 0.0351

Table 1. Comparison of P-levels, coefficients of variation and confidence intervals of mass relative VO, (ml.min™.kg ™) to nondimensional
VO,. (Pre OP = preoperatively, Post OP = postoperatively, CV = coefficient of variation).
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Figure 1. Comparison of pre-
and postoperative oxygen
consumption results using
two different normalization
schemes (* indicates the
statistical significance at the
P<0.05).
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Abstract

One of the main goals of therapy in cerebral palsy (CP) is improvement of quality of life and making activities od daily
life easier. Key role in both is improvement of independence and physical functioning which depends on quality of
ambulation and fatigability to great extent. Both these factors depend on energy cost of walking. Energy cost may be
assesed with exercise test. Parameters of oxygen utilization and heart rate are measured and computed. If available,
should we prefer oxygen utilization parameters over heart rate measurement and treadmill over free surface testing.
The most sensitive parametersare oxygen cost (VO2 / speed in m.min-1) and Physiological Cost Index (heart rate
acceleration /speed). The advantage of oxygen utilization data is a good reproducibility. Measurement of heart rate is
easy and feasible in field. Reference values are available. Energy cost of walking reflects postoperative development
and may be used in prescription of assistive devices.
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(1 Souhrn

Cilem konzervativni i chirurgické 1é¢by pacientt s détskou mozkovou obrnou (DMO) je udrze-
ni kvality Zivota a zafazeni pacienta do kolektivu. Nedilnou soucasti je zlepseni samoobsluznosti,
na kterou ma zasadni vliv kvalita chiize a unavitelnost pii béznych aktivitich. Oba tyto faktory do
znacné miry zaviseji na energatické narocnosti chiize. Energetickou naro¢nost mizeme odhadnout
zatézovym vysSetienim. Pfi testu méfime a nasledné pocitime parametry souvisejici se spotiebou
kysliku nebo s tepovou frekvenci. Je-li dostupné vybaveni, testujeme na béhatku, métime spotiebu
kysliku a nasledn¢ pocitame parametr O, c0oZ je kyslik spotfebovany na premisténi se o Im. Vy-
hodou je nastaveni intensity a dobra reproducibilita. V opa¢ném piipadé méfime tepovou frekven-
ci a pocitame parametr Physiological Cost Index (PCI), coz je vzestup tepové frekvence potiebny
s premisténim o 1m. Testovat miizeme na volné podlaze. Vyhodou je jednoduchost méteni
a moznost testovat v terénu. Pro oba zminéné parametry jsou k dispozici referencni hodnoty. Ener-
geticka naro¢nost chlize dobfe odrazi zlepSeni v pooperacnim pribéhu a lze ji vyuzit také pti vy-
béru ortopedickych pomticek.

(7 Summary

Slaby, K., Svehlik, M., Tr¢, T., Radvansky, J.: Energy cost of walking in children with
cerebral palsy.

One of the main goals of therapy in cerebral palsy (CP) is improvement of quality of life and
making activities od daily life easier. Key role in both is improvement of independence and physi-
cal functioning which depends on quality of ambulation and fatigability to great extent. Both the-
se factors depend on energy cost of walking. Energy cost may be assesed with exercise test.
Parameters of oxygen utilization and heart rate are measured and computed. If available, should
we prefer oxygen utilization parameters over heart rate measurement and treadmill over free sur-
face testing. The most sensitive parameters
are oxygen cost (VO, / speed in m.min™') and Physiological Cost Index (heart rate acceleration /
speed). The advantage of oxygen utilization data is a good reproducibility. Measurement of heart
rate is easy and feasible in field. Reference values are available. Energy cost of walking reflects
postoperative development and may be used in prescription of assistive devices.

Uvod
Détska mozkova obrna (DMO) je zastfeSujicim nazvem pro skupinu poruch motorického vy-
voje ditéte, které vznikaji jako dusledek neprogresivni 1éze nezralého centralniho nervového
systému v perinatalnim obdobi. Porucha motorického vyvoje je ¢asto provazena poruchami smy-
slového vnimani, Citi, komunikace, chovani, epilepsii a sekundarnimi deformitami pohybového
aparatu (17). Tato definice zahrnuje Sirokou Skalu klinickych manifestaci, které se mohou lisit
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v etiologii, projevech i tizi postizeni. Incidence je 1,5-2,5 na 1000 zivé rozenych déti (9), tzn. ze
v Ceské republice Zije asi 30 000 déti do 15 let véku s diagnostikovanou détskou mozkovou obr-
nou. Nejcastéjsi formou DMO je forma spasticka, ktera se dale déli dle topografické distribuce po-
stizeni. VSichni pacienti s hemiparézou, 90% s diparézou a asi 50% pacientd s tetraparetickym po-
stizenim jsou schopni chiize (18). Spasticitu mizeme definovat jako patologickou mimovolni
svalovou aktivitu, ktera se vyskytuje na podkladé postizeni centralniho motoneuronu (3). Spastici-
ta se projevuje abnormalnim svalovym napétim, zvysenymi §lachovo-okosticovymi reflexy, pretr-
vavanim primitivnich reflexti ale také zménou stavby a rlstu pti¢né pruhované svaloviny. Ve sva-
lovych biopsiich pacienti s DMO se nachazi predominance prvniho typu svalovych vlaken
soucasné s fibrotizaci svalu a jeho tukovou atrofii (16). Proto je jednim ze zékladnich problému ve-
doucim k porucham hybnosti sniZzena sila maximalni svalové kontrakce a porucha selektivni kon-
troly hybnosti. Na mysich modelech bylo prokazano, ze spasticky sval dorista pouze 55% délky
kosti (25), coz vysvétluje spolu se zménami architektury svalu vznik kontraktur vedouci k omezeni
hybnosti jednotlivych kloubt.

Lidska chiize je cyklicky se opakujici a energeticky velmi usporny proces lokomoce, kdy vzpii-
mena postura je stiidavé zajistovana obéma dolnimi konéetinami. Tento zplsob bipedalni loko-
moce je typicky pouze pro ¢loveéka. Zakladni predpoklady normalni chiize byly definovany Gagem
4):

1) zajisténi stability stojné koncetiny a celého trupu v gravita¢nim poli

2) dostate¢na elevace nohy béhem §vihové faze

3) spravné nastaveni nohy béhem zavéru §vihové faze

4) adekvatni délka kroku

5) minimalizace energetické narocnosti chtize

U déti s DMO se nachazi porucha stereotypu chiize ve vSech vyse uvedenych bodech. Piinou
je Spatna selektivni kontrola hybnosti, spasticita, svalova dysbalance a pfitomnost svalovych kon-
traktur a deformit dolnich koncetin. Pacienti s DMO maji niz§i rychlost chiize ve srovnani
s vrstevniky a neekonomicénost jejich pohybu vede k brzké unavé. Bylo prokazano, ze ko-kontrak-
ce (soucasna aktivace agonistické i antagonistické skupiny svald) je hlavnim faktorem zvysené
energetické naroc¢nosti chiize (23). Pacienti s DMO spotiebovavaji az tfikrat vice energie pii bézné
chtizi nez jejich vrstevnici (1). Jejich pohyb se da pfirovnat svou naro¢nosti chiizi zdravého ¢love-
ka v hlubokém snéhu. Proto je minimalizace energetické naro¢nosti chtize jednim ze zakladnich ci-
14 1é¢by DMO.

Prestoze je vySetfeni energetické naro¢nosti chiize dilezitou soucasti sledovani a 1é¢by pacientt
s DMO, neni jedinou indikaci k zatézovému vysetfeni. Standardni zatézovy test lze provést
z béznych indikaci jako u ostatni populace. Zatézovy test se dale provadi u sportovcd s DMO
k urc¢eni zdatnosti, coz obnasi jak zjisténi maximalni aerobni kapacity, tak anaerobni testy.

Zpusob zatiZeni

Kde testovat

Vzhledem k tomu, Ze se u DMO pfi testovani snazime co nejvice piiblizit podminkdm v bézném
Zivoté pacientll, je potieba peclivé zvazovat i zpuisob zatizeni. Pro testovani chlize se nejcastéji
pouziva pohyblivy pas (béhatko) nebo samostatna chiize, bud’ po rovném povrchu na dlouhé chod-
bé, nebo v terénu.

Pti vySetfeni na pohyblivém pasu Ize pfesné nastavit intensitu zatéze, ale testovat lze pouze
v laboratofi a ne kazda zatézova laboratof je vybavena vhodnym béhatkem. V redukované po-
dobé¢ Ize testovani provést i na rehabilitacnich pfistrojich, které byvaji k disposici v 1aznich. Cha-
rakter chlize na pohyblivém pasu neni plné shodny s chiizi na pevné podlozce. Pfirozené tempo
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volné chiize ani jeji rychlost nebyvaji rovnomérné. Pokud ma pacient senzoricky deficit, problé-
my s rovnovahou, ¢im je mladsi nebo méné spolupracujici, tim vétsi je pravdépodobnost, Ze se
vySetfeni nepodafi dokoncit. Nicméng, na zaklad¢ literarnich Gdaja (14, 15, 22) i z vlastni zku-
Senosti (21) soudime, ze Ize testovat déti s DMO pfiblizn€ od 5 let véku. Pfed métenim je po-
tfebna zacviCovaci navstéva, kde je pacient seznamen s technikou chlize na béhatku i se samot-
nym pribéhem méfeni. Mnoho pacienti v CR ma jiz s chiizi na pohyblivém pasu piedchozi
zku$enost z lazni. Literatura uvadi, Ze sta¢i jedna zacvi¢ovaci navstéva den pted planovanym vy-
Setfenim k tomu, aby vysledky néasledujicich méfeni byly jiz beze zmény (11). Pro pfibliZeni se
béznym zivotnim podminkam testujeme Casto pacienty s DMO pfi jimi zvolené komfortni rych-
losti. Tuto rychlost musime uréit doptedu, nejlépe na zavér zacvicovaci navstévy. Pripadné me-
feni komfortni rychlosti bezprostfedné pred vlastnim zatéZzovym vysetfenim by mohlo zkreslit
vysledky testu.

Podminky pro vySetfeni chiize po pevné podlozce byvaji obdobné jako napt. pti zndmém Sesti-
minutovém chodeckém testu (6MWT). Pouziva se dlouha svétla rovna chodba. Takové podminky
nebyva problém zajistit, jen je tfeba se pokusit o striktni standardizaci, kdy pacient neni nadmérné
pobizen ani jinak ovliviiovan v prib&hu testu. Pfi striktnim provedeni by ho ani nemél nikdo do-
provazet, coz mize mirné zvysit riziko padu. U hiife spolupracujicich nebo tzkostnych pacienti se
v neznamém prostiedi s rostouci vzdalenosti od doprovazejici osoby obvykle snizuje pocit jistoty
a zhorsuje se soustfedéni. Dalsi nevyhodou je obtizné dodrzeni stanovené rychlosti. Toto omezeni
odpada pfi testovani pacientem zvolenou (komfortni) rychlosti. Naopak nespornou vyhodou je
moznost testovat za pouziti riznych pomicek.

Meéfeni v terénu je obdobou chlize po pevné zemi s tim, Ze je mozné testovat pacienty v jejich
davérne€ znamém prostiedi pii specifickych ¢innostech, které nds mohou zajimat. Takové vysetie-
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ni je potfeba sestavit pacientovi ,,na miru“, coz automaticky znamena nestandardni podminky
a vysledky nejsou aplikovatelné na jiné situace nebo pacienty.

Intenzita zatéZe

Pacienty s DMO je vhodné testovat konstantni zatézi, protoze pii kontinualné€ zvySované zatézi
by hrozilo riziko padu. Toto riziko lze omezit pouzitim bezpecnostniho zavésného aparatu nebo
oporou o madla b&hatka, ale takové odleh¢eni neni vhodné, protoZe snizuje energetickou naro¢nost
chiize (24), a tudiz interferuje s vlastnim méfenim.

Z divodu lepsi zaménitelnosti béhatka a terénu (zejména pfi testovani s pomickami) volime
konstantni sklon 0% a intensitu zatéze regulujeme pomoci rychlosti.

Rychlost je mozné dopiedu uréit, nebo lze pacienta nechat zvolit si jemu pohodlnou (kom-
fortni) rychlost (CWS). Pti urceni rychlosti je tieba brat v uvahu, ze pfili$ nizka rychlost je sub-
jektivné nepfijemna, vzrista prace statického charakteru a naméfené hodnoty potom maji vyso-
ky rozptyl a malo odpovidaji nastavené intenzité zatéze. Naopak pti prili$ vysoké rychlosti hrozi
predcasna unava nebo nedokonceni testu. Nejcastéji pouzivané rychlosti jsou 2 a 3 km/h, popf.
4 km/h. Pevné stanovena rychlost je vyhodna pro opakovana métfeni v pribehu sledovani, kdy
zména méfenych parametri pfimo ukazuje na zménu schopnosti vypotadat se se zatézi. Chceme-
li srovnavat pacienty riizného veéku, a tedy s odlisnym vzriistem a délkou kroku, miize byt vhod-
néjsi rychlost volena relativné, napf. k maximalni rychlosti chiize. Nevyhodou takového postu-
pu je nutnost dal$i navstévy ke stanoveni dal$iho parametru nebo alespon dlouhého zotaveni, coz
prodluzuje Cas potiebny k provedeni testu. Komfortni rychlost je povazovana za rychlost
s nejmens§imi energetickymi naroky, kazdy pacient si ji voli sim a neni potieba dalsi méteni. Ne-
vyhodou je, Ze se pii opakovanych navstévach muze lisit z jinych diivodi, nez je zména energe-
tické naro¢nosti (smérodatna odchylka referen¢nich hodnot CWS pro déti a adolescenty je pfi-
blizn¢ 10m/min (15)).

MéFené parametry

Bioenergeticka narocnost daného pohybu je zavisla na objektivnich faktorech (napf. rychlost
chtize) a na faktorech vnittnich (napt. biomechanické podminky, slozeni pracujiciho svalu, koor-
dinace zapojovani jednotlivych svalll). Zjednodusené nahlizeno, objektivni faktory urcuji vnéjsi
(fyzikalni) podavany vykon, zatimco vnitini faktory urcuji metabolickou energii spotfebovanou na
dosazeni a udrzeni tohoto vykonu. U chtize je, narozdil od n€kterych jinych typt pohybu (napf. bi-
cyklovy ergometr), pomérn¢ obtizné stanovit fyzikalni vykon. Mnohem jednodussi je vztazeni
spotfebované energie k objektivnimu parametru. Nejastéji je takovym parametrem rychlost chtize
nebo celkova vzdalenost. Také pfimé méfeni spotiebované energie (pfima kalorimetrie) je obtizné
proveditelné, a proto méfime parametry se zndmym vztahem ke spotiebované energii (nepfima ka-
lorimetrie). Nejcast&ji meétime spotiebu kysliku nebo tepovou frekvenci. Pestoze v tomto ptipadé
lze vypocitat energeticky vydej v kilojoulech, byva casto jednodussi a srozumitelnéj$i zméfenou
hodnotu neptevadét na odpovidajici energii.
Tepovia frekvence

Velmi jednoduchym a levnym zptisobem, jak odhadnout intensitu zatéze, je méfeni tepové frek-
vence. Pfi odhadu energetické narocnosti se vyuziva znalosti, ze spotfeba kysliku az do stresového
prahu roste pfiblizné linearn¢ se vzestupem srde¢niho vydeje a Ze se v tomto rozsahu pfili§ nemé-
ni systolicky objem. Métenim tepové frekvence se tedy odhaduje spotieba kysliku, ze které by se
s ur¢itou chybou odvodila spotfebovana energie. Proto se piepocty nepouzivaji a uvadi se ptimo te-
pova frekvence nebo od ni odvozené parametry. Obdobné¢ jako u zdravych pripadaji v ivahu tyto
parametry: tepova frekvence (HR) a jeji vzestup (HR,,,), relativni parametry jako procento maxi-
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malni tepové frekvence (%HR,,,) a procento tepového rozpéti (%HRR) nebo parametr nazvany
Physiological Cost Index (10) (PCI). Tento parametr vyjadiuje narast tepové frekvence vici klido-
vému stavu potiebny pro prekonani vzdalenosti Im. PCI je podobny parametru Energy Expenditu-
re Index, konkrétné verzi zalozené na tepové frekvenci (EEIyR). Méfeni tepové frekvence je jedno-
duché, pro vypocéet PCI dokonce postaci prosté pocitani pulzli bezprostiedné po skonceni zatéze
(14), a 1ze tedy uvazovat o méteni v terénu samotnym pacientem nebo jeho rodi¢i. Dalsi jednodu-
chou moznosti je pouZiti monitoru tepové frekvence (tzv. sporttesteru).

Odhad energetické naro¢nosti pomoci tepové frekvence ma urcité omezeni v tom, Ze vztah me-
zi tepovou frekvenci a spotiebou kysliku na malych intensitach a okolo stresového prahu neni li-
nearni, a navic smérnice linearniho useku (strmost vzestupu) neni univerzalné platné a pro pies-
néj$i méfeni by bylo tfeba ji individualné zjistovat.

Spotieba kysliku

Ze spotieby kysliku po dosazeni rovnovazného stavu a znalosti metabolického ekvivalentu pro
kyslik 1ze odhadnout energii potiebnou pro vykonani daného pohybu (udrzeni daného vykonu). Za
predpokladu, ze ucinnost bunécného energetického metabolismu se u DMO pfilis nelisi od zdravé
populace, mizeme rozdily ve spotfebé kysliku pfisuzovat zménénym biomechanickym podmin-
kam a zménam v architektuie svalu.

Zakladnim méfenym parametrem je celkové spotieba kysliku (V Osgross) DI dané intensité za-
téze. Vzhledem k mensi aktivni télesné hmoté u pacientd s DMO je nizsi i klidova spotieba kys-
liku (VOaeq), a pii stejné \702gmSS by tedy byla energeticka naro¢nost podhodnocena. V pripade,
kdy dominuje zvy3eny svalovy tonus, miZze byt naopak VO, zvyiena a energeticka naro¢nost
nadhodnocena. Pro citlivéjsi hodnoceni energetické narocnosti je proto nutné vypodist Cistou
spotiebu kysliku (VO,ue), coZ je rozdil mezi celkovou a klidovou spotiebou. Chceme-li porov-
navat zat¢z stejné subjektivni intensity (napft. zatéz subjektivné pocitovanou jako lehkou), mu-
sime mit na paméti, ze absolutni intensita této zatéze je zavisla na celé fadé faktora (typ pohybu,
télesna hmotnost, té€lesna vyska, vék nebo zdatnost). Ve srovnani se zdravou détskou populaci je
u pacient s DMO odli$na jak absolutni maximalni intensita zatéZe (napi. maximalni rychlost
chiize ¢i béhu), tak srovnatelna relativni intensita zatéze (napf. chiize pacientem spontanné¢ zvo-
lenou komfortni rychlosti). Intenzita zatéze je u déti s DMO mnohem vice zavisla na typu pohy-
bu nez u zdravé populace.

Pro lepsi ilustraci energetické narocnosti chtize pii rtiznych rychlostech se klinicky osvédéily
jeste dalsi vypoctené parametry, nejcastéji se udava spotieba kysliku vztazena k rychlosti (O,
0,005t Vyjadiuje, narust spotteby kysliku oproti klidu, potfebny k ptekonani vzdalenosti Im. Vypo-
&ita se jako (VOyue / rychlost) nebo (VO,, . celkovy &as / celkova vzdalenost). Testujeme-li pii in-
dividualné zvolené rychlosti, je O, jednim z nejcitlivéjSich parametru.

Diskuse

Stanoveni energetické naro¢nosti chiize je objektivni metodou, vhodnou jak k zachyceni funké-
nich zmén po korek¢nich operacich, tak i k objektivizaci vysledi konzervativni 1écby. Gage (4) za-
fadil minimalizaci energetické naroc¢nosti jako jeden ze zakladnich piedpokladu lidské chtize. Jed-
na se o funkéni parametr, ktery v sob& zahrnuje jak pathobiomechaniku chiize, tak poruchu fizeni
motoriky, a odrazi se tak v bézném zivoté pacienta. Cilem rehabilitace, preskripce rehabilita¢ni po-
micky nebo opera¢niho feseni by neméla byt ,,pouze” korekce deformity, ale také umoznit paci-
entovi s DMO bézny zivot mezi vrstevniky. Proto je vhodné zatadit vysetfeni energetické naroc-
nosti chiize do schématu ptedoperacniho planovani i pooperac¢niho sledovani pacientti s DMO.

Stanoveni energetické naro¢nosti chtize pomoci spotieby kysliku neni vzdy dostupné a ne vSich-
ni pacienti jsou schopni dostate¢né spoluprace. Naproti tomu monitorace tepové frekvence je lev-
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ny a jednoduchy zptisob hodnoceni energetické naro¢nosti.

Absolutni hodnoty jako napt. HR pii urcité rychlosti maji velky rozptyl a nejsou pro né do-
stupné referencni hodnoty. To mé za nasledek, ze nelze stanovit, jaky rozdil je jiz signifikantni.
Nicméné je 1ze pouzit pro kratké sledovani, kde potiebujeme pouze hrubé orientacni hodnoceni
a nepfedpokladame velké zmény stavu pacienta a jeho antropometrickych parametrd.

Relativni parametry jako %HRR obecné nejsou pfili§ vhodné, protoZze chybi horni referen¢ni
hodnota. Je sporné, jestli touto hodnotou ma byt HR .., protoze velkou ¢ast pacienti s DMO ani
nelze na béhatku zatizit do maxima. Predikovana HR,,, nebo nejvyssi dosazend tepova frekven-
ce (HR,.x) také nejsou vhodné, protoze do vypoctu vnaseji dalsi chybu.

Nejlepsim parametrem zalozenym na tepové frekvenci je PCI, at’ uz se test provadi pii komfort-
ni rychlosti nebo pfi fixnich rychlostech. Diivodem je i to, ze jako pro jediny z ukazateld energe-
tické naroc¢nosti chtize zalozenych na tepové frekvenci existuji pro PCI referencni hodnoty (10, 14,
15). Referen¢ni hodnoty od riznych autord se ale mezi sebou 1isi i o desitky procent, vékové slo-
zeni souborQ neni zcela srovnatelné a autofi vétSinou uvadéji hodnoty dohromady pro vSechny vé-
kové skupiny. Vzhledem k tomu, Ze se s vékem klidova tepova frekvence snizuje, a navic jeji mé-
feni v laboratornich podminkach mize byt zatizeno chybou, je diivod domnivat se, Ze se s vékem
meéni pfinejmensim rozptyl PCI. Nekteré prace z posledni doby navic zpochybiiuji pouziti PCI ja-
ko takového (6, 8, 13). Pro orienta¢ni méfeni, a zejména tam, kde neni k disposici méfeni spotieby
kysliku, je nicméné¢ odhad energetické naro¢nosti pomoci PCI vhodny. V takovém ptipadé bychom
volili referencni data podle Rose et al. (15), protoze byla ziskana na pfimétené velkém souboru
(N=102) pokryvajicim vékové rozmezi 6—18 let a rychlost chiize od pomalé (37 = 10m/min, pru-
mér *+ smerodatna odchylka) pfes komfortni (70 + 11) po rychlou (101 = 13), a to jak na béhatku,
tak na zemi. Naopak vyhodou méfeni spotfeby kysliku je dobra piesnost odhadu spotfebované
energie, coz plati i pro okrajové intensity. Nevyhodou je finanéné a technicky naro¢né vybaveni
a také omezena moznost testovani v terénu, prestoze lze pouZit pfenosné pristroje. Dulezita je také
spoluprace pacienta, at’ uz pouzivame masku nebo naustek.

Protoze spotieba kysliku je na rozdil od tepové frekvence vice zavisla na antropometrickych
ukazatelich, je tfeba ji vhodné normalizovat. Nejcastéji se spotieba kysliku uvadi vztazena na kilo-
gram télesné hmotnosti, pfestoze tento zpisob normalizace neodstrani veskery trend (Sastecné zi-
stava zavislost na véku nebo povrchu téla). Pfesnéjsi by bylo vztahovat spotiebu kysliku napt. na
kilogram aktivni hmoty, ale chyba méfeni by v tomto piipadé byla piili§ vysoka, a proto se tento
zpusob pfili§ nepouziva.

Novy zptisob bezrozmérné normalizace navrzeny Schwartzem (19) vySe zminénymi nedostatky
netrpi. Pfi tomto zptisobu normalizace se vyuziva jak nelinearni korekce na hmotnost, tak na délku
kroku. Vzhledem k tomu, Ze tato normalizace vychazi z teorie dynamické rovnovahy (5) popisuji-
ci pouze chtizi, je specifickd pro chiizi a nelze ji uplatnit napt. na b&éh. Vysledkem normalizace je
bezrozmérné ¢islo, které ovSem neni pfili§ intuitivné uchopitelné, a navic jsou s timto zptisobem
normalizace spotieby kysliku u DMO jen malé zkusenosti. Autofi nicméné tento zptisob normali-
zace uspésné pouzili u DMO (20) a zda se, ze vysledky jsou pfinejmensim srovnatelné se stan-
dardni normalizaci vztazenim na kilogram télesné hmotnosti. Vyhodou bezrozmérné normalizace
je lepsi moznost srovnani interindividudlni variability, porovnani skupin pacientd nebo sledovani
vyvoje parametril v ¢ase u jednoho pacienta.

Ackoliv neni pochyb o celkoveé zvySené energetické narocnosti chiize pacientti s DMO, zatézové
vySetfeni samo o sobé ndm nepomiize rozeznat jednotlivé faktory, které spotiebu energie pfi chizi
zvySuji. Proto je dulezité, aby pfistup k 1écbé pacienta s DMO byl multidisciplindrni. Méfeni spotieby
kysliku mtize pfinést zhodnoceni miry disability a stanoveni funk¢ni rezervy pacienta. Navic je zvyse-
ni Oyeoq piimo timérné mite funkeniho postizeni (7) a mife spontanni fyzické aktivity béhem dne (12).
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Pii zhorSeni funkéniho stavu pacienta dochazi béhem chiize ke snizeni rychlosti, aby se udrzela spo-
tieba kysliku na stejné Girovni. To se ovSem projevi zvySenim O, a dit€¢ s DMO se dfive unavi i pfi
nizsich rychlostech chiize (2). Diky zvysené energetické naro¢nosti chiize muze i chodici pacient pre-
ferovat pohyb na voziku.

Zavéry

Zatézové vysetteni je mozné i u détskych pacienti s DMO, zaleZi na spolupraci pacienta stejné
jako je tomu u bézné populace. Zatézové vysetieni je uzitecné zejména ke sledovani vyvoje po ko-
rekénich operacich a mohlo by byt dopliikovym vysetfenim i pfi jejich planovani. Nékteré prame-
ny také uvadéji pouziti zat€zoveého vysetieni se stanovenim PCI pii rozhodovani o nejvhodnéjsim
volné podloZce nebo v terénu se da dobte volit intenzita zatéze. Relativni parametry je obtizné pou-
Zit, protoZe chybi referencni bod, jako napf. maximalni zat€z. V pooperacnim prib¢hu je optimal-
ni sledovat Casovy vyvoj energetické narocnosti, a to i v pomérné kratkodobém horizontu 12 mési-
ct po korekénich operacich. Z vice diivodu jsou vhodngjsi parametry zalozené na méieni spotieby
kysliku nez na méfeni tepové frekvence, nicméné v podminkach, kde nelze pouzit analyzatory vy-
meény dychacich plynd, mize byt parametr PCI dialezitym ukazatelem energetické narocnosti po-
hybu. Nova bezrozmérna metoda normalizace spotieby kysliku zatim u DMO ¢ekéa na ovéteni.

Zpisob hodnoceni chize u DMO je multidisciplinarni. Kromée klinického vysetfeni piinasi du-
lezitou informaci také kinematicka a kineticka analyza chlize, dynamicka polyelektromyografie
a v neposledni fad¢ zatézové vysetfeni se zaméfenim na energetickou narocnost chtize.
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Abstract

Eleven patients with spastic cerebral palsy were evaluated preoperatively, three and nine month
postoperatively after soft tissue surgery. Evaluation included clinical examination, Functional Mobility Scale
(FMS) questionnaire, instrumented gait and center of mass (COM) trajectory analysis. A decrease in time-
distance parameters after three months was followed by progress in all parameters at nine months
postoperatively. Push-off range of ankle motion (ROM) decreased after surgery and was not restored to
preoperative level until nine months. The COM vertical displacement improved significantly. FMS showed gait
improvement. Despite the normalization of ROM after surgery, there is an obvious period of functional gait
deterioration in the early postoperative period and push-off ROM at ankle did not recover to preoperative level
until nine months.
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Evolution of walking ability after soft tissue surgery in
cerebral palsy patients: what can we expect?
Martin Svehlik?, Krystof Slaby b Libor Soumar?, Pavel Smetana?,

Alena Kobesova® and Tomas Trc?

Eleven patients with spastic cerebral palsy were evaluated
preoperatively, and 3 and 9 months postoperatively

after soft tissue surgery. Evaluation included clinical
examination, the Functional Mobility Scale questionnaire,
and instrumented gait and center of mass trajectory
analysis. A decrease in time—-distance parameters after

3 months was followed by progress in all parameters at

9 months postoperatively. Push-off range of ankle motion
decreased after surgery and was not restored to
preoperative level until 9 months later. The center of mass
vertical displacement improved significantly. The
Functional Mobility Scale showed gait improvement.
Despite the normalization of range of motion after surgery,
there is an obvious period of functional gait deterioration in
the early postoperative period and the push-off range of

Introduction

The gait performance in patients with spastic cerebral palsy
(CP) is impaired compared with healthy children. These
children walk with reduced velocity, shorter step length and
increased cadence. Over time, a reduction in gait stability
was noticed [1]. To improve joint motion, soft tissue surgery
has been established as an appropriate method to treat the
muscle contractures [2]. A great deal of evidence exists
showing that walking ability can improve after the
operation, lasting a long period of time. Instrumented gait
analysis has proved to be a useful and objective tool for
outcome assessment when soft tissue surgery is performed
[3,4]. Some reports show improvement lasting a year, 2 or
even 5 years [5-7]. Not enough evidence exists, however, to
show the evolution of early stages of regaining the ability to
walk soon after soft tissue surgery. Every surgeon observes
some degree of deterioration in CP patients for a certain
period of time after corrective surgery. We should ask
ourselves some questions and expect the patients to ask the
same as well. How long does it take for the patients to get
better? What level of deterioration is to be expected? What
should we prepare our patients for?

The aim of this prospective study was to show the
evolution of different gait parameters over a period of
9 months following soft tissue surgery.

Methods

Patients’ selection

Eleven patients (five females, six males) were included in
this prospective study. Eighteen limbs were treated in
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motion at the ankle did not recover to preoperative level
until 9 months later. J Pediatr Orthop B 17:107-113 © 2008
Wolters Kluwer Health | Lippincott Williams & Wilkins.

Journal of Pediatric Orthopaedics B 2008, 17:107-113

Keywords: cerebral palsy, gait analysis, gait, kinematics, surgery

2QOrthopaedic Department for Children and Adults, ®Clinic of Sport Medicine,
°Rehabilitation Clinic, 2nd Medical School, Charles University and ®Sports
Research Institute of Czech Armed Forces, Prague, Czech Republic

Correspondence to Martin Svehlik, MD, Orthopaedic Department for Children
and Adults, 2nd Medical School, Charles University, V Uvalu 84, 150 06 Prague,
Czech Republic

Tel: +420775144195; e-mail: martin.spejlik@seznam.cz

total. All of the patients had a spastic form of CP (nine
diplegia, two hemiplegia) and their level of Gross
Motor Function Classification system was II-IIT [8].
The average age of our group of patients at the time
of surgery was 9.07 = 3.7 years. All the patients were
community ambulators and were designated for gait-
corrective soft tissue surgery. Patients suitable for
corrective bone procedures were excluded. The overall
set of procedures is given in Table 1. The average number
of surgical procedures was 3.2 per patient. Parents’
approval for the study was given in written form and
the children agreed verbally. This study was approved by
the local ethical committee of the University Hospital
Motol, Prague, Czech Republic.

Patients’ evaluation

Patients were evaluated three times — 2 days preopera-
tively and approximately 3 (3.74 = 0.53) and 9 (9.33
0.64) months postoperatively. Evaluation included clin-
ical examination, instrumented gait analysis, video and
photo documentation. The Functional Mobility Scale
(FMS) questionnaire was chosen to describe functional
mobility in our patient group and also to detect
sensitively the change after surgical intervention [9].
Physical examination included the assessment of passive
range of motion of the lower limb joints and was
measured goniometrically. Instrumented gait analysis
was assisted by an eight-camera, video-based, motion
capturing system (Proreflex 240 Hz; Qualysis, Gothen-
burg, Sweden), and provided three-dimensional kine-
matic and time—distance parameters. Changes in the joint
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Table 1 Summary of corrective soft tissue procedures and their
clinical indications

Clinical criteria for operative Number of

Procedure procedure limbs treated

Hip adductor tenotomy Passive hip abduction of less 12
than 30°

Gastrocnemius recession Equinus deformity not correct- 11

(Strayer) able under anesthesia,
positive Silverskiold test

Equinus deformity not correct- 5
able under anesthesia, par-
tially positive Silverskiold test

Positive Duncan—Elly test, 4
anterior pelvic tilt, hyperlor-
dosis, hip flexion contracture

Equinus deformity not correct- 2

Gastrocnemius recession
(Baker)

Proximal tenotomy of rectus
femoris

Prolongation of Achilles’

tendon able under anesthesia, not
influenced by position of
the knee
Prolongation of medial knee Increased popliteal angle, fixed 1
flexors flexion deformity under
anesthesia

angles over the gait cycle were calculated on a seven-
segment model using Euler angles (Visual3D; C-Motion,
Inc., Germantown, Maryland, USA). Marker clusters were
used for model segment definition [10]. Time—distance
parameters were normalized to the leg length according
to Hof’s method [11]. Vertical center of mass (COM)
excursions were measured as a trajectory of the sacral
marker [12]. Patients walked barefoot along a 10-m
walkway at a self-selected speed. Relevant sagittal plane
kinematic parameters, COM vertical displacement, score
FMS and physical examination were considered for
outcome measures.

Postoperative rehabilitation

Postoperatively, below-knee plaster casts after correction
of fixed equinus deformities were applied to all patients
for 6 weeks. The average duration of hospital stay was
5-7 days. After cast removal, the patients underwent
physiotherapy twice a day on an inpatient basis. They
were discharged as soon as they could walk with
reasonable confidence. Parents were educated in the
home-training program. Physiotherapy continued on an
outpatient basis for the whole period of our study.

Statistical analysis

Preoperative and 3 and 9 months postoperative results
were compared using repeated-measures analysis of
variance. Fisher’s test was used as a post hoc analysis.
FMS score was evaluated using Friedman’s analysis of
variance. A P value < 0.05 was considered statistically
significant.

Results

Time-distance parameters

We found a decrease in time—distance parameters after
3 months, but this was followed by progress on all
parameters at 9 months postoperative gait analysis. Step

length decreased at first follow-up (P = 0.046) and by the
time of the second follow-up, it increased to a higher
value than preoperatively. Velocity followed the same
pattern and the increase from the first to the second
follow-up was statistically significant (P =0.0013). Ca-
dence did not decrease significantly after operation, but
increased at 9 months (P = 0.0263) compared with the
3-month follow-up. We did not find any differences in
stride width and double support time over the whole
period of our study (Table 2)

Ankle joint

We could find improvements at the ankle joint during the
whole period of gait cycle at both follow-ups. At initial
contact the position of the foot changed from an average
8.28° plantar flexion to a neutral position at the first
follow-up and was maintained until the last gait analysis
(P =0.0085). The mean ankle angle in the single support
phase of the gait cycle also changed from 4.04° of plantar
flexion to 5.53° of dorsiflexion at 9 months after surgery
(P =0.0412). Push-off range of ankle motion significantly
decreased after surgery (P = 0.0075), but was restored to
the same level as preoperatively after the 9-month period.
During the swing period of the gait cycle, the mean ankle
angle was shifted to the neutral position at the first
follow-up and very mild dorsiflexion at the second follow-
up (P =0.0022) (Fig. 1, Table 2).

Knee joint

We observed an improvement in knee joint movement
toward extension at the stance phase with the main-
tenance of knee flexion in swing, resulting in increased
knee range of motion. Knee angle at initial contact
decreased from 32.13° to 22.96°, which was highly
significant (P < 0.0001). During single support, the knee
angle also declined by 15.75° (P <0.0001) and this
change persisted until the last follow-up. At the swing
phase, we observed a clinically slight but statistically
significant decrease in maximal knee flexion at 3 months
(P=0.0019), followed by an increase in preoperative
value after 9 months (Fig. 2, Table 2).

Hip joint

Overall hip joint motion had a tendency toward a more
extensive pattern. No change in hip joint angle at initial
contact was found, but we observed a significant decrease
in hip flexion during the single limb support phase of the
gait cycle at both follow-ups (P = 0.0003). Maximal hip
extension over the gait cycle reached positive values and
the change was highly significant (P = 0.0053) compared
with preoperative values. Maximal hip flexion during a
swing was not changed over the period (Fig. 3, Table 2).

Center of mass vertical displacement
The center of mass vertical excursion decreased markedly
during three postoperative months, but did not reach
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Table 2 Summary of results

PREOP PREOP versus PREOP versus 3M versus 9M
mean 3M mean 9M mean PREOPSD 3M SD 9M SD 3M P level 9M P level P level
TDP
Cadence (s) 13.73 13.08 14.10 3.08 2.25 2.71 0.3221 0.1986 0.0263
Velocity (m/s) 0.25 0.23 0.28 0.08 0.08 0.10 0.0837 0.0967 0.0013
Step width (m) 0.27 0.28 0.27 0.11 0.08 0.14 0.4709 0.8240 0.3470
Step length (m) 0.53 0.51 0.59 0.13 0.12 0.13 0.0460 0.1014 0.0006
Double phase support (s) 1.47 1.61 1.38 1.77 1.06 0.56 0.3699 0.7781 0.2409
Ankle
Initial contact (°) -8.28 -0.97 0.79 13.19 5.61 6.30 0.0309 0.0085 0.5794
Toe-off (°) -14.36 -0.86 -3.80 23.42 5.52 8.94 0.0125 0.0446 0.5767
Mean of single support phase () -4.04 4.7 5.53 18.11 3.95 6.08 0.0617 0.0412 0.8476
Mean of swing phase (°) -9.95 1.51 2.55 1719 4.57 4.55 0.0040 0.0022 0.8169
Ankle push-off ROM 17.51 10.74 16.56 12.15 6.71 8.56 0.0075 0.4670 0.0407
Knee
Initial contact (°) 34.13 22.26 22.96 10.67 8.94 8.62 0.0000 0.0000 0.3360
Toe-off (%) 42.05 36.11 38.49 11.65 8.43 7.06 0.0305 0.2720 0.2601
Mean of single support phase (°)  26.74 10.99 12.96 14.85 9.85 745 0.0000 0.0000 0.2766
Maximal knee flexion (°) 62.57 55.80 59.60 8.08 9.32 9.16 0.0019 0.1463 0.0674
Hip
Initial contact (°) 38.55 36.74 35.98 10.95 8.36 12.24 0.2514 0.2653 0.9728
Toe-off (°) 12.42 12.29 7.56 6.56 10.20 11.62 0.8940 0.1121 0.1435
Mean of single support phase (°) 18.87 11.43 9.68 8.05 4.44 8.07 0.0003 0.0000 0.5120
Maximal extension (°) 5.01 2.26 -1.95 4.82 5.42 9.12 0.1662 0.0053 0.1248
COM
COM vertical excursion 1.1181 1.0872 1.076 0.0763 0.0478 0.0607 0.0879 0.0297 0.5853
Gonio
Hip flexion (°) 116.56 124.00 129.11 12.26 9.69 11.13 0.0743 0.0004 0.0385
Hip extension (° 15.39 19.69 18.89 7.77 6.04 7.31 0.0493 0.0343 0.8677
Hip abduction (°) 32.83 40.44 33.56 10.08 9.63 6.20 0.0097 0.8626 0.0063
Hip adduction (°) 19.94 22.63 22.33 5.32 4.82 4.07 0.1711 0.3793 0.6138
Hip internal rotation (%) 50.28 53.81 48.56 12.53 13.72 11.50 0.8404 0.2323 0.1653
Hip external rotation (°) 48.78 48.13 49.89 12.35 9.16 10.25 0.3594 0.8605 0.4570
Knee flexion (°) 143.50 148.31 148.22 9.08 5.50 5.13 0.1020 0.0365 0.6196
Knee extension (°) -0.56 -0.50 1.33 4.89 3.30 3.88 0.8692 0.0083 0.0125
Ankle plantarflexion (°) 60.00 52.75 50.78 11.68 6.50 6.93 0.0010 0.0004 0.7361
Ankle dorsiflexion (°) -744 8.19 6.67 10.99 3.75 3.22 0.0000 0.0000 0.6143
FMS
FMS 5 4.72 5.11 5.67 1.02 1.02 0.49 0.0858 0.0015 0.0117
FMS 50 4.06 4.22 5.28 1.21 1.73 0.96 0.6051 0.0010 0.0058
FMS 500 3.39 3.56 4.06 1.58 1.62 1.59 0.1088 0.0281 0.1549

Significant changes are shown in bold.
COM, centre of mass; FMS, Functional Mobility Scale; Gonio, goniometry; 3M, 3 months postoperatively; 9M, 9 months postoperatively; PREOP, preoperatively; SD,
standard deviation; TDP, temporal-distance parameters.

statistical significance. This improvement became sig-
nificant at 9-month follow-up (P = 0.0298) (Fig. 4).

Physical examination

A gradual increase in hip flexion (P =0.0004) and
extension (P =0.0343) was measured in a passive range
of motion after 9 months. We also observed a significant
increase in hip abduction 3 months postoperatively
(P=0.0096), but it decreased to the preoperative level
after 9 months. No changes in hip rotations were found.
Passive knee flexion increased. The most dramatic changes
were seen at the ankle: passive dorsiflexion increased from
7.44° of plantar flexion to 8.18° of dorsiflexion after 3
months and it remained the same throughout the whole
follow-up period. On the basis of the described results,
clinical tests for muscle contractures became negative
(Silverskiold, Patrick’s sign, Phelp’s sign).

Functional mobility scale
No difference in any of the FMS distances was observed
after the 3-month period, but there was a significant

change after 9 months. Improvement was seen at
distances of 5m (P =0.0015) and 50 m (P =0.001). This
result indicates better mobility indoors after 9 months
postoperatively in our patients’ group (Table 2).

Discussion

Sutherland [13] identified the major determinants of
normal mature gait as velocity, step length, cadence and
duration of single limb support in stance. Although the
gross motor function according to motor development
curves [14] should remain stable after motor develop-
ment is complete, progressive deterioration in the
walking ability of children with CP in childhood and
adolescence has been documented [1]. Natural progres-
sion of their gait tends to deteriorate over time in time—
distance parameters and kinematics, if there is no surgical
intervention [15]. This might be a result of the inability
of length changes in spastic muscle to keep up with bone
growth [16]. Another factor that leads to gait deteriora-
tion could be weight gain [15]. While evaluating our
surgical results in the CP population, we have to be
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Postoperative ankle kinematic parameter development. Postoperative
development shows normalization of kinematic ankle parameters. At
initial contact, the equinus position of the foot changed to neutral. Mean
ankle angle in single support phase of gait cycle also improved.
Push-off range of ankle motion (ROM) significantly decreased after
surgery, but was restored to the preoperative level at 9-month
follow-up.
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Postoperative ankle kinematic parameters development. Knee angle
at initial contact and during single support significantly improved
with maintenance of maximal knee flexion. These improvements
result in an increase in the knee range of motion at the second
follow-up.

Fig. 3

Hip

20 4

-5 T T T
PREOP 3M POSTOP 9M POSTOP

—A— Toe-off
—@- Mean of the single stance phase

-H- Maximum extension over the gait cycle

Postoperative hip kinematic parameters development. Overall hip joint
motion had a tendency toward a more extensive pattern. A significant
decrease is seen in the hip flexion during single limb support, and
maximal hip extension improved compared with preoperative values.

Fig. 4
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Postoperative development of center of mass (COM) vertical
displacement. A remarkable decrease in COM vertical displacement is
seen, which reached statistical significance at 9 months postoperatively
and indicates better walking efficacy. COM vertical displacement is
normalized to the leg length of each patient and expressed as a
dimensionless number. COM 0, center of mass vertical displacement
preoperatively; COM 3, center of mass vertical displacement 3 months
postoperatively; COM 9, center of mass vertical displacement

9 months postoperatively.

cautious about underestimating the immediate effect of
surgical intervention, which results in the stabilization of
a child’s gait pattern [17]. The aim of our study was to
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prove the following clinical observation: although we can
surgically help our patients to stabilize their walking level
or even improve their gait in the long run [5,6,18], there
is a period of time up to 6 months, just after the surgery
[19], when the walking ability deteriorates.

For a long time, physical examination with range of
motion measurement together with radiological imaging
has been a single indication for corrective surgery in
children with CP. Only fair-to-moderate correlation was
found between static clinical measurements and gait
analysis data [20]. Also, clinical tests determining isolated
muscle contracture might be misleading because of
spasticity, if performed in the awake state [21]. In our
study, a passive range of motion increased at the hip, knee
and ankle. These changes were gradual over time. On the
contrary, we observed a statistically significant decrease in
step length 3 months after surgery. Other time—distance
parameters also deteriorated, but the changes did not
reach statistical significance, although there was a clear
tendency toward a postoperative decrease in velocity
(P =0.0837). These findings are in agreement with those
by Abel ez 4/ [5], but they did not provide kinematic
description at 3 months postoperatively.

The indications for the selection of surgical procedures
are often discussed in the literature. It is well documen-
ted that the surgical lengthening of adductor muscles
may be inappropriate in an attempt to reduce excessive
internal rotation of the hip [22], but contracture of
adductors may be associated with hip lateralization or
even subluxation or luxation of the femoral head in
spastic CP. Specifically, the adductor longus has been
noted to have the greatest effect in causing hip
dislocation [23]. This pathological sequence may be
prevented by surgical release of adductor muscles [24]. In
agreement with other authors [6,25], we consider the
restriction of abduction by more than 30° as a contracture
of adductors and we suggest adductor muscle tenotomy as
preventive hip surgery because adductor tenotomy
reduces the trend toward lateral displacement of the
hip joint [26]. Hip flexor contracture is believed to result
in gait deviations including restricted stride length,
excessive anterior pelvic tilt, increased lumbar lordosis
and limited hip extension in stance [27]. Proximal rectus
femoris release was initially proposed to reduce hip
flexion contracture and lumbar lordosis while improving
knee flexion in swing [28]. Inappropriate activity of the
rectus femoris during swing is believed to contribute to
stiff-knee gait in patients with CP [29]. Distal rectus
femoris transfer posterior to the knee was proposed by
Perry [30] to treat this gait deviation. This procedure was
thought to convert the rectus femoris from knee extensor
to knee flexor, but it shows that the beneficial effects of
rectus femoris tendon transfer are derived from reducing
the effects of the rectus femoris muscle as a knee
extensor rather than from converting the muscle to knee
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flexor [31]. Our aim was to address anterior pelvic tile,
hyperlordosis and reduced hip extension by proximal
rectus femoris release. Contrary to the results of some
authors [27], we have good clinical experience with this
procedure, which we have already published [32].

At the first follow-up, we found a trend toward a greater
extension pattern at the hip and the knee, which is
pointed out as an important mechanism in patients with
CP [17]. These changes allow normal weight acceptance
through the ankle and knee. An improvement in the
single support stance phase and maximal hip extension
took place, although maximal hip flexion during swing
was not changed. At the knee there was a dramatic
improvement toward extension at initial contact and
during the single support stance phase, but maximal knee
flexion in swing was decreased. This might be because of
decreased walking velocity and power generation during
push-off [33]. Foot clearance was not a problem in our
group of patients. The most dramatic changes were seen
at the ankle joint, where the overall joint motion was
shifted toward dorsiflexion. The push-off range of motion
was decreased, which goes along with slower velocity and
step length and implicates a reduction in plantar flexor
power. The normalization of foot position in swing, as was
observed in our group of patients, is in agreement with
Reimers [34], who states that antagonist function
improves when spasticity of the agonist is reduced by
tendon lengthening.

At the second follow-up (9 months postoperatively) an
overall improvement was present. Velocity, step length
and cadence increased. Increased cadence was an
opposite finding to that of some authors [18,35], but in
agreement with others [36], our patients used both
strategies to increase speed postoperatively — increased
step length and cadence. Even though the parents of our
patients reported improvement in stability, we did not
find any significant change in double support time or step
width. This discrepancy might be explained by the small
sample size of our study. At the hip the increased
extension pattern during the stance phase was still
present and the change in maximum hip extension
reached statistical significance. Contrary to the findings
of Abel [5], the maximum knee flexion in swing increased
back to the preoperative level, although the improved
knee extension in initial contact and stance remained.
Positive results at ankle joint ROM seen after the first
follow-up were still present at 9-month follow-up.
Significant improvement was seen in push-off range of
movement compared with the first follow-up. This
parameter returned to the preoperative level and
indicates better propulsion. This finding is consistent
with those of Steinwender ez @/ [35] who did not find
any changes in push-off range of motion after surgery, and
the energy generated at push-off was significantly
increased.
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Children with CP typically expend two to three times
more energy in submaximal walking than age-matched
controls without CP [37]. They have 60% greater COM
excursion and poorer phasic relation between potential
and kinetic energies. Analysis of COM vertical movement
seems to be a good biomechanical factor in monitoring
the walking efficacy [38]. We observed a decrease in
COM vertical displacement at first follow-up, but it did
not reach statistical significance. A significant improve-
ment in COM vertical excursion was seen at second
follow-up (P =0.0298), which indicates better walking
efficacy of our patients (Fig. 4).

Measuring physical function is more difficult than
measuring deformity. FMS proved to be an excellent tool
in demonstrating the difference between preoperative
and postoperative states and in detecting improvement
and deterioration in the walking ability of children with
CP [9]. The FMS was filled out by the parents of our
patients. Subjective perception of parents of their
children’s gait improvement goes together with other
kinematic data. No improvement in FMS was seen after
the 3-month period, but there was a highly significant
increase in parents’ rating of children’s walking ability
after 9 months.

We can conclude that the children increased their
walking ability and became better community ambulators
compared with the preoperative state. We have to keep in
mind that all the described improvements are not only a
result of surgery, but that physiotherapy also played a
great role in increasing their walking ability.

Conclusion

We found soft tissue surgery to be an effective method
for the correction of contracted muscle deformities.
Although a 6-month period is reported to be sufficient
time for recovery after soft tissue surgery [5], some of the
important gait parameters (push-off range of motion at
ankle joint) did not recover to their preoperative levels
until 9 months postoperatively. Despite the normalization
of range of motion immediately after operation, there is
an obvious period of deterioration after a corrective
surgery in patients with CP and we have to inform our
patients about this fact in advance. Our results also
highlighted the importance of postoperative physiother-
apy and the necessity of muscle and gait training
programs after soft tissue gait-improvement surgery.
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Abstract

Equinus deformity is a common problem in children with cerebral palsy (CP) and significantly influences their
gait. Corrective surgery at the level of gastrocnemius aponeurosis is one of the treatment options.
Computerized 3D gait analysis was used to objectify the results of the surgery and to explore the development
of the ankle motion over the gait cycle. Postoperatively, the ankle and also the knee motion were normalized.
Because of the postoperative triceps surae muscle weakness the push-off phase of the gait cycle was
deteriorated and did not improve until 9 months after the surgery. Prolongation of the aponeurotic part of the
gastrocnemius muscle is an effective and safe way of the equinus correction in children with CP. Computerized

gait analysis is a good tool to objectively assess postoperative results of CP patients and should become part of
the common care in CP patients.
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Pocitacova 3D analyza chiize hodnoti objektivné pooperacni vyvoj korekce
equinozity u pacienti s détskou mozkovou obrnou

Computerized 3D analysis of gait objectively assesses the postoperative
development of equinus deformity correction in children with cerebral palsy
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Souhrn:

Pes equinus neurogenes je u pacientl s détskou mozkovou obrnou (DMO) castou deformitou, ktera vyrazné alteruje chiizovy
stereotyp. Operacni korekce deformity zasahem v aponeurotické casti musculus gastrocnemius je jednim z moznych reseni.
VyuZili jsme metody pocitacové 3D analyzy chiize k objektivizaci vysledki operativy a stanoveni vyvoje dynamiky pohybu hlezna
béhem chiizového cyklu. Pooperacné se upravuje nejen postaveni a pohyb hlezna béhem celého chiizového cyklu, ale zaroveri se
normalizuje i pohyb kolena. Kviili oslabeni musculus triceps surae dochazi pooperacné ke zhorseni odrazové faze hlezna, ktera
se upravuje az 9 mésicli po operaci. Prolongace aponeurotické casti musculus gastrocnemius je efektivni a bezpecnou variantou
korekce equinézniho postaveni nohy u pacientii s DMO. Pocitacova analyza chize je idealnim prostfedkem k objektivizaci
operacnich vysledki pacientt s DMO a v budoucnu by se méla stat soucasti péce o pacienty s DMO.

Klicova slova: détska mozkova obrna, pes equinus neurogenes, analyza chiize, musculus gastrocnemius

Summary:

Equinus deformity is a common problem in children with cerebral palsy (CP) and significantly influences their gait. Corrective
surgery at the level of gastrocnemius aponeurosis is one of the treatment options. Computerized 3D gait analysis was used to
objectify the results of the surgery and to explore the development of the ankle motion over the gait cycle. Postoperatively,
the ankle and also the knee motion were normalized. Because of the postoperative triceps surae muscle weakness the push-off
phase of the gait cycle was deteriorated and did not improve until 9 months after the surgery. Prolongation of the aponeurotic
part of the gastrocnemius muscle is an effective and safe way of the equinus correction in children with CP. Computerized gait
analysis is a good tool to objectively assess postoperative results of CP patients and should become part of the common care in
CP patients.
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Uvod

Equinézni  deformita je  jednim
z nejcastéjsich problém0 vyskytujicich se
u spastické formy détské mozkové obrny
(DMO). Chize pacient( s touto deformitou je
charakterizovdna snizenou stabilitou béhem
stojné faze, kratSim krokem a obtizemi béhem
Svihové faze chizového cyklu (26). Tyto
zmény vedou k vétsim vertikdlnim vychylkam
chiize.

(Cilem nasi prospektivni studie je zhodnotit
vliv korekcni operace pes equinus nerogenes
na postoperacni vyvoj dynamickych
parametrd hlezenniho kloubu pfi chizi. Nase

klinicka zkusenost nas vede k hypotéze, Ze
postoperacni obdobi po sejmuti sadrové
fixace je provazeno zhor$enim schopnosti
chlze na droven nizsi nez pred operaci
a pozitivni vysledky korekce deformity
mizeme ocekavat az v horizontu nékolika
mésicd. Pro potvrzeni nasi hypotézy jsme
pouzili kromé klasickych metod (klinické
vysetfeni, goniometrie) také technicky
sofistikovanou metodu analyzy chlize pomoci
jeji pocitacové simulace (11). Pokud je nam
znamo, jedna se o prvni pouziti této metody
k evaluaci vysledkd operacni lécby DMO
v Ceském pisemnictvi.

Soubor pacientii a metodika

Do prospektivni studie bylo zarazeno
8 pacientl (12 operovanych koncetin) se
spastickou diparetickou formou détské
mozkové obrny s primérnym vékem 7,32 +
2,72. Jejich mobilita byla ohodnocena podle
Gross Motor Function Classification System
(17) na stupni I-III. Pacienti byli indikovani
k operacnimu zasahu uréenému ke korekci
equinézniho postaveni hlezna zavislém na
postaveni v kolennim kloubu. Operace byly
provedeny bud metodikou dle Strayera (27),
nebo Bakera (3). Rodice podepsali pisemny
souhlas se zafazenim déti do studie a Gstni
souhlas ke spolupraci byl dan i samotnymi
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pacienty. Veskeré operace byly provedeny
standardnim  zplsobem dle indikace
operatéra. Postoperacni péce a rehabilitace
byla srovnatelna u vsech pacientd. Vsem
byla pooperacné naloZena sadrova fixace
na dobu 6 tydnd. Po sejmuti fixace pacienti
rehabilitovali za hospitalizace do plné
vertikalizace. Ndslednd rehabilitace probihala
na dennf bazi.

Pacienti byli vysetfeni predoperacné
a poté 3 a 9 mésicl po operaci. Pri kazdé
kontrole bylo provedeno klinické vysetfeni
(goniometrické vysetfeni kloubl dolnich
koncetin,  antropometrické  vysetfent,
zjisténi kontraktur a spasticity svald dolnich
koncetin, fotografickd a videodokumentace)
a pocitacova trojdimenziondlni analyza
chiize. K vySetreni bylo pouzito 8 specidlnich
videokamer emitujicich infracervené svétlo
(ProReflex, Qualisys, Svédsko). Pro vytvoreni
trojrozmérného pocitacového modelu dolnich
koncetin byly pouzity reflexni markery (7)
(Obr. 1). Kinematickd data byla vypoctena
pomoci metodiky Eulerovych Ghli (8) za
pouZiti softwaru Visual3D (C-motion, USA).
Vertikdlni vychylky tézisté (COM=Center
of Mass) byly stanoveny pomoci sledovani
trajektorie virtudlniho markeru umisténého
v oblasti druhého bederniho obratle (23).
Pacienti chodili spontdnné zvolenou

rychlosti po drdze 10 m. Byli vysetfeni bez
obuvi a ortéz. Paklize hézné pouzivali berle
nebo jiné pomicky, vysetreni bylo provedeno

0br. 1 Pacient s aplikovanymi reflexnimi markery béhem
vySetreni kinematické analyzy chize v biomechanické
laboratori CASRI, Praha. V pozadi je vidét infracervené
kamery ProReflex240 (Qualisys, Svédsko)

s nimi. K analyze byl pouzit primér
minimalné 3 chdzovych cykld.

Vysledna data pristrojového vysetreni
chlize byla normalizovana pomoci délky dolni
koncetiny na bezrozmérné velic¢iny. Metoda
navrzena Hofem (14) pomahd minimalizovat
interindividualni antropometrické odlisnosti
a umoznuje srovnani déti riznych vékovych
skupin a vzrlstu. Ke statistickému
zhodnocent byla pouzita ANOVA s Fisherovym
testem nejmensiho rozdilu jako post-hoc
testem. Za signifikantni jsou povazovany
vysledky na hladiné vyznamnosti p < 0,05.

a
Vysledky
Klinicke vysetreni
Pooperacné  dochazi k  zvyseni

goniometricky méreného rozsahu pohybu
hlezna z 53,5 ° na 61 ° tfi mésice pooperacné
a toto zlepSeni pretrvdvd i pfi posledni
kontrole. Zaroveri doslo k vyznamnému
zvyseni dorziflexe hlezna z predoperacéni
hodnoty -7,66 ° na 8,25 ° (p < 0,0001), coz
vedlo k pooperacni negativité Silverskicldova
testu (p=0,0077). Rozsah pohybu, maximdlni
hodnoty extenze a flexe kolenniho kloubu
ani hodnota Bleckova poplitealniho Ghlu se
pooperacné vyznamné nezménily.

Zdkladni parametry chiize

Pooperacni vyvoj byl obdobny u vsech
zakladnich parametr( chilze. Pri kontrole po
3 mésicich od operace dochdzi k patrnému
zhorseni chize, které je ndsledovano
zlepSenim pri zavérecné kontrole, a to i vici
predoperacnimu stavu. Vysledkem operace
je zvysena spontanni rychlost chdze,
kterou dosahuji diky prodlouzeni délky
kroku i zvySené kadenci. Tyto zmény jasné
dokumentuji kladny vysledek operace, nebot
pfirozeny vyvoj téchto parametr(i chize
u DMO ma obraceny charakter (16).

Kinematickd data

Postoperacni vyvoj pohybu hlezenniho
kloubu ukazuje na vyrazné zlepseni smérem
k normalnim hodnotam ve vsech féazich
chlzového cyklu. Pfedoperacné byl primérny
thel hlezenniho kloubu pfi doslapu 9,56 °
plantiflexe, tzn. v equinéznim postaveni
nohy. Béhem stojné faze zistavala noha
naddle v plantiflexi v prdméru 6,18 °.
Na kfivce (Graf 1) mdZzeme vidét Spatné
diferencovanou fazi odrazu. Béhem Svihové
faze zlstava hlezno v plantigradnim
postaveni 12,27 °, které funkcné prodluzuje

dolni koncetinu a je pricinou zvysené flexe
kolenniho kloubu béhem Svihové faze
a Spatného prednastaveni dolni koncetiny
pro fazi opory.

Vyvoj pohybu hlezna

Uhlové stupné
aos
vTeTe

o
S

PreOP 3M PostOP 9M PostOP

—— Uhel hlezna pfi doslapu
—— Uhel hlezna pfi odrazu
—— primérny dhel hlezna béhem stojné faze
—— Uhel hlezna béhem svihové faze
Rozsah pohybu hlezna béhem odrazu

Graf 1 Porovndni pooperacniho vyvoje pohybu hlezna

— porovndni kivek pohybu hlezna jednoho z nasich
pacienti béhem krokového cyklu predoperacné, 3
mésice a 9 mésicli po operaci s kiivkou zdravého ditete.
Je patrny postoperacni posun k normalnimu rozsahu
pohybu hlezna. (PreOP = predoperacneé, PostOP 3M =
kontrola po 3 mésicich od operace, PostOP 9M = kontrola
po 9 mesicich od operace, Normal = zdravé dite)

Pfi kontrole po 3 mésicich dochazi
k signifikantnimu zlepseni postaveni nohy
a hlezna (Graf 2). Prdmérny dhel hlezna pfi
doslapu byl -0,22 ° (p = 0,0287). Béhem
stojné faze se normalizovala poloha hlezna do
dorziflexe 4,11 °, ale zména jesté nedosdhla
statisticky signifikantni hladiny (p =0,0613).
Operacnim zakrokem byla alterovdna
zejména faze odrazu, kdy se hlezno dostava
jen do velmi mirné plantiflexe 0,77 ° (p =
0,0057) a nemUze tak vyvinout dostatecnou

Postoperacni vyvoj pohybu hlezna
béhem chizového cyklu
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Graf 2 Pooperacni vyvoj pohybu hlezna - grafické
porovndni parametri pohybu hlezenného kloubu

v pribéhu prospektivni studie. (PreOP = predoperacné,
PostOP 3M = kontrola po 3 mésicich od operace, PostOP
9M = kontrola po 9 mésicich od operace)
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propulzni silu (21). Tento nélez svédci pro
operacni oslabeni plantiflexor( hlezna a je
ve shodé se sniZzenou rychlosti a kratSim
krokem v obdobi 3 mésice po operaci. BEhem
Svihové faze chlizového cyklu je jiz hlezno
zcela normdlné nastaveno do neutrdlni
polohy 1,93° dorziflexe (p = 0,0041), ktera
napomaha lepSimu prednastaveni nohy
a kolena pri doslapu.

Pri posledni kontrole po 9 mésicich se jesté
zlepsilo postaveni v hleznu pfi doslapu 1,74 °
(p = 0,0098). Béhem stojné faze se zlepsila
dorziflexe na prlmérnou hodnotu 5,57 °
a dosdhla tak statisticky signifikantniho
rozdilu vdci predoperaénimu stavu (p =
0,0321). Béhem 3vihové faze chlzového
cyklu si udrzeli normalni postaveni hlezna
v mimné dorziflexi 2,79 °. Dilezitym
parametrem chiize je odrazova faze hlezna,
kdy sila plantiflexorl nohy déva télu asi
50% propulzni energie (12). Pfi operacnim
zasahu na musculus triceps surae, zejména pfi
prolongaci Achillovy slachy, dochazi k jeho
oslabeni (9). Pooperacné po trech mésicich
jsme pozorovali zmenseny rozsah pohybu
hlezna pfi odrazu (p = 0,0025). Tento pokles
byl ndsledovén normalizaci na predoperacni
troveri po 9 mésicich od operace (Graf 2).
Celkové se pohyb v hleznu pooperacné
normalizoval.

Musculus gastrocnemius je dvoukloubovy
sval a ovliviiuje tedy nejen hlezno, ale
i pohyb v koleni. U pacientl s equinézni
chiizi byla prokdzana spojitost mezi plantarni
flexi hlezna a extenzi kolena (2). Popsany
souhyb je prodlouzenim aponeurotické
¢asti musculus gastrocnemius eliminovan.
Podobny postoperacni vyvoj pozorujeme
i v souboru nasich pacientd (Graf 3). Bez
operacniho zasahu v oblasti kolenniho kloubu
se vyznamné zlepsSila extenze kolenniho
kloubu jak pfi doslapu (p=0,0002), tak béhem
stojné faze chlzového cyklu (p= 0,0002),
pricemz hlezenni kloub jde béhem stojné
faze do extenze. Flexe kolena béhem Svihové
faze nebyla nijak alterovana. Rozpojeni
patologického souhybu hlezna a kolena
prispiva ke sniZeni energetické narocnosti
chiize. Pacienti s DMO spotrebovévaji 2-3krat
vice energie na chizi nez jejich zdravi
vrstevnici (20). Mechanicka efektivita jejich
pohybu je nizsi nez u normdlni populace.
Maji az 0 60 % vyssi vertikalni vychylky
a potencionalni energie nepohybuji po
sinusoidé a nejsou vici sobé ve fazi (5). Proto

pro sledovéani biomechanickych i funkénich

zmén po operaci a normalizace energetického
vydeje je jednim z hlavnich cild [écby. Ve
srovnani s predoperacnim stavem dochdzi
u naseho souboru pacientl pooperacné
k symetrizaci vertikdlni trajektorie tézisté
a zaroven ke zjevné tendenci ke zmenseni
jeho vertikdlnich vychylek, ktera ovsem
nedosdhla statistické signifikance (p =
0,0758).

Postoperacni vyvoj pohybu kolenniho kloubu

béhem chizového cyklu
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Graf 3 Srovndni pooperacniho vyvoje kinematickych
parametr( kolene — porovnani kfivek pohybu kolenniho
kloubu jednoho z nasich pacient(i béhem krokového
cyklu predoperacné, 3 mésice a 9 mésicu po operaci

s krivkou zdravého ditéte. Pozorujeme pooperacni vyvoj
smérem k extenzi ve stojné fdzi chizového cyklu bez
ztraty maximdlni flexe béhem faze Svihové. (PreOP =
predoperacné, 3M PostOP = kontrola po 3 mésicich od
operace, PostOP 9M = kontrola po 9 mésicich od operace,
Normal = zdravé dité)

Diskuze

Sutherland (28) urcil jako hlavni
determinanty zralé chlize zdravého clovéka
jeji rychlost, délku kroku, kadenci a trvani
faze jedné opory béhem krokového cyklu.
Ackoliv dle vyvojovych krivek by droveri hrubé
motoriky méla zGstat stabilni v case (22),
jakmile pacient dosahne vyvojového maxima,
existuji prace, které prokazuji postupné
zhorseni schopnosti chiize pacient(i s DMO
béhem détstvi a adolescence (16). Jejich
vyvoj sméfuje ke zhorseni vsech hlavnich
determinant chdze, snizeni rozsahu pohybu
kloubl dolnich koncetin a progresivnimu
zhorsent kinematiky i kinetiky chize, pokud
neni operacné zasahnuto (4). Tento vyvoj je
zrejmé dlsledkem neschopnosti spastickych
svall rlst stejnou rychlosti jako kost, coz
nasledné vede ke vzniku kontraktur (30).
Proto nesmime podcenit fakt, Ze i stabilizace
kvality chize je pozitivnim vysledkem
operacni lécby (13).

Tato prace se jako prvni v ceské odborné

literatufe zabyva vyuzitim kinematické
analyzy chlize v klinické praxi, ackoliv
v zahranici se jedna o metodu pouzivanou jak
ve vyzkumu, tak i klinicky. Pomoci presnych
dat o trojrozmérném pohybu pacienta je
sestaven pocitacovy model, na kterém se
daji déle provadét napriklad simulace délek
svall béhem chlzového cyklu (29) i predikce
operacnich vykond (9). Slouzi nejen jako
objektivizacni metoda operacnich vysledkl
(21, 24, 26), ale pomaha pri planovani
aindikaci operaci u pacientd s DMO. Spravna
indikace operacniho vykonu z(stava klicovym
okamzikem (écby. Bylo prokazano, Ze staticka
klinicka vysetfeni maji jen stredni korelaci
s vysledky analyzy chlze (10). Diky spasticité
mohou byt testy kontraktur jednotlivych
svalli zavadéjici, a néktefi autofi proto
doporucuji provadét napf. Silverskiélddv test
v celkové anestezii, aby bylo mozno dobfe
odLiit fixni a dynamickou kontrakturu (18,
26). Dynamickd kontraktura mdze byt dobre
[écena pomoci aplikace Botulinum toxinu
A (15), rehabilitace a redresniho sadrovdni.
Nespravna indikace k prolongaci Achillovy
Slachy pri izolované kontrakture musculus
gastrocnemius pritom vede k vyznamnému
oslabeni plantiflexor hlezna az na 36 %
jejich plvodni sily (9), coz mlze mit za
nasledek skréeneckou chilizi nebo vznik
hakovité nohy (25). Rizikovymi faktory
u diplegické formy DMO jsou zejména tize
postizeni, vék pod 8 let a korekce provedena
perkutdlni prolongaci Achillovy Slachy (6).
Bylo prokazano, Ze prolongace aponeurdlni
Casti musculus gastrocnemius nevede
k oslabeni propulzni sily musculus triceps
surae, ale dokonce ke schopnosti generovat
vyssi silu béhem odrazové faze chlizového
cyklu (21). Prolongace svalu vede jednak
ke snizeni napinaciho reflexu spastického
musculus triceps surae béhem faze zatizeni
mUZze pracovat ve stfedni ¢dsti rozsahu své
délky (21). Prolongace aponeuralni casti
musculus gastrocnemius se proto zda byt
bezpecnou a efektivni metodou operaéni
korekce equinézni deformity pacientd s DMO,
pokud jsou dodrzena spravna indikacni
kritéria.

Cilem nasi studie bylo ukdzat vyvoj
dynamické funkce hlezna po operacni éché
equinozity zasahem na musculus triceps
surae. Potvrdili jsme nase klinické pozorovany,
Ze pozitivni efekt operace na chiizi pacienta
nenastdva ihned. Zpomaleni chiize, zkraceni
kroku, snizend kadence i odrazové faze hlezna
jsou v Casné pooperacni fazi alterovany.
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Zikladni parametry chize

Rychlost chiize 0,25 0,21 0,30 0,102 0,081 0,110 0,1233 0,2946 0,0142
Krokova frekvence 13,25 12,45 14,29 3,623 2,413 3,051 0,3609 0,2209 0,0398
Sitka kroku 0,30 0,30 0,31 0,125 0,085 0,156 0,7831 0,6112 0,8148
Délka kroku 0,54 0,49 0,61 0,164 0,131 0,144 0,0999 0,2572 0,0090
Délka faze dvoji opory 1,78 1,89 1,44 2,156 1,182 0,641 0,7331 0,5176 0,3271
Vertikalni vychylka tézisté 1,13 1,10 1,08 0,050 0,055 0,074 0,1128 0,0758 0,8205
Kinematické parametry

Uhel hlezna pfi doslapu (°) -9,56 -0,22 1,74 12,768 6,001 6,447 0,0287 0,0098 0,6232
Uhel hlezna pfi odrazu (°) -18,27 -0,77 -341 24,019 6,386 9,105 0,0057 0,0153 0,6594
Maximdlni dorsiflexe hlezna (°) 1,67 9,69 12,15 14,782 5,598 4,319 0,0744 0,0220 0,5539
Maximalni plantiflexe hlezna (°) -22,05 -1,04 -7,90 22,455 4,389 7,244 0,0178 0,0190 0,9758
Prdmérny thel hlezna béhem stojné faze (°) -6,18 4,11 557 17,007 4,344 6,651 0,0613 0,0321 0,7518
Uhel hlezna béhem $vihové faze (°) -12,27 1,93 2,79 17,575 4,941 5,224 0,0041 0,0030 0,8958
Rozsah pohybu hlezna béhem odrazu (°) 19,94 10,46 15,56 13,421 7,658 8,990 0,0025 0,0738 0,1316
Uhel kolene pri doslapu (°) 33,24 21,62 23,12 12,648 10,028 9,760 0,0000 0,0002 0,1639
Prdmérny thel kolene béhem stojné faze (°) 25,05 7,78 10,52 15,813 8,929 7313 0,0000 0,0002 0,2647
Klinické vysetreni

Plantdrni flexe hlezna (°) 61,17 52,67 53,17 10,701 6,286 6,464 0,0100 0,0145 0,8698
Dorsalni flexe hlezna (°) -7,67 8,25 7,67 8,435 4,434 2,807 0,0000 0,0000 0,8089
Flexe kolenniho kloubu (°) 146,50 149,42 149,67 4,908 6,244 4,812 0,0832 0,0615 0,8778
Extenze kolenniho kloubu (°) 1,17 0,67 2,50 3,010 2,309 4,011 0,4968 0,0789 0,0189
Bleckdv poplitedlni Ghel (°) 47,50 45,00 43,00 25,840 14,334 10,287 0,7087 0,5029 0,7649
Siverskiolddv test 0,0077 0,0077

Tabulka 1 Souhrnné vysledky - data jsou vyjddiena jako bezrozmerné veliciny pokud neni uvedeno jinak. Tucnym pismem jsou zvyraznény statisticky signifikantni vysledky. (PREOP =
piedoperacné, 3M = kontrola po 3 mésicich, 9M = kontrola po 9 mésicich).

Stejné zmény pozoroval ve své praci Abel
(1). Postoperacniho zhorseni chlize si musime
byt védomi a pripravit na néj také nase
pacienty. Pricinou mGze byt dlouha doba
sadrové fixace, ktera vede k oslabeni svald
dolnich koncetin. Dal$im divodem by mohla
byt zménénd propriocepce a biomechanicka
situace, se kterou se pacient musi naucit
pracovat. Ve shodé s pracemi ostatnich
autori mizeme konstatovat, Ze pozitivni vliv
operace se dostavuje priblizné za 6 mésicd (1,
19). V nasem kolektivu se nékteré parametry
chdze (odrazova faze hlezna) dostaly zpét
na predoperacni Groveri dokonce az po 9
mésicich po operaci. Naproti tomu Gprava
equinézniho postaveni nohy i normalizace
rozsahu pohybu hlezna i kolena jsou zjevné
jiz pfi prvni postoperacni kontrole. Proto
je nutné zdlraznit vyznam dlouhodobé
rehabilitace v pooperacni péci o pacienta
s DMO.

a
Zavér
Prolongace aponeurotické ¢asti musculus
gastrocnemius je efektivni a bezpecnou
variantou korekce equinézniho postaveni
nohy u pacientd s DMO. Je nutné vSak dodrZet

indikacni kritéria izolované fixni kontraktury
musculus  gastrocnemius a polohové
zdvislosti nohy na postaveni kolenniho
kloubu. Jak ukazuji nase vysledky, miizeme
v pooperacni fazi ocekdvat deterioraci
chlize, kterd je oviem ndsledovédna rapidnim
zlepSenim na Groven vyssi nez pred operaci.
Po 9 mésicich od operace je u vsech pacientl
patrny pozitivni vliv operacniho vykonu na
chiizi a Gprava patologického pohybu hlezna
i kolena. Kinematickd analyza je idedlnim
prostiedkem k objektivizaci operacnich
vysledkd pacient(i s DMO. Pomahda nam lépe
pochopit patokineziologii pohybu nasich
pacientl a lépe tak indikovat operacni
zékroky. Ve spojeni s biomechanikou
a pocitacovou simulaci nam mize dat
moznost vizualizace parametrli in vivo
neméfitelnych (napf. dynamicka délka
svald béhem chiize). Pfistrojovd analyza
chize by se do budoucna mohla stat
pfinosnou soucasti indikacniho schématu
a pooperacniho sledovani pacient( s DMO.
Podékovani: Tato studie vznikla za laskavé
podpory Interniho grantu Fakultni
nemocnice Motol ¢. 9743.
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