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English Abstract

Objective: Does home-based progressive resistance training (PRT) or high intensity circuit
training (HICT) improve strength, function, activity or participation in children with

cerebral palsy (CP)?

Design: This was the first study on high intensity circuit training for children with cerebral

palsy. This study was conducted as a randomized prospective controlled pilot-study.

Setting: Evaluation took place at the gait laboratory of the university hospital; training

sessions were performed at home.

Participants: 22 children with CP (average age:12 years, 10 months, 19 Gross Motor
Functions Classification Scale I, 3 Gross Motor Functions Classification Scale II) were

randomly assigned either to PRT or HICT.

Interventions: The PRT-group trained with progressive overload while the HICT-group
performed as many repetitions as possible within 30s-intervals (8-weeks, 3 times weekly in

both groups).

Outcome measures: Outcome measures stretched over all domains of the International
Classification of Functioning, Disability and Health and included muscle strength, Muscle
Power Sprint test, Timed-stairs-test, 6-minute walking test, Gait Profile Score, Timed-up-

and-go test and participation questionnaires.

Results: Only the HICT-group was able to improve strength. Furthermore, HICT-group
scored better in the Muscle Power Sprint test while PRT-participants improved in the
timed-stairs-test and Timed-up-and-go test. Finally, the HICT-group showed improvement
in the subscale of the parent reported questionnaire. There was no change of any other

measures of mobility or participation.

Conclusion: Both programs improved function specific to intervention. However, only
HICT-group showed significant strength improvements. Compliance was decent in both
groups, but the average training unit was shorter in the HICT-group. Both exercise
programs showed functional benefits but HICT might be the preferable option for
strengthening in highly functional children with CP.



German Abstract

Fragestellung: Verbessert ein progressives Widerstandstraining (Progressive Resistance
Training = PRT) oder ein hoch-intensives Zirkeltraining (High Intesity Circuit Training =

HICT), Kraft, Funktion, Aktivitdt oder Partizipation in Kindern mit Zerebralparese?

Studiendesign: Es handelt sich um die erste Studie die hoch-intensives Zirkeltraining bei
Kindern mit Zerebralparese untersucht hat. Die Studie wurde als eine randomisierte,

prospektive, kontrollierte Pilotstudie entworfen.

Umfeld: Die Untersuchungen wurden im Ganglabor der Kinderorthopidie des LKH-Graz

durchgefiihrt. Die Kinder trainierten zu Hause.

Teilnehmer: 22 Kinder mit infantiler Zerebralparese (durchschnittliches Alter: 12 Jahre,
10 Monate, 19 GMFCS I, 3 GMFCS 1I) wurden zufillig entweder dem HICT oder dem
PRT Training zugeordnet.

Interventionen: Die PRT-Gruppe trainierte mit einer progressiven Uberlastung wihrend
die HICT-Gruppe so viele Wiederholungen wie moglich in 30 Sekunden durchfiihren

musste. (8 Wochen, 3 mal pro Woche, dieselben Ubungen in beiden Gruppen).

Messungen: Es wurden Messungen aus allen Doménen der International Classification of
Functioning, Disability and Health durchgefiihrt. Diese inkludierten Muskelkraft, Muscle
Power Sprint test, Timed-stairs-test, 6-minute walk test, Gait Profile Score, Timed-up-and-

go-test und Partizipationsfragebogen.

Resultate: Nur die HICT-Gruppe zeigte eine Verbesserung der Muskelkraft. Weiters hat
die HICT-Gruppe auch besser beim Sprinttest abgeschnitten wihrend die PRT-Teilnehmer
sich beim Timed-stairs-test und Timed-up-and-go test verbesserten. Zusitzlich hat die
HICT-Gruppe sich auch bei Unterkategorien des Elternfragebogens verbessert. Es gab

keine Verinderungen bei anderen Mobilitdtsmessungen oder Partizipationsfragebogen

Konklusion: Beide Programme haben Funktion spezifisch zur Intervention verbessert.
Allerdings gab es nur bei der HICT-Gruppe Kraftzuwichse. Die Einhaltung des Trainings.
war in beiden Gruppen gut, die durchschnittliche Trainingszeit war aber in der HICT-
Gruppe deutlich kiirzer. Beide Trainingsprogramme sind geeignet, um Funktion zu
verbessern, aber das HICT-programm ist vermutliche die bessere Methode fiir Krafttraing

bei Kindern mit Zerebralparese.



1. Introduction

1.1. Thesis overview

Children with cerebral palsy (CP) are weaker than their typically developing peers. As a
result, strength training is an essential intervention for them. The golden standard of strength
training is Progressive Resistance Training (PRT). PRT is an established and effective
intervention to improve muscle strength in CP. However, the impact of PRT on functional
ability is limited. Moreover, many childhood activities consist of bursts of intense activity and
the rapid generation of force is reduced in children with cerebral palsy. High Intensity Circuit
Training (HICT) is an intervention with intervals of high intensity combined with short breaks
that leads not only to improvements of aerobic but also anaerobic capacity. Therefore, HICT
might be more suitable than PRT for children with CP. Additionally, the effectiveness of
home-based strength training on children with CP remains to be evaluated. This work
examines the influence that home-based PRT and HICT interventions have on strength and

function for children with CP.

1.2.  Cerebral palsy

Cerebral palsy (CP) is “a disorder of movement and posture that is defined as a group of non-
progressive motor impairments secondary to lesions or abnormalities of the brain™ during the
early stages of its development'?. The worldwide prevalence is around 3 per 1000 live births®.

Cerebral palsy is a result of a non-progressive insult to the developing brain.

Cerebral palsy generally presents within the first 12 to 18 months of life (except the mildest
forms) when issues of motor development such as asymmetric gross motor function, unusual
muscle stiffness, or floppiness present themselves®. These disturbances in motor development
will result in delayed motoric milestones. In addition to mobility impairments, children with

CP may suffer from seizure disorders and impairment of sensation, cognition, and/or behavior
5

1.3. Classification based on motor abnormalities
Children with cerebral palsy are most often classified as spastic, dyskinetic, or ataxic based on

their motor abnormalities®.

Spasticity is defined as a velocity dependent resistance to passive movement and spastic
cerebral palsy is the most common type of CP’. The chapter on “Spasticity” (1.6.1) delves

into further detail about this classification.



Dyskinetic CP occurs in 10-15% of the CP population. It includes several movement
disorders with dystonia and athetosis being the most common®. Dystonia manifests itself
through abnormal changes in muscle tone, which lead to a distortion of voluntary and
involuntary movements. Athetosis includes involuntary movements of face, neck and distal

extremities that consistently change direction.

Children with ataxic cerebral palsy have a diminished sense of coordination due to an injury
to the cerebelleum’. This injury impacts balance and controlled goal-directed movements'’.
Children with ataxic CP exhibit an unsteady, stomping gait and have difficulties with motor

tasks'!.

Many children experience multiple movement disorders which means that a singular
classification is often not perfectly precise or reliable®. The children are classified based on

the dominant disorder.

1.4. Topographical classifications
Cerebral palsy can be also classified based on the affected anatomical region. The most

common form of CP is spastic diplegia, which primarily affects the lower extremities®.
Children with hemiplegic CP are primarily affected on one half of their body’. These children
are usually functional ambulatory. Tetraplegic cerebral palsy is the most severe form with
severe limitations in all four limbs. Most children with tetraplegic cerebral palsy are not

ambulatory9.

1.5.  Gross Motor Function Classification System (GMFCS)
The Gross Motor Function Classification System (GMFCS) is an additional tool that classifies

neurologic patients based on their activity limitation; it is frequently used in children with
cerebral palsy and has prognostic value. The GMFCS objectively classifies the current gross
motor function with a focus on the child’s self-initiated movements like sitting and walking.
The GMEFCS classification system is divided into five levels, with level I representing the
most independent group of patients and level V representing the group most severely limited

in their mobility. A complete description of each level is presented in Figure 1'2.
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{ Youth are capable of walking using a hand-held mobility
: device. Youth may climb stairs holding onto a railing

i with supervision or assistance. At school they may self-
: propel a manual wheelchair or use powered mobility.

¢ Qutdoors and in the community youth are transported

i in a wheelchair or use powered mobility.

Youth use wheeled mobility in most settings. Physical
; assistance of 1-2 people is required for transfers.
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Youth are transported in a manual wheelchair in all

! settings. Youth are limited in their ability to maintain

! antigravity head and trunk postures and control leg and
i arm movements. Self-mobility is severely limited, even
: with the use of assistive technology.
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Figure I: the different levels of the Gross Motor Function Classification Scale (Figure available with

open access under the following citation")



1.6.  Natural progression
The natural progression of CP is a decline in function, especially during growth spurts in

adolescence'®. Factors that might be responsible for that are the increasing musculoskeletal

problems as well as negative changes of the ratio between body mass and strengthlS.

A study by Day et al.'® showed that children with CP with good motor function at the age of
ten are able to maintain the ambulatory activity for up to 15 years, after which a slow decline
sets in. However, these results likely overestimate the natural progression of the disease
because the children received treatment targeted at improving function prior to any decline'®.
Other studies investigating children without intervention demonstrated a decline in several
important clinical gait parameters, decreases in key kinematic parameters, hip abduction and

ankle flexion range of motion, timing of toe off, cadence and walking velocity”’lg.

As noted above, muscle weakness and the negative change of ratio between body mass and
strength in adolescence are responsible for the progressive decline in mobility with age. While
children with CP may have sufficient strength for walking in childhood, they will fall below
the necessary strength threshold for ambulation much sooner (e.g. in adolescence or young

adulthood) than typically developing peerslg. Figure 2 illustrates this probleml9.

Muscle Ageing

Muscle strength

v

child adult
Age

Figure 2: Muscle weakness in cerebral palsy: while children might have enough strength above the
threshold to stay ambulatory, they will lose ambulation in their adulthood sooner compared to typically

developed children"



1.6.  Symptoms of cerebral palsy
The pathophysiological cascade of cerebral palsy includes positive and negative signs of the

upper motor neuron pathology. The “positive signs” result from a loss of inhibition in the
central nervous system and include features such as spasticity, co-contraction, clonus, hyper-
excitability, and released primitive reflex patterns'’. “Negative signs” include symptoms such
as weakness, fatigability, loss of selective muscle control, poor balance, relative imbalance
between agonists and antagonists across joints and sensory problems15 . These negative signs
are the consequence of limited connectivity between upper and lower motor neurons. The

pathophysiological cascade is illustrated in Figure 3*°.

CNS pathology

af

' Loss of connections to U'.I'INsu,
| (and other pathways)

I Loss of iHhEbitinn I
of LMNs

Positive features MNegative features

of UMN syndrome | of UMN syndrome |
= Spasticity = Weakness

* Hyper-reflexia * Impaired selective
= Clonus maotor control

* Co-contraction * Poor coordination

= Sensory deficits
| Neural | [Non-neural |
Lower limbs Lower limbs

Upper limb Spine/pelvis

b’
Wof
|
@f
| I
.II' I'||
| i
R ‘ B | | A k |
Posture/ Scoliosis Hip displacement  Contractures Bony torsion
contractires

%

Figure 3 Pathophysiological cascade of cerebral palsy, how positive and negative signs both contribute to the
symptoms of CP (Figure reproduced from an article by Graham et al. *°, a license was obtained from the

publisher)



Both positive and negative signs together lead to the main pathologies of cerebral palsy like
muscle shortening and joint instability. Historically, most interventions targeted positive signs
such as spasticity because they were thought to be more harmful than negative signs”'.
However recent research has shown that intervention targeting positive signs such as dorsal
rhizotomy leads to only limited functional improvement and that treating negative signs like
muscle weakness correlate more closely to motoric function than treating positive signs22.

Thus, negative signs of cerebral palsy might be more functionally debilitating.

1.6.1. Spasticity

Spasticity is the most common “positive” sign of cerebral palsy and a common consequence
of upper motor neuron syndrome. Spasticity is a stretch reflex disorder that manifests itself as
a velocity dependent increase in muscle tone to passively stretched muscle with exaggerated
tendon jerks®. The amount of muscle stretch is regulated by muscle spindles, which
communicate the position of the muscle to the posterior nerve roots. Based on the detected
position of the muscle an excitatory impulse adjusts the muscle to the desired length24.
Damage to the upper motor neuron reduces the cortical inhibitory input to descending
reticulospinal and corticospinal tracts™. The reduction of these signals prevents normal
inhibition of reflex arcs within the spinal grey matter, which leads to spasticity and

! 26
hyperactive reflexes™.

As spasticity is velocity dependent, muscle stretch at a higher velocity results in increased
muscle tone®. Additionally, spasticity is also a length-dependent phenomenon. A muscle
experiences a larger degree of spasticity when it is short compared to when it is 10ng27.
Spasticity is predominately present in multiarticular muscles. Therefore, these muscles are
more frequently contracted compared to monoarticular muscles and a more common target of

surgical intervention'’.

Spastic cerebral palsy is the most common form. The degree of spasticity in a child with CP is
associated with improved functional performance in activities of daily living such as gait,
feeding, washing, toileting, dressing, and motor learning25’28. Consequently, a lot of the
interventions for CP are directly targeted at reducing spasticity and the assessment of

spasticity is an important clinical task.

There are several clinically applicable methods to assess spasticity; the Modified Ashworth

scale (MAS) and the Modified Tardieu scale (MTS) are the two most common. The MAS



assesses the increase of muscle tone as a reaction to rapid movement. The MTS is a more
extensive method that records the muscle reaction to predefined movement velocities”. While
the MAS is a quick and easy method to clinically assess spasticity, only the MTS can

distinguish between soft tissue stiffness and spasticity.

1.6.2. Spastic muscle

Children with CP experience considerable changes in the architecture of their spastic
muscles®. A detailed chapter on skeletal muscle physiology can be found in the supplemental

materials.

There is consistent evidence of reduced muscle size, as indicated by reduced muscle volume,
cross-sectional area, and muscle thickness®!' in children with CP. As a consequence, these

children are considerably weaker than their typically developing peers™.

Additionally, children with CP suffer from reduced sarcomere length, fascicle length, and
muscle belly length, which particularly impacts contraction speed™. Finally, it is essential to
consider the changes to the muscle fibre distribution. Children with CP have a decreased
number of slow twitch muscle fibres and an increased number of fast twitch muscle fibres,

which is consistent with higher levels of fatigability and lower levels of ambulation™.

These changes in muscle tissue are accompanied by changes to the corresponding passive
tissue™”. Ambulatory children with CP have a greater connective tissue fraction and more
intermuscular and intramuscular fat compared to typically developed children™. Additionally,
there is also an increased amount of collagen in the connective tissue of children with CP,
which correlates with increased spasticity and increases stiffness**. The changes in active and
passive tissue together result in increased stiffness of the joints and range of motion
limitations, which is called a contracture’. Contractures lead to further inactivity and

pathologic muscular changes.

1.6.3. Muscle weakness
The most important “negative” sign of cerebral palsy is muscle weakness, the inability to
generate appropriate muscle power. Children with CP are weaker in all major muscle groups

of the lower extremities, especially the calf muscle®”.



There are multiple factors that are responsible for the limited force production in CP like the
morphology of spastic muscle, changes in motor drive (neurological disturbances), as well as

biomechanical problems such as lever-arm dysfunction (1.6.4.).

The pathological changes to the muscle morphology of the spastic muscle have a direct
impact on force production. A shorter, thinner, stiffer muscle with shorter fascicles will
produce less muscle power. For more in-depth information on this topic refer to the last

chapter (1.6.3.“Muscle architecture”™)

Another important factor that promotes muscle weakness is deficient recruitment of motor
neurons and, consequently, incomplete activation of the motor unit”>. While the activation of
motor unit recruitment at low levels is similar to normally developing children, children with
CP cannot recruit the high threshold motor units that are necessary for a maximal contraction,
nor are they able to modify the firing rates of low threshold motor units®®. This reduction of
high-threshold motor unit recruitment in children with CP also explains the structural
adaptations in the predominance of fast twitch muscle fibers described in the previous

chalpter3 6,

Additionally, children with CP tend to be less physically active compared to typically
developing peers. Physical activity promotes muscle strength and improved functional
performance37. As a consequence, children with CP are weaker and regular physical activity is

a worthwhile goal to improve health, function, and independence38.

Muscle weakness is further exaggerated by mechanical issues due to range of motion
restrictions or bony deformities that negatively impact the lever arm of a joint. If force cannot
be applied at the optimal physiological angle, muscle strength is reduced”. Details are

provided in chapter 3.1.1. “Lever arm dysfunction”.

Muscle weakness in children with CP might be further negatively impacted by certain
interventions, such as neurosurgical or orthopedic interventions. These interventions target

“positive” signs like spasticity, but further diminish muscle strength®'.

1.6.4. Lever arm dysfunction
In children with CP, short muscles, contractures, and changes in muscle architecture lead to
an altered mechanical load. This abnormal load, in combination with muscle imbalances, can

lead to secondary bone deformities (e.g. foot deformities), which subsequently lead to a



pathological change to the lever arm of the affected joint (lever arm dysfunction)’’. The
optimal ratio of internal to external moment lever arm is essential for optimal force

production of a muscle (see chapter 1.1).

Figure 6 presents the most frequent case of lever arm dysfunction in children with cerebral
palsy; equinus gait. Picture A shows the ratio of moment arms for a typically developing
child. In eqinus gait (picture B the same force is applied much closer to the joint center which
greatly reduces both moment arms™. Why is a shorter moment arm problematic? The torque
that is powering the joint is calculated by multiplying force and moment arm*'. As a
consequence, children with a shorter joint moment arm will have to produce considerably
higher forces to achieve the same effect at the joint. Therefore, reducing this lever arm
imbalance through targeted intervention is a key goal of most interventions. Picture C
presents a child with CP after surgery where the lever arm is once again close to that of

normally developed children®.
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Figure 6: lever arm dysfunction in children with CP A) lever arm for sagittal ankle movement in typically
developed children, B) the same lever arm in children with cerebral palsy, C) the lever arm of children with
cerebral palsy after corrective surgery (Figure was reproduced from an article by Kalkmann et al. *°, the

distribution of the figure has been allowed for any non-commercial use by the publisher)

This altered level arm prevents the adequate transfer of forces and torques arising from the
ground reaction force which may greatly atfect motor function. Lever arm dysfunction should

be understood and considered for each intervention to allow an optimal functional outcome™.

1.7. Treatment of cerebral palsy
The primary goal in the treatment of cerebral palsy is the management of symptoms in order

to achieve the best individual long-term outcome. This can be achieved through a
combination of different interventions: physical, medical, surgical, pharmacological, and/or
orthotics**. While most interventions will focus on the primary impairments that underlie the
functional impairments, there is also an increased need for interventions that have a direct
impact on the daily functional activities and participation of the children, such as constraint

movement therapy, hippotherapy, and others®.

A multidisciplinary approach to treating CP is the gold standard. The broad range of different
interventions requires medical specialists from a multitude of different fields for an optimal
approach. These specialists cooperate with each other and work in unison to find a targeted
approach with specified, individualized goals to reach the best possible outcome for the
patient. The large range of intervention specialties is illustrated in Figure 7. While these
specialties provide essential interventions for children with cerebral palsy (e.g. orthopedic
surgical interventions), this study examines a conservative strengthening intervention, which

is the focus of the following chapters.
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1.7.1. Conservative treatment

Conservative therapy should always be considered prior to any surgical interventions™.
Among the most common conservative approaches are physiotherapy, occupational therapy,

speech therapy, and orthotic treatment™.

Physiotherapy utilizes physical approaches to promote or maintain health®. The main goals of
physical therapy are to increase and improve motor skills, to maintain functional levels of
movement, and the general management and minimization of contractures and

.. 4647
deformities*®?’.

The most common physiotherapy interventions for children with CP target reduction of
abnormal muscle tone, musculoskeletal problems (spasticity, weakness, muscle length),
specific functional and activity goals, and improvement of physical activity in daily life*.
Physical therapy interventions that are effective for children with CP include balance
exercises, gait training, neurofacilitation methods, constraint-movement therapy, sensorics

. . .. . . 48-51
integration, transfer training, and electrostimulation 851

Physical therapy is often accompanied by occupational and/or logopedic therapy.
Occupational interventions target fine motor skills (e.g. writing and drawing) and challenges

faced in daily living (e.g. self-care, dressing, grooming, feeding)’>. Approximately 20% of

11



children with CP have severe communication impairments49’53. Speech therapy aims to
improve the child’s ability to communicate through speech, gesture, and/or communication

aids™.

Orthotic treatment is another frequently used conservative treatment in children with CP. It
counteracts progressive joint and muscle contractures and improves function by restricting
movement and increasing stability’*. The most common orthosis is an Ankle Foot Orthosis
(AFO)55 where the foot is maintained in a fixed position that ensures correct ankle-foot
alignment and avoids contractures by slowly stretching the muscle®. Multiple studies testing
AFOs using gait analysis showed improved walking speed, cadence, stride length, and gait

pattern. *"2%7,

1.8.  Muscle strengthening
8

Children with CP are weaker than their typically developing peersl’S. Improving and
maintaining strength is an essential goal for children with CP. Strengthening, however, was
previously not a recommended intervention as it might be impossible due to impaired
selective control and might negatively impact spasticity and muscle tightness''”%°!.
Additionally, the small functional gains were discouraging compared to larger functional

improvement for interventions targeting spasticityzl.

However, recent research has shown that exercise training can increase strength in children

1,62-64 .
’ Muscle weakness is

with CP without increasing spasticity or any other adverse effects
also more closely correlated with muscle function than spasticity"®>°. Strengthening is now a
mainstay of pediatric intervention as it can alter the prognosis of the child’s future mobility

and positively impact both the level of disability and participation "%’

Strengthening does not only enhance muscular fitness, it leads to additional general health
benefits such as significantly better cardiometabolic risk factor profiles, lower risk of cancer,

and more®®?’.

1.8.1. Progressive resistance training (PRT)

The golden standard for muscle strengthening in children with cerebral palsy is progressive

resistance training (PRT). It aims at strengthening the muscle by progressive overload.

The initial load can be assessed using a 10-repetition maximum test. This test evaluates the
maximum load for 10 repetitions of an exercise; load is increased or reduced until the child is
able to complete the ten repetitions’’. The load is progressively increased during the training.
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Once the child is able to complete the required number of repetitions in several consecutive
training sessions the load will be increased. The amount of the increased load is predefined
based on the child’s body weight. PRT was originally developed for young, healthy adults to
improve athletic performance and is frequently used to promote physical exercise in the

community. Progressive resistance exercises have proven to be effective in physiotherapy .

While PRT is successful in improving strength in children with CP there is conflicting
research on its functional benefits®*’'. Two large randomized controlled trials (RCTS) have
been published by Scholtes et al. and Taylor et al %72, Taylor et al. employed a 12-week
progressive resistance program for 48 children (GMFCS 1II and III, mean age 18y 1 month),
who were either randomized to the intervention or usual-care control. Participants trained
twice weekly, completing three sets of 10-12 repetitions of each exercise with a break of two
minutes in between sets. Exercises were individualized and targeted to deficits identified in
gait analysis. While they were able to show a 27% increase in strength in the targeted muscle
groups this increase did not result in improvements of any functional measures such as
walking performance, gait kinematics, or muscle performance, but they were able to show
improvements in participant-rated measures of mobility. The authors suggest that the potential
stimulus might not have been sufficient enough and that there are other aspects of walking
such as impaired motor planning impaired balance, postural control, spasticity and limited
range of motion that might have been improved by the intervention but were not captured by

72
the outcome measures’'”.

Another randomized control trial by Scholtes investigated 51 children with spastic uni- and
bilateral cerebral palsy’'. They were randomized to an intervention group which received 12
weeks of progressive resistance training three times a week with a circuit of five functional
exercises and a control group. They found strength improvements (8%) in total hand-held
isometric muscle strength in the training group. However, these strength improvements were
not accompanied by mobility improvements (as measured by the GMFM-66). They suggest
that strength improvements might have been too low for functional improvement or the

number of individual muscles gaining strength was too limited®".

In contrast to these randomized trials there were other studies that did report some form of
functional improvement after progressive resistance training. While the quality of the
evidence in these studies was considerably lower compared to the RCTS, the literature on this

intervention is controversial and lacking evidence of clear benefits for CP patients.
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1.8.2. High Intensity Interval training (HIIT) / High Intensity Circuit Training
(HICT)

This study investigates high intensity circuit training, a specific form of high intensity interval
training, which requires the participants to perform high velocity exercises within a set of

strictly predefined intervals.

There is reason to believe that training velocity rather than maximum strength might be more
appropriate for children with cerebral palsy. Medium-intensity training like PRT focuses on
improving strength and endurance; strength is usually evaluated based on maximum
contraction'. However, it typically takes over 300ms in most muscles to reach a maximum
contraction and many activities of daily living involve fast limb movements with contraction
times of 50-200ms"". This rapid generation of force is 70% reduced in children with cerebral
palsy compared to normally developed peers. Therefore, time-dependent measurements like
rapid force development might be more clinically relevant for children with CP'. Insufficient
rapid force development might be the main restricting factor for walking because functional
activities of daily living (such as walking) do not necessarily require maximum strength but
rather fast muscle contraction (e.g. quadriceps during loading response). In addition to
walking, rapid force development is an even better predictor of high-level activities like
running and sports (it was better at predicting the “Sports and physical functioning”

component of the PODCI questionnaire compared to maximum muscle strength)’*.

Early rapid force development cannot be influenced by medium-intensity intervention (e.g.
PRT), it can be only improved through training at high velocities (e.g. HIIT / HICT). Hence,
there is also a need for interventions focused on the ability to produce rapid movements rather

than just high levels of force'.

High intensity interval training (HIIT), defined as “brief intervals of vigorous activity
dispersed with periods of low activity or rest,”’ is a strengthening intervention focused on
rapid movements. High intensity interval training reaches 80-95% of peak oxygen
consumption or >90% of the age-related maximum heart rate””. The peak intervals last
between 1 and 4 minutes and the whole training usually lasts around 20 minutes, which is
shorter than similar exercise programs at medium intensity”. Figure 8 presents the principle

of HIIT compared to traditional training (moderate intensity aerobic continuous training)76.
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Figure 8: The respective heart rates of a high intensity interval traini