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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, Aktivität 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 Kinderorthopädie des LKH-Graz 

durchgeführt. Die Kinder trainierten zu Hause. 

Teilnehmer: 22 Kinder mit infantiler Zerebralparese (durchschnittliches Alter: 12 Jahre, 

10 Monate, 19 GMFCS I, 3 GMFCS II) wurden zufällig entweder dem HICT oder dem 

PRT Training zugeordnet. 

Interventionen: Die PRT-Gruppe trainierte mit einer progressiven Überlastung während 

die HICT-Gruppe so viele Wiederholungen wie möglich in 30 Sekunden durchführen 

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

Messungen: Es wurden Messungen aus allen Domänen der International Classification of 

Functioning, Disability and Health durchgeführt. Diese inkludierten Muskelkraft, Muscle 

Power Sprint test, Timed-stairs-test, 6-minute walk test, Gait Profile Score, Timed-up-and-

go-test und Partizipationsfragebögen. 

Resultate: Nur die HICT-Gruppe zeigte eine Verbesserung der Muskelkraft. Weiters hat 

die HICT-Gruppe auch besser beim Sprinttest abgeschnitten während die PRT-Teilnehmer 

sich beim Timed-stairs-test und Timed-up-and-go test verbesserten. Zusätzlich hat die 

HICT-Gruppe sich auch bei Unterkategorien des Elternfragebogens verbessert. Es gab 

keine Veränderungen bei anderen Mobilitätsmessungen oder Partizipationsfragebögen 

Konklusion: Beide Programme haben Funktion spezifisch zur Intervention verbessert. 

Allerdings gab es nur bei der HICT-Gruppe Kraftzuwächse. Die Einhaltung des Trainings. 

war in beiden Gruppen gut, die durchschnittliche Trainingszeit war aber in der HICT-

Gruppe deutlich kürzer. Beide Trainingsprogramme sind geeignet, um Funktion zu 

verbessern, aber das HICT-programm ist vermutliche die bessere Methode für Krafttraing 

bei Kindern mit Zerebralparese. 
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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 development1,2. The worldwide prevalence is around 3 per 1000 live births3. 

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 themselves4. 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 abnormalities6.  

Spasticity is defined as a velocity dependent resistance to passive movement and spastic 

cerebral palsy is the most common type of CP7. The chapter on “Spasticity” (1.6.1) delves 

into further detail about this classification. 
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Dyskinetic CP occurs in 10-15% of the CP population. It includes several movement 

disorders with dystonia and athetosis being the most common8. 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 cerebelleum9. This injury impacts balance and controlled goal-directed movements10. 

Children with ataxic CP exhibit an unsteady, stomping gait and have difficulties with motor 

tasks11.  

Many children experience multiple movement disorders which means that a singular 

classification is often not perfectly precise or reliable4. 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 extremities8. 

Children with hemiplegic CP are primarily affected on one half of their body9. 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 GMFCS 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 112. 
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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
13

) 
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1.6. Natural progression 

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

adolescence14. Factors that might be responsible for that are the increasing musculoskeletal 

problems as well as negative changes of the ratio between body mass and strength15.  

A study by Day et al.16 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 decline16. 

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 velocity17,18.  

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 peers19. Figure 2 illustrates this problem19. 

 
1.  

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
19
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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 patterns15. “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 320. 

 

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. 
20

, a license was obtained from the 

publisher) 
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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 signs21. 

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 jerks23. 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 tracts25. The reduction of these signals prevents normal 

inhibition of reflex arcs within the spinal grey matter, which leads to spasticity and 

hyperactive reflexes26. 

As spasticity is velocity dependent, muscle stretch at a higher velocity results in increased 

muscle tone23. 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 long27. 

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 intervention15.  

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 
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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 velocities29. 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 

muscles30. 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 thickness31 in children with CP. As a consequence, these 

children are considerably weaker than their typically developing peers32.  

Additionally, children with CP suffer from reduced sarcomere length, fascicle length, and 

muscle belly length, which particularly impacts contraction speed30. 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 ambulation33. 

These changes in muscle tissue are accompanied by changes to the corresponding passive 

tissue30. Ambulatory children with CP have a greater connective tissue fraction and more 

intermuscular and intramuscular fat compared to typically developed children33. Additionally, 

there is also an increased amount of collagen in the connective tissue of children with CP, 

which correlates with increased spasticity and increases stiffness34. The changes in active and 

passive tissue together result in increased stiffness of the joints and range of motion 

limitations, which is called a contracture30. 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 muscle32.  
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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 unit35. 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 units36. 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 

chapter36. 

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 reduced39. 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 strength21.  

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 
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pathological change to the lever arm of the affected joint (lever arm dysfunction)39. 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 arms40. Why is a shorter moment arm problematic? The torque 

that is powering the joint is calculated by multiplying force and moment arm41. 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 children40.  
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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. 
40

, 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 affect motor function. Lever arm dysfunction should 

be understood and considered for each intervention to allow an optimal functional outcome39. 

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 

orthotics42. 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 others4. 

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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Figure 7: A broad interdisciplinary team is needed for the treatment of cerebral palsy uniting all sorts of 

specialties. 

1.7.1. Conservative treatment 

Conservative therapy should always be considered prior to any surgical interventions43. 

Among the most common conservative approaches are physiotherapy, occupational therapy, 

speech therapy, and orthotic treatment44. 

Physiotherapy utilizes physical approaches to promote or maintain health45. 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 

deformities46,47.  

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 life47. 

Physical therapy interventions that are effective for children with CP include balance 

exercises, gait training, neurofacilitation methods, constraint-movement therapy, sensorics 

integration, transfer training, and electrostimulation48–51. 

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)52. Approximately 20% of 
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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 

aids53.  

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 stability54. 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 muscle55. Multiple studies testing 

AFOs using gait analysis showed improved walking speed, cadence, stride length, and gait 

pattern. 47,56,57. 

1.8. Muscle strengthening 

Children with CP are weaker than their typically developing peers1,58. 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 tightness1,21,58–61. 

Additionally, the small functional gains were discouraging compared to larger functional 

improvement for interventions targeting spasticity21.  

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

with CP without increasing spasticity or any other adverse effects 1,62–64 Muscle weakness is 

also more closely correlated with muscle function than spasticity1,65,66. 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 1,67.  

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 more68,69.  

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 repetitions70. 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 physiotherapy59.  

While PRT is successful in improving strength in children with CP there is conflicting 

research on its functional benefits62,71. Two large randomized controlled trials (RCTS) have 

been published by Scholtes et al. and Taylor et al.62,72. Taylor et al. employed a 12-week 

progressive resistance program for 48 children (GMFCS II 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 

the outcome measures72.  

Another randomized control trial by Scholtes investigated 51 children with spastic uni- and 

bilateral cerebral palsy61. 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 limited61.  

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 

contraction1. 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 50-200ms1,73. 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 CP1. 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)74. 

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 force1.  

High intensity interval training (HIIT), defined as “brief intervals of vigorous activity 

dispersed with periods of low activity or rest,”75 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 rate75. 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 intensity75. 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 training and a traditional training (moderate 

intensity aerobic continuous training) during one training sessions. (this figure was reproduced from an article 

with open access under the following citation
76

) 

High intensity interval training has long been used by professional and recreational athletes 

and leads to improved training effects77. HIIT demands the activation of a larger number of 

motor units with increased recruitment of fast oxidative and glycolytic muscle fibers, 

increased intensity of muscular biochemical processes, and increased neuromuscular 

engagement (primarily in the hamstrings)78. Furthermore, it has proven to increase VO2max, 

induce changes in plasma volume, adapt hormonal and metabolic responses, and increase the 

skeletal muscle oxidative capacities79 

High intensity interval training is already used successfully in treating many other 

pathologies. In patients with cardiovascular diseases it provides a stronger stimulus to the 

cardiovascular system compared to moderate intensity training, resulting in increased 

myocardial improvements80. It is also successfully applied in patients with diabetes, 

improving multiple parameters of glycemic control, body mass, and adiposity (although the 

comparison to other exercise programs needs to be further investigated)81. Additionally, HIIT 

is also used extensively in treating pulmonary diseases, where it is as least as effective as 

medium intensity training at improving functional capacity and quality of life. It has the 

additional benefit of inducing peripheral muscle changes, resulting in fewer negative training 
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symptoms such as lower dyspnea or leg discomfort80. HIIT also improves cognitive functions 

and can be used in the treatment of attention deficit disorder82,83. It even benefits ophthalmic 

health where it is used successfully to increase ocular perfusion84. 

These results make HIIT particularly interesting for children with cerebral palsy. To the best 

of my knowledge there has been only one study that investigated high intensity training as it 

pertains to cerebral palsy. Conducted by Lauglo et al.,85 the study investigated the VO2max 

adaptations of a single group of twenty children. They performed 24 individualized sessions 

at intervals between 1.5 and 4 minutes on a treadmill with a total exercise time of 16 minutes 

at a heart rate of >85%. VO2peak improved by 10% and VO2submax did not change, which means 

that the percentage oxygen utilization was reduced. They were also able to show 

improvements to the children’s quality of life as reported by parents85.  

High intensity circuit training is a specific form of HIIT. While other high intensity trainings 

include exercises such as cycling, walking, and running, high intensity circuit training 

incorporates multiple functional exercises into a circuit75. The functional exercises within a 

high intensity circuit training are more likely to improve activities of daily living compared to 

training on an ergometer, because training for children with cerebral palsy needs to be goal-

specific. HICT has shown similar benefits in other population (improving strength, quality of 

life and peak oxygen uptake)but this is the first study investigating high intensity circuit in 

children with cerebral palsy86. 

1.9. International Classification of Functioning, Disability and Health (ICF) 

According to the WHO definition, health is a state of complete physical, mental, and social 

well-being and not merely the absence of disease or infirmity. As health itself is 

multidimensional, a successful therapeutic intervention (e.g. strength training) should not only 

improve one outcome measure but also other aspects of a child’s health, such as performance 

in activities and participation in daily life. The different dimensions of improvement can be 

organized and documented through the ICF. 

The ICF offers researchers and clinicians a useful framework to assess multiple domains of 

health. ICF includes three main components: the body structure and function component (e.g. 

muscle length, range of motion), the activity component (e.g. running, walking) and the 

participation component (e.g. a participation questionnaire)87. Additionally, the ICF also 

provides two different context factors; the environmental factors (physical, social, and 

attitudinal environment of the children) and the personal factors (individual differences).  
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Previous research on PRT for children with CP evaluated multiple ICF-components and found 

improvement in the body structure and function component but no effect for activity or 

participation62,63. For HICT, previous literature shows a positive effect on multiple 

components but no study has investigated the effect of HICT on all components of the 

ICF88,89. This study was the first study that investigated all ICF-components for HICT. 

Each outcome measure of the present study can be assigned to a component of the ICF. A 

study that investigates a wide variety of different outcome parameters from multiple ICF-

components provides a broader evaluation of the children’s health, which facilitates 

interpretation and application of the results. Therefore, this thesis is structured based on the 

components of the ICF. Methods, results, and discussion always present first the “body 

structure and function” component, followed by the activity and the participation components.  

1.10. Home-based training 

The exercise programs in this study were home-based. Effective training intervention for 

children with cerebral palsy needs to be specific to the training goal, a common phrase in this 

field is “you gain what you train”90. Practicing an activity at home within the daily routine, 

surrounded by family and friends, allows the children to better integrate this activity into their 

daily lives compared to practicing the same activity at a hospital. 

Home-based training is one of few interventions for cerebral palsy effective at improving 

activity and participation90. While most home-based training programs are targeted to the 

activity level, the success is based to a large degree on context factors which are closely 

related to participation.  

Existing research investigated home-based programs for children with cerebral palsy in a 

wide variety of contexts. These studies included treadmill training, telemetric control, virtual 

reality, robotic assistance, interactive through the internet, and more91–96. One study directly 

compared a home-based intervention to the same intervention in a laboratory setting and 

found no difference in effectiveness95. However high-quality research on home-based training 

for strengthening in particular is not yet available. Some of the very first studies on 

strengthening used home-based training, but recent research has focused exclusively on 

institutional training58,97. This was the first study to provide a proper analysis of home-based 

strengthening in populations of children with CP. 
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Home-based strengthening is also beneficial to health care providers because of its reduced 

cost. The average cost of a patient with cerebral palsy is estimated around $921,000 in the 

United States per individual (20% medical and non-medical directs costs, 80% indirect costs 

e.g. loss of productivity)98. Because of this incredible cost, it can be challenging to fund 

additional therapy. Home-based training is a cost-effective intervention compared to gym-

based institutional training99. A study comparing the two interventions for adults with chronic 

health conditions showed that telephone supported home-based training was over 60% 

cheaper compared to standard institutional intervention99. Further developments in home-

based training might bring down cost even more, such as the elimination of hands-on staff 

involvement). 

1.11. Aim and hypotheses 

The aim of this randomized, stratified pilot study was to compare two home-based strength 

training interventions—Progressive Resistance Training (PRT) and High Intensity Circuit 

Training (HICT)—in children with cerebral palsy. The effect of both training programs on 

muscle strength, gait, aerobic and anaerobic capacity, and participation was evaluated for this 

comparison. The null hypothesis was that the effect of HICT and PRT training would be the 

same in children with cerebral palsy. The alternative hypothesis was that the effect of HICT 

and PRT training would be different in children with cerebral palsy. 

1.12. Potential impact 

The research on HICT in other populations has shown that it can have the same benefits as 

aerobic training but additional anaerobic benefits. Another impact of implementing HICT-

training for children with CP is the short training time required. Children and their parents 

have a limited amount of time and energy to devote to the various complex aspects of the 

treatment of cerebral palsy42. Lack of motivation to participate in community sports or 

additional therapy can limit therapy compliance. A therapy program that can achieve 

improvements with a short time investment without leaving the home environment would be 

very attractive for these families. This might result in higher compliance, motivation, and 

better outcomes. 

Another key aspect of this study is that it was designed as a home-based intervention. This 

type of training complements institutional training and provides additional intervention during 

periods without physiotherapy. In certain instances, home-based training might be even more 

beneficial compared to institutional training because of the optimized context factors.  
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2. Methods 

2.1. Study design 

This study is a randomized prospective design that investigated the effects of two different 

strengthening programs. It was designed as a pilot study because a sample size calculation 

was not possible. 

Participants were evaluated on four separate occasions: T0 - control measurement 8 weeks 

before the intervention, T1 – baseline measurement before the intervention, T2 - post 

intervention measurement, and finally at the follow up 16 weeks after the intervention1. This 

timeline is presented in Figure 71. 

Figure 7: Timeline of the study, (this figure was reproduced from the article by Schranz et al. 
1
 and is covered by 

the licensing agreement of the article) 

2.2. Setting 

The measurements took place in the gait laboratory of the pediatric orthopedic unit of the 

Medical University of Graz, in Austria.  

2.3. Sample size calculation 

There was no previous research on high-intensity training for children with cerebral palsy 

using these outcome measures. As a result, it was impossible to provide a a-priori sample size 

calculation.  

2.4. Inclusion criteria 

• Ambulatory children with unilateral or bilateral spastic cerebral palsy 

• Age between 8-16 years 

• Ability to accept and follow verbal instructions 

• Gross Motor Function Classification System (GMFCS)13 at level I-II,  

• Willingness to participate 
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2.5. Exclusion criteria 

• Other than spastic forms of cerebral palsy (ataxic, athetoid, or dystonic) 

• Quadriplegia 

• History of orthopaedic surgery in the previous 12 months 

• History of Botulinum Toxin A application in the previous 6 months 

• Severe mental retardation 

2.6. Ethical approval and consent 

The local ethics committee approved this study with the ID EK21-362 ex 09/10 and all 

participating children and their parents provided informed consent. There were separate 

consent forms for children between 8 and 12 years of age and teenagers between 12 and 16 

years of age, written in age-appropriate language. 

2.7. Randomization 

A randomized block design was used for the randomization procedure. The intervention was 

drawn from a sealed container and placed in envelopes. Children were then sequentially 

assigned to an envelope after baseline testing. 

2.8. Recruitment 

The main source for recruitment was the outpatient clinic of the local hospital where 

clinicians screened for children who fit the inclusion criteria1. Those children received a short 

introduction to the study, its purpose, and requirements. If parents and children declared 

initial interest, they were referred to the study personnel who provided additional information 

and an appointment for the first study visit. 

Multiple additional methods of recruitment were implemented to assist the local hospital, 

including the national physiotherapist association, “Kid’s Chance” in Bad Radkersburg, the 

Mosaik clinic in Graz, and the clinical gait lab in Speising, Vienna. 

2.9. Outcome measures 

This study employed outcome measures of all components of the International Classification 

of Functioning, Disability and Health (ICF). Detailed background information on most 

outcome measures was provided in the supplemental materials. For more information on the 

ICF please refer to the Introduction, chapter 1.9. An overview of outcome measures and how 

they relate to the ICF-model is presented in Figure 8.  
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Figure 8: Outcome measures 

2.9.1. Body structure and function 

2.9.1.1. Muscle strength 

Strength was measured using the handheld dynamometer (MicroFET2 by Hogan Health 

Industries). This study used the “make”-test, in which the examiner holds the HHD stable 

without any counter force and the child pushes against the HHD with maximum effort100. 

Data was captured by two examiners. One examiner operated the hand-held dynamometer and 

another examiner focused on optimal stabilization of the child to enable consistent isolation of 

the targeted muscle group. Children were measured in two trials in immediate succession and 

the average value of both trials was used for evaluation. If a child was unable to produce an 

isolated force towards the hand-held dynamometer in both trials the measurement for that 

muscle group was marked as invalid. Instructions and position of the child were standardized. 

The standardized positions can be found in the supplemental material table 1. 

Both legs were evaluated for all patients regardless of involvement. However, only the 

neurologically more involved leg (per the Modified Ashworth Scale), was used for data 

analysis. The data analysis used normalization to weight to allow for a sound comparison 

among participants. Total muscle strength was used to allow for a clinically meaningful 

evaluation of overall muscle strength. The average Newton/kg value of each muscle group 

was totaled to create the value.  
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2.9.1.2. Range of motion 

For the range of motion evaluation, children were placed in a neutral supine position. Two 

examiners measured hip flexion, abduction, adduction, knee flexion, knee extension, ankle 

dorsal flexion with 0° knee flexion, and dorsal extension with 90° knee flexion. Internal and 

external hip rotation were measured with hips and knees flexed at 90°. Only hip extension 

was measured in a neutral prone position. 

2.9.1.3. Spasticity 

Spasticity was measured using the Modified Ashworth Scale101 (for more information please 

refer to the chapter, “Spasticity,” in the Introduction.  

Quadriceps spasticity was measured in a neutral prone position, calf spasticity in a neutral 

supine position, and hamstring spasticity in a supine position with the hip flexed at 90° and 

the contra-lateral leg in full knee flexion. For data analyses a value of “1+” was converted to 

1.5. 

2.9.2. Activity 

2.9.2.1. Muscle Power Sprint test 

Anaerobic performance was measured using the Muscle Power Sprint test. The children were 

instructed to complete six 15-meter runs at maximum pace and not to reduce pace until they 

crossed the opposite line. The distance was marked with a line on the floor and two cones on 

each side. Between the runs they had a ten-second rest. This test was performed with two 

examiners to ensure the most accurate sprint time, with one examiner observing one of the 

two start/finish lines.  

The average time captured between the two assessors was used for evaluation. In case of 

differences larger than 500ms, data analysis used the time of the assessor who was closer to 

the relevant line. If one assessor was unsure about the accuracy of his result the time captured 

by the other accessor was used. The time of completion was then used to calculate the mean 

power and maximum power of the six runs. This study also calculated an additional parameter 

that is not part of the standardized test for further interpretations, minimum muscle power 

which represents the power of the slowest sprint.  

2.9.2.2. Six-minute walk test 

The six-minute walk test was performed in a 30-meter hallway with a slight bend. A cone was 

positioned at each end, which served as a turning point for the children. Each meter was 

marked on the ground. Instructions to the children were standardized: children were instructed 
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to walk at a normal pace and not hurry. The position of each child after six minutes was 

marked on the floor; the absolute distance was then calculated and used for data analyses.  

2.9.2.3. Energy Expenditure Index 

The Energy Expenditure Index was measured and calculated to get an impression of the 

energy utilization of the children. For this parameter the heart rate of each child was measured 

at rest and during the six-minute walk test and the EEI calculated for all participants. 

2.9.2.4. Timed stairs test 

The timed stairs test was adapted to the available setting. The available set of stairs had 10 

steps and a railing on both sides; the height of each step was 19.5cm. Due to the width of the 

stairs it was only possible for children to use one handrail. Children were allowed to use any 

technique they wanted to climb the stairs; one step at a time with both feet, alternating feet, or 

skipping steps. It was also up to the child to decide on the starting foot and if they wanted to 

use a handrail or not. All participants faced forward toward the direction of movement during 

the test (not to the side). 

The children were told to walk up the stairs, quickly but safely, turn around on the top step 

and come down again until both feet were at the starting step again. Time was started when 

they received the start signal “go” and stopped when both feet were back at the starting step. 

The security of the children walking the stairs was monitored and the trial canceled if there 

was any perceived danger. The child was then instructed how to walk the stairs more safely.  

2.9.2.5. Timed up-and-go test 

For the timed up-and-go test the children were seated at a stable seat with a back, with feet 

flat on the floor so that hip and knee were at 90° flexion. The chair was placed three meters 

away from a point where the color of the floor transitions from black to white. The children 

had to stand up, walk until both feet were across the point where the floor transitions in color, 

turn around, walk back to the chair, and sit down. They were told not use their hands when 

sitting down or standing up, not to rush, and to walk at a leisurely pace.  

2.9.2.6. Gait analysis 

Gait analysis was captured using ten MX cameras with four ATMI force plates and Vicon 

workstation. At least 14 trials, with 7 trials on each side for each patient using the Plug-in 

Gait model were captured. Pelvic, hip, knee, and ankle kinematics, kinetic parameters of the 

hip, knee and ankle joints, as well as time-distance parameters (gait velocity, cadence, stride 

length, single and double support time), were used as outcome measures in the study. This 



24 
 

study used the Gait Profile Score, which measures the root mean square difference between 

the patient’s kinematic graph and the average graph of the typical developed population over 

time, for all planes of pelvis and hip, the sagittal plane of knee and ankle, and for the foot 

progression angle 102. 

2.9.3. Participation  

2.9.3.1. Activity scale for kids’ performance version 

A proper evaluation should not only focus on strength or activity measurements in a hospital 

setting.; it is also essential to measure the impact of the intervention on the daily lives of the 

children and capture the participation component of the ICF. The ASKp is a questionnaire 

that asks the children about how much support they needed for a wide range of activities for 

the last week at home before the measurement. The questionnaire was checked for 

completeness, screened for potential misinterpretation, and discussed with the children as 

necessary. Prior to this study no German version of the questionnaire existed, so it was 

translated in its entirety with a back translation and feedback from the creator of the 

questionnaire to ensure that the translation was indeed testing the same skills as the English 

original 

2.9.3.2. PODCI 

The PODCI questionnaire evaluates the performance of the children in daily activities at 

home, as viewed and completed by their parents. Not all sub-elements were clinically relevant 

for this study because they were not targeted by intervention (for example, the upper 

extremity section). As a result, this study analyzed not only the overall score but also sub-

scores of each section.  

2.10. Statistics 

Descriptive statistics were used to provide an overview of the data. The distribution of each 

dataset was investigated using the residuals and the Shapiro-Wilk test. A two-way repeated 

measures ANOVA was used if all assumptions were met. Post-hoc tests provided effect size 

and observed power. Non-normal distributed data was first evaluated with a Friedman test 

followed by a Wilcoxon signed ranked test1. A paired t-test was used to compare the 

difference in improvement between both intervention groups for clinical and functional tests. 

It was not possible to employ a single statistic test to compare the improvement of the two 

groups against each other for the whole study that also included mechano-morphologic 

muscle parameters measured through ultrasound images because of the limited sample size. A 
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Pearson correlation was employed to investigate the relationship between outcome measures 

and basic characteristics. 

2.11.  Intervention 

Both intervention groups conducted a circuit training with the identical five functional 

exercises (see Figure 3). These exercises covered all important muscle groups of the lower 

extremities (hip extensors, flexors, abductors and adductors, knee extensors and flexors, as 

well as dorsiflexors and plantar flexors). Children performed three trainings sessions each 

week with at least one day off in between. There were no additional rules about the setting of 

the exercise programs, required dress code, time of the day, or location.  

2.11.1. Assistance during home intervention 

Every patient was given a detailed manual with multiple instructional illustrations. 

Furthermore, each family received a DVD with instructions for each exercise. Parents were 

encouraged to call the hospital if there were any difficulties interpreting the instructions or 

with performing a particular exercise. 

2.11.2.  Instructions 

The children received an initial overview of the exercise program during the first control 

measurement (T0), which explained how each program worked and the main exercises 

involved. This main instruction took place at the end of the morning session during the 

preintervention measurement (T1). During this instruction the parents and their children were 

once again introduced to the general instructions and rules and the warm up and the cool 

down exercises. Each exercise was introduced and practiced at a slow pace with sufficient 

time for questions, explanations, and corrections. This slow round was followed by one or 

two rounds of the circuit training at the intended normal tempo. 

2.11.3. Warm up and cool down period 

The warm up exercises consisted of several low activity exercises and a hamstring stretching 

exercise. The cool down exercises focused on multiple stretching exercises and two low-

activity exercises. Both warm up and cool down periods were designed to last about 5 minutes 

each. 
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2.11.4. Control of exercises and progress 

There were multiple methods used to control and ensure that the children and parents 

performed the exercises at home correctly: Children were called after one week in order to 

allow for any questions to be addressed. During this phone call it was possible to go through 

the exercise program together and discuss any concerns or necessary adaptations. If there 

were any remaining issues, questions, or uncertainties after the call, the option for children to 

perform one of their training sessions at the hospital was offered. All training sessions and 

problems were recorded in a training diary that was collected after the conclusion of the 

program1.  

2.11.5. Progressive Resistance Training 

Progressive Resistance Training (PRT), aimed at strengthening the muscle through 

progressive overload, is the golden standard for strengthening in children with cerebral palsy. 

For additional information on the background of and the research on PRT, please refer to 

chapter 1.8.1 in the Introduction. 

For PRT portion of the program the children had to complete 10-12 repetitions of each 

exercise in three consecutive rounds with an individualized load. Only correct executions 

were counted by the parents. If they managed to perform 12 (or more) repetitions at three 

consecutive training sessions for a specific exercise, weight was progressively increased 

based on the weight of the child.  

The individualized load was determined using the 10 repetitions max test at the beginning of 

the study1. During the test the children were instructed to perform as many repetitions as 

possible. If the number of repetitions exceeded 10, weight was added to the vest. If the 

number of repetitions was less than 10, weight was removed from the west. This process was 

repeated until each child had the appropriate weight on the vest that allowed them to do 

exactly 10 repetitions.  

For the progressive resistance group in this study, progressive overload was achieved using a 

weight vest sold by D&S Vertriebs GmbH. The vest had a total weight of 10kg, with 

removable bags of 500g each. The weight vest is shown in Figure 9.  
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Figure 9: Weight vest 

2.11.6. High Intensity Circuit Training (HICT) 

For the HICT portion of the study exercises were performed within 30 seconds of maximum 

intensity followed by 30 seconds of rest. All five exercises were performed in the same 

manner and the cycle was repeated three times with a 90-second break between cycles. 

Children were asked to perform the maximum possible repetitions within the given timeframe 

while maintaining the necessary quality of each exercise (e.g. starting and end position 

reached, stable knee axis). For the next training sessions, the children tried to attain at least 

two additional repetitions compared to prior results.  

2.12. Exercises 

Both interventions used the same five exercises, a description of which can be found in Table 

1. A more extensive description can be found in the supplemental materials. 

Main exercises 

Exercise Properties Specific instructions Final position 

Adepted sit 

to stand 

• 10-12 repetitions 

• 3 sets 

• Load determined by 

10 repetition 

maximum test 

• Lower down as if sitting 

down  

• Move slowly and in a 

controlled manner 

• Stand up after lightly 

touching the chair 

(without putting any 

actual weight on the 

chair) 

• Focus on correct leg axis  
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Heel Rises • 10-12 repetitions 

• 3 sets 

• Load determined by 

10 repetition 

maximum test 

• Knees extended 

• Lift heels as high as 

possible 

• Lower heels as slowly as 

possible 

• Don’t put weight on the 

heels, only lightly touch 

the floor before raising 

the heels again 
 

Lunges • 10-12 repetitions 

• 3 sets 

• Load determined by 

10 repetition 

maximum test 

• Take a big step forward 

with one leg 

• Bend other knee as close 

as possible to the floor 

without touching it 

• Straight upper body 

• Perform exercise for the 

other side (switching 

legs)  

 

Bridging • 10-12 repetitions 

• 3 sets 

• Load determined by 

10 repetition 

maximum test 

• Hips in neutral position 

throughout the whole 

exercise 

• Alternate lifting each foot 

slightly off the floor 
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Lateral Step 

ups 

• 10-12 repetitions 

• 3 sets 

• Load determined by 

10 repetition 

maximum test 

• Start with both legs on the 

step board 

• Move one foot down 

toward as though stepping 

down but only slightly 

touching the floor before 

bringing it back up on the 

step board 

• Perform the same 

exercise for other foot 
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3. Results 

Twenty-eight children participated in this study between April 2015 and July 20171. Of those 

participants, one dropped out during the control phase1. The remaining twenty-seven children 

were randomized to one of the interventions (PRT or HICT). An additional five participants 

dropped out during the interventions1. Randomization assigned one of them to the progressive 

resistance program and four to the high intensity circuit program1. The reason for all dropouts 

was lack of motivation (affecting 4 children) or a lack of time (affecting 2 children) by either 

a parent or the child1. A flowchart depicting the study is presented in Figure 101. 

 

Figure 10: Flowchart of participants in study (this figure was reproduced from the article by Schranz et al. 
1
 and 

is covered by the licensing agreement of the article). 

Twenty-two children completed the study (11 in each group). However, only 20 children 

completed the exercise diary (ten in each group)1. The diaries indicated that the children in the 

PRT group completed, on average, 86% of all trainings sessions while the HICT-group 
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completed 88%1. The average duration of a training session was 40 minutes in the PRT-group 

while the HICT-group needed only 28 minutes, or 30% less training time1.  

The baseline characteristics of all 22 participants can be found in Table 21. There are some 

slight difference of function (GMFCS), height, and weight, but none of these differences were 

significant. 

Table 2: Basic characteristics of participants at baseline (SD) 

Parameter PRT HICT 

Mean age (years) 12.2 (2.7) 13.4 (2.4) 

Sex: male/female 8/3 7/4 

GMFCS: I/II 8/3 11/0 

Involvement: 

uni/bilateral 
3/8 5/6 

Mean height (cm) 145.8 (18.0) 156.4 (15.2) 

Mean weight (kg) 38.5 (16.4) 49.4 (14.6) 

SD=Standard Deviation, GMFCS=Gross Motor Function Classification System (This table was reproduced from the article by Schranz et 

al. 1 and is covered by the licensing agreement of the article). 

3.1. Strength 

At the body structure and function ICF-level both groups improved their total isometric 

strength, but only the improvement in the HICT-group was significant, with 5.04 N/kg 

(19.6%, p=0.02)1. Looking at individual muscle groups, the HICT-group achieved significant 

improvements in their hip extensors, hip abductors, knee flexors, and plantar flexors while 

there was no significant improvement in any muscle group for the PRT-group1. Results for 

individual muscle groups can be found in Table 3 on the next page1. 
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Table 3: Summary of all hand-held dynamometers for all muscle groups in N/kg 

 Values at measurement points as mean Diff (%) 

Outcome Parameter T1 T2 T1-T2 T1-T2 

Intervention PRT HICT PRT HICT PRT HICT 

Hip extensors 4,58 4,48 5,09 5,31 11,1 18,6* 

Hip flexors 2,81* 2,84 3,18 2,89 13,3 1,9 

Hip abductors 2,93 2,94 3,18 3,60* 8,4 22,3* 

Hip adductors 3,23 3,16 3,25 3,55 0,5 12,6 

Knee extensors 4,68 3,88 4,98 4,55 6,5 17,4 

Knee flexors 2,55 2,15 2,67 2,88* 4,7 33,6* 

Dorsal extensors 2,03 1,80 2,18 1,89 7,3 5,1 

Plantar flexors 5,01 4,32 4,79 5,81* 4,4 34,6* 

PRT, Progressive Resistance Training; HICT, High intensity Circuit Training; Diff, Difference between T1 and T2; *p<0.05; ** p<0.01 

(This table was reproduced from the article by Schranz et al. 1 and is covered by the licensing agreement of the article) 

3.2. Activity / participation results 

We observed improvements at the ICF activity level: the PRT-group improved their timed up-

and-go test (11.7%, p=0.05) and timed stairs test (14.3%, p=0.003)1. However, the HICT 

group achieved better results in the Muscle Power Sprint test (mean muscle power p=0.001 / 

maximum muscle power p=0.004)1. Other measures of mobility or activity did not change1.  

At the ICF participation level, only the ASKp-Score in the PRT-group showed a trend toward 

improvement (p=0.051)1.  

In the follow-up period, mean muscle power (p=0.05) and total isometric strength (p=0.03) 

decreased significantly for the HICT-group, other outcome measures did not change1. There 

were no changes in control or follow-up period for the PRT-group1. 

The results of all outcome measures for the PRT-group can be found in Table 4 and those for 

the HICT group in Table 5. A direct comparison of both results can be found in Table 6, 

starting on the next page. 
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Table 4: Summary of outcome measures for the PRT group (standard deviation) 

 Values at measurement points as mean (CI) p-Values  

Outcome Parameter T0 T1 T2 T3  T0-T1  T1-2 T2-T3 Diff 

(%) 

Total isometric strength (N/kg) 26.0 

(8.0) 

27.9 

(7.4) 

28.9 

(7.4) 

29.3  

(7.0) 

0.272 0.569 0.815 3.6 

Muscle Power Sprint test Mean 

(PWR) 

100.1 

(81.8) 

95.6 

(75.8) 

102.7 

(73.5) 

112.4 

(95.1) 

0.736 0.148 0.44 7.4 

Muscle Power Sprint test Max (PWR) 121.2 

(99.3) 

119.8 

(93.3) 

122.4 

(85.3) 

129.5 

(104.2) 

0.942 0.877 0.672 2.2 

Muscle Power Sprint test Min (PWR) 77.4 

(65.2) 

75.1 

(60.9) 

89.2** 

(65.8) 

89.5 

(81.7) 

0.722 0.003 0.722 18.9 

Timed up-and-go test (seconds) 9.8 

(1.7) 

10.3 

(4.2) 

9.1* 

(2.1) 

8.5 

(1.9) 

0.79 0.05 0.182 11.7 

Timed stairs test (seconds) 12.7 

(3.6) 

12.6 

(3.8) 

10.8** 

(4.0) 

11.9 

(6.3) 

0.894 0.003 0.657 14.3 

6 minute walk test (meters) 500.1 

(50.2) 

514.2 

(55.9) 

518.8 

(48.0) 

496.3 

(65) 

0.207  0.582 0.188 1.0 

Energy expenditure index (Score) 0.69 

(0.32) 

0.77 

(0.2) 

0.64 

(0.3) 

0.72 

(0.2) 

0.403 0.191 0.421 16.9 

GPS (°) 9.8 

(3.1) 

8.8 

(3.3) 

9.2 

(3.4) 

8.7  

(3.7) 

0.278 0.663 0.542 -4.5 

ASK (Score) 88.4  

(11.8) 

85.8 

(14.6) 

90.1 

(12.9) 

89.3  

(13.1) 

0.214 0.051 0.6 5.0 

PODCI (Score) 73.1  

(18.2) 

78.5 

(17.2) 

81.3 

(14.8) 

82.1  

(14.0) 

0.169 0.241 0.169 3.6 

PWR, Power; GPS, Gait Profile Score; ASKp, Activity Scale for Kids performance Version; PODCI, Pediatric Outcome Data Collection 

Instrument; Diff, Difference between T1 and T2; *p<0.05; ** p<0.01 
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Table 5: Summary of outcome measures for the HICT group (standard deviation) 

 Values at measurement points as mean (CI) p-Values  

Outcome Parameter T0 T1 T2 T3  T0-T1  T1-2 T2-T3 Diff (%) 

Total isometric strength 

(N/kg) 

26.5 

(5.7) 

25.7 

(8.4) 

30.7** 

(3.3) 

27.2 * 

(7.1) 

0.559 0.017 0.034 5.3 

Muscle Power Sprint 

test Mean (PWR) 

211.3 

(139.5) 

191.6 

(121.5) 

239.1** 

(152.8) 

212.9* 

(166.4) 

0.148 0 0.046 13.0 

Muscle Power Sprint 

test Max (PWR) 

264.2 

(170.9) 

226.2 

(134.1) 

280.1** 

(177.7) 

264.8 

(214.0) 

0.058 0.004 0.366 6.8 

Muscle Power Sprint 

test Min (PWR) 

150.4 

(129.2) 

152.2 

(118.7) 

187.5** 

(143.5) 

166.6  

(133.7) 

0.859 0.003 0.248 25.8 

Timed up-and-go test 

(seconds) 

8.1 

(0.9) 

7.5 

(1.3) 

7.6 

(1.0) 

7.6 

(1.2) 

0.534 0.109 0.929 11.4 

Timed stairs test 

(seconds) 

8.2 

(2.0) 

7.9 

(2.3) 

7.4 

(2.0) 

7.7 

(2.6) 

0.286 0.859 0.79 14.4 

6 minute walk test 

(meters) 

549.2 

(69.1) 

567.5 

(64.6) 

573.1 

(58.1) 

561.2 

(65.3) 

0.107  0.505 0.479 1.0 

Energy expenditure 

index (Score) 

0.61 

(0.2) 

0.59 

(0.3) 

0.61 

(0.2) 

0.58 

(0.3) 

0.853 0.878 0.774 15.5 

GPS (°) 8.5 

(1.7) 

8.8 

(3.0) 

9.5 

(2.8) 

8.2  

(2.4) 

0.725 0.518 0.186 -4.3 

ASK (Score) 94.7 

(7.5) 

90.9 

(10.7) 

94.0 

(10.3) 

96.0  

(6.7) 

0.612 0.161 0.31 5.6 

PODCI (Score) 82.8 

(12.5) 

82.5 

(13.4) 

88.7 

(10.3) 

87.8 

 (15.5) 

0.85 0.09 0.80 7.5 

PWR, Power; GPS, Gait Profile Score; ASKp, Activity Scale for Kids performance Version; PODCI, Pediatric Outcome Data Collection 

Instrument; Diff, Difference between T1 and T2; *p<0.05; ** p<0.01 
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Table 6: Comparison between groups (standard deviation) 

 Values at measurement points as mean (SD) Diff (%) 

Outcome Parameter T0 T1 T2 T3 T1-T2 T1-T2 

Intervention PRT HICT PRT HICT PRT HICT PRT HICT PRT HICT 

Total isometric strength (N/kg) 26.0 (8.0) 26.5 (5.7) 27.9 (7.4) 25.7 (8.4) 28.9 (7.4) 30.7 (3.3)* 29.3 (7.0) 27.2 (7.1)* 3.6 19.6* 

Muscle Power Sprint test Mean (PWR) 100.1 (81.8) 211.3 (139.5) 95.61 (75.8) 191.6 (121.5) 102.7 (73.5) 239.1 (152.8)** 112.4 (95.1) 212.9 (166.4)* 7.4 24.8** 

Muscle Power Sprint test Max (PWR) 121.2 (99.3) 264.2 (170.9) 119.8 (93.3) 226.2 (134.1) 122.4 (85.3) 280.1 (177.7)** 129.5 (104.2) 264.8 (214.0) 2.2 23.8** 

Timed up-and-go Test (seconds) 9.8 (1.7) 8.1 (0.9) 10.3 (4.2) 7.5 (1.3) 9.1 (2.1)* 7.6 (1.0) 8.5 (1.9) 7.6 (1.2) 11.7* -1.3 

Timed stairs test (seconds) 12.7 (3.6) 8.2 (2.0) 12.6 (3.8) 7.9 (2.3) 10.8 (4.0)** 7.4 (2.0) 11.9 (6.3) 7.7 (2.6) 14.3** 6.3 

6 minute walk test (meters) 500.1 (50.2) 549.2 (69.1) 514.2 (55.9) 567.5 (64.6) 518.8 (48.0) 573.1 (58.1) 496.3 (65) 561.2 (65.3) 1.0 1.0 

Energy Expenditure Index (Score) 0.69 (0.32) 0.61 (0.2) 0.77 (0.2) 0.59 (0.3) 0.64 (0.3) 0.61 (0.2) 0.72 (0.2) 0.58 (0.3) 16.9 -3.4 

GPS (°) 9.8 (3.1) 8.5 (1.7) 8.8 (3.3) 8.8 (3.0) 9.2 (3.4) 9.5 (2.8) 8.7 (3.7) 8.2 (2.4) -4.5 -8.0 

ASK (Score) 88.4 (11.8) 94.7 (7.5) 85.8 (14.6) 90.9 (10.7) 90.1 (12.9) 94.0 (10.3) 89.3 (13.1) 96.0 (6.7) 5.0 3.4 

PODCI (Score) 73.1 (18.2) 82.8 (12.5) 78.5 (17.2) 82.5 (13.4) 81.3 (14.8) 88.7 (10.4) 82.1 (14.0) 87.8 (15.5) 3.6 7.5 

PRT, Progressive Resistance Training; HICT, High intensity Circuit Training; PWR, Power; GPS, Gait Profile Score; ASKp, Activity Scale for Kids performance Version; PODCI, Pediatric Outcome Data 

Collection Instrument; Diff, Difference between T1 and T2; *p<0.05; ** p<0.01
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3.3. Difference between groups 

Table 7 presents the difference in improvement between the two groups. For the “body 

structure and function” component of the ICF, the HICT group had a higher improvement in 

knee flexor and plantar flexor strength1. While there was a considerable difference in total 

strength improvement (1 N/kg to 5 N/kg) this difference was not significant. The HICT group 

had higher functional improvement in the sprint test while the PRT group had a higher 

improvement in the timed stairs test. 

3.4. Compliance 

Compliance was evaluated using the training diaries and was fairly similar in both groups. The 

PRT group completed an average of 86% of training sessions; the HICT group completed 

88%1. Each group included four children who completed all 24 training sessions and one child 

with a compliance of 50% or lower. All other children had a compliance of 79% or higher. 

3.5. Load 

Although this study investigated two completely different interventions, it is essential to make 

assumptions on the load that was performed by each group per training session. The complete 

weight that each patient lifted for each exercise was calculated (body weight + weight vest). 

The complete weight relative to body weight was then used for load calculation multiplied by 

the number of repetitions for each patient and the number of sessions completed. The 

complete load for each exercise was added together. The result is presented in Table 8.  

For additional accuracy, this study also controlled for the differences between exercises. 

Lifting the same amount of weight in a heel-rises exercise and in a bridging exercise is a 

completely different challenge. The mean relative improvement for all exercises was 

calculated but the results were identical (see Table 9): the children in the PRT group trained 

with 22% lower loads than the children in the HICT group. 
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Table 7: Absolute Improvement and t-test between groups in (N/kg) 

Exercise PRT HICT p-value 

Total Strength (N/kg) 1.03 5.03 0.126 

Hip extensors 0.46 0.83 0.424 

Hip flexors 0.32 0.05 0.397 

Hip abductors 0.16 0.65 0.095 

Hip adductors -0.03 0.44 0.183 

Knee extensors 0.27 0.68 0.447 

Knee flexors 0.11 0.72 0.023* 

Dorsal extensors 0.13 0.09 0.831 

Plantar flexors -0.39 1.68 0.027* 

MPST (mean) 7.04 47.55 0.020* 

MPST (max) 2.56 53.87 0.038* 

MPST (min) 14.17 35.29 0.153 

TUGT (seconds) -1.26 -0.05 0.115 

TST (seconds) -1.83 -0.50 0.006** 

6-min walk test (meters) 4.64 5.64 0.933 

EEI -0.13 0.01 0.298 

GPS 0.43 0.65 0.880 

ASKP 4.26 2.44 0.614 

PODCI 2.81 6.58 0.386 

PRT, Progressive Resistance Training; HICT, High intensity Circuit Training; PWR, Power; GPS, Gait Profile Score; ASKp, Activity Scale 

for Kids performance Version; PODCI, Pediatric Outcome Data Collection Instrument; Diff, Difference between T1 and T2; *p<0.05; ** 

p<0.01 
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Table 8: Load difference between groups in kg lifted by each group * repetitions and percentage of bodyweight (SD) 

Parameter PRT HICT % difference 

kg % 25636 32973 22.25 

PRT. Progressive Resistance Training; HICT. High Intensity Circuit Training 

 

Table 9: Load of exercises performed in % of bodyweight for each exercise * total repetitions 

of each exercise with difference between groups 

Exercise PRT HICT % difference between groups 

Sit to stand 3723 4745 2.5 

Heel rises 3757 6164 39.0 

Lunges 7419 6382 -16.3 

Bridging 3359 6736 50.1 

Lateral step ups 7377 8945 17.5 

Average difference   22.4 

PRT. Progressive Resistance Training; HICT. High intensity Circuit Training 

 

3.6. Muscle Power Sprint test 

More detailed information from the Muscle Power Sprint test is provided in tables 10 and 11. 

which show the average individual sprint times before and after the intervention. Both groups 

demonstrated faster times in the first sprint. After the intervention. the first sprint showed the 

smallest improvement. The gains of all other trials were similar. The difference between the 

fastest and slowest time improved for both groups: from 0.21 to 0.11 seconds in the PRT 

group and from 0.18 to 0.15 seconds in the HICT group. 
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Table 10: Average time of each of the six sprints of the Muscle Power Sprint 

test in sequential order for PRT Group in seconds 

Order of Sprint T1 T2 Diff. 

Sprint 1 4.90 4.87 0.04 

Sprint 2 5.07 4.81 0.27 

Sprint 3 5.26 4.94 0.32 

Sprint 4 5.15 4.94 0.21 

Sprint 5 5.19 4.83 0.36 

Sprint 6 5.21 4.89 0.32 

 

Table 11: Average time of each of the six sprint of the Muscle Power Sprint test in 

sequential order for HICT group in seconds 

Order of Sprint T1 T2 Diff. 

Sprint 1 4.06 3.90 0.16 

Sprint 2 4.07 3.75 0.31 

Sprint 3 4.16 3.75 0.41 

Sprint 4 4.15 3.87 0.28 

Sprint 5 4.15 3.88 0.27 

Sprint 6 4.24 3.83 0.41 

 

3.7. Gait analysis 

The gait profile score and all elements of the movement analysis profile did not change102. 

However, there were some kinetic improvements. The HICT group showed more hip abductor 

moment in the stance phase. While the PRT group was also able to improve maximum 

abductor moment, this improvement did not persist across the entire stance phase. The 

relevant kinetic graphs are shown in Figure 11 and Figure 12. 
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Figure 11: Hip moment during gait in the frontal plane for the HICT group in Nm/kg 

 

 

Figure 12: Hip moment during in the frontal plane for the PRT group in Nm/kg 

3.8. Summary of individual ASKp and PODCI scores 

The participation questionnaires show that several children scored high even before the 

intervention. For the children’s questionnaire (ASKp). 6 of the 22 children had a perfect score 

(100%) before the intervention. 12 had a score over 95%. and 17 had a score over 80%. In the 

parent’s questionnaire (PODCI). there were 4 children out of 21 with a score over 95%. 11 

with a score over 80%. and 19 with a score over 70%. 
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3.9. PODCI sub-scores 

The PODCI questionnaire can be reported not only as an overall score but also as sub-category 

scores, focusing on specific elements of daily life. While the PRT group did not improve, the 

HICT group showed significant improvement of the “transfer and mobility” and the 

“happiness” sections. The results for the PODCI sub-scores are presented in Table 12. The 

ASKp does not provide sub-scores. 

Table 12: Difference of PODCI sub-categories for both groups 

 Values at measurement points as mean (sd) p-value 

 T1 T2 T1-T2 T1-T2 

Subscore PRT HICT PRT HICT PRT HICT 

Upper extremities 78.8 (17.5) 80.7 (24.7) 84.9 (10.9) 91.7 (9.6) 0.14 0.07 

Transfer and basic 

mobility 
89.3 (12.1) 95.7 (5.9) 90.2 (13.1) 98.0 (3.8)* 0.71 0.04 

Sports and physical 

functioning 
70.3 (21.5) 80.1 (12.9) 73.0 (19.1) 85.0 (11.9) 0.37 0.06 

Pain / comfort 75.7 (22.6) 73.4 (28.7) 77.2 (23.4) 80.0 (25.2) 0.70 0.50 

Happiness 70.5 (24.0) 81.4 (10.5) 74.1 (18.5) 
90.0 

(7.7)** 
0.34 0.01** 

Global functioning 78.5 (17.2) 82.5 (13.4) 81.3 (14.8) 88.7 (10.4) 0.25 0.09 

PRT. Progressive Resistance Training; HICT. High intensity Circuit Training. *p<0.05; ** p<0.01 (This table was reproduced from the 

article by Schranz et al. 1 and is covered by the licensing agreement of the article) 

3.10. Range of motion 

Range of motion was evaluated as a control measurement (see Table 13). None of the values 

showed any significant relationship between pre- and post-evaluations. 
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Table 13: Range of motion for both groups at T1 and T2 in degrees (SD) 

Outcome Parameter T1 T2 T1-T2 

Intervention PRT HICT PRT HICT PRT HICT 

Hip extensors 

14.8 

(5.3) 

15.9 

(4.6) 

14.6 

(3.5) 

13.6 

 (3.6) 

0.90 0.23 

Hip flexors 

125.7 

(10.8) 

126.1 

(10.5) 

126.6 

(9.3) 

129.1 

(9.4) 

0.72 0.20 

Hip abductors 

30.9 

(8.0) 

32.3  

(6.0) 

29.6  

(4.0) 

28.2*  

(3.4) 

0.48 0.04* 

Hip adductors 

13.4  

(5.1) 

11.4  

(3.8) 

12.7  

(4.7) 

12.3  

(2.7) 

0.88 0.48 

Hip external rotation 

56.6  

(9.4) 

43.6  

(12.5) 

51.4  

(10.0) 

44.1 

(12.9) 

0.17 0.90 

Hip internal rotation 

49.3 

(18.7) 

43.6 

(12.5) 

48.0  

(16.4) 

44.1 

 (12.9) 

0.68 0.89 

Knee extensors 

7.1 

 (5.7) 

7.5 

 (4.8) 

5.9  

(4.9) 

6.6 

 (3.9) 

0.13 0.07 

Knee flexors 

148.2 

(5.9) 

148.2  

(3.9) 

147.7 

(5.7) 

145.9 

(4.6) 

0.85 0.23 

Dorsal extensors 0° 

14.8 

 (7.1) 

15.2  

(8.3) 

13.4 

 (9.0) 

17.7 

(6.3) 

0.67 0.10 

Dorsal extension 90° 

25.5 

(5.5) 

24.6 

 (8.5) 

24.1 

(11.1) 

24.1 

(6.0) 

0.64 0.78 

Plantar flexors 

39.6  

(6.6) 

39.3 

(6.0) 

40.2 

(9.6) 

41.4 

(11.7) 

0.81 0.41 

PRT. Progressive Resistance Training; HICT. High intensity Circuit Training. *p<0.05; ** p<0.01 
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3.11. Spasticity 

The results of the Modified Ashworth Scale for both groups are presented in Table 14. Neither 

training program had an impact on spasticity.  

Table 14: Average spasticity for both groups at T1 and T2 with the Modified Ashworth Scale (SD) 

 Values at measurement points as mean Diff (%) 

Outcome parameter T1 T2 T1-T2 

Intervention PRT HICT PRT HICT PRT HICT 

Gastrocnemius 

1.09 

(0.70) 

0.36 

(0.50) 

0.88 

(0.67) 

13.6 

 (3.6) 

0.89 0.50 

Rectus 

0.6 

(0.69) 

0.18 

(0.40) 

0.55 

(0.69) 

0.09 

(0.30) 

0.86 0.85 

Quadriceps 

0.27 

(0.47) 

0  

(0) 

0.45 

(0.52) 

0.18 

(0.40) 

0.89 0.71 

PRT. Progressive Resistance Training; HICT. High intensity Circuit Training. *p<0.05; ** p<0.01; 

3.12. Effect size and observed power 

Effect size and observed power were calculated for all significant results using post-hoc tests 

to examine the validity of any conclusions despite the insufficient sample size. The 

improvement of Total muscle strength in the HICT group was sufficiently powered (Total 

strength, hip extensors, hip abductors, knee flexors and plantar flexors). Additionally, the 

power was also large enough for the HICT improvement of the “Happiness”-sub category for 

the PODCI-questionnaire. The results are presented in Table 15 on the next page. 
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Table 15: Effect size of outcome measures which showed a significant change in this study 

Exercise PRT HICT 

 Effect size Power Effect size Power 

Total Strength (N/kg) 0.14 0.16 0.68 0.90 

Hip extensors 0.34 0.46 0.72 0.95 

Hip abductors 0.14 0.15 0.86 0.99 

Knee flexors 0.13 0.14 1.22 1.00 

Plantar flexors 0.22 0.26 0.77 0.96 

MPST (mean) 0.09 0.11 0.34 0.46 

MPST (max) 0,03 0,06 0,34 0,45 

MPST (min) 0.22 0.26 0.27 0.33 

TUGT (seconds) 0.34 0.46 0.04 0.07 

TST (seconds) 0.47 0.69 0.23 0.27 

PODCI “Transfer and 

Mobility” 
0.07 0.09 0.44 0.64 

PODCI “Happiness” 0.17 0.18 0.91 0.99 

PRT, Progressive Resistance Training; HICT, High intensity Circuit Training; PWR, Power; MPST, Muscle Power Sprint test; TUGT, Timed 

up-and-go test; TST, Timed stairs test; max, maximum; min, minimum 

3.13. Correlations 

Since children improved functionally, we examined which gain in muscle strength led to this 

improvement. We also correlated all muscle strength changes with all changes in functional 

tests. 

There were two highly significant correlations (p<0.01) between strength and functional 

outcome measures, which are presented in Table 16. Children with faster sprint times had 

larger hip abductor strength improvement and children that scored better in the six-minute 

walking test had larger knee extensor strength improvement.  
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While there were several other significant correlations (all below 0.5 Pearson coefficient). the 

corresponding histograms show no clear relationship. A study with additional patients is 

needed for a proper analysis of potential correlations to confirm this trend.  

There were no highly significant correlations between baseline characteristics and outcome 

measures and between multiple outcome measures. The tables indicating these additional 

correlations can be found in the supplemental materials. 

Table 16: Correlation between parameters of strength and activity/participation outcome measures: Pearson correlation coefficient (p-value) 

for differences between T1 and T2 

 Muscle groups (N/kg) 

Correlation TS HE HF HAbd HAdd  KE KF DE PF 

Mean muscle power 0.25 

(0.28) 

-0.19 

(0.40) 

-0.22 

(0.33) 

0.54** 

(0.01) 

0.24 

(0.29) 

0.11 

(0.64) 

0.30 

(0.17) 

-0.09 

(0.68) 

0.36 

(0.11) 

Max muscle power -0.37 

(0.10) 

-0.25 

(0.27) 

0.0 

(0.99) 

0.03 

(0.88) 

-0.22 

(0.32) 

-0.28 

(0.21) 

-0.45 

(0.04) 

-0.09 

(0.70) 

-0.34 

(0.13) 

Min muscle power 0.11 

(0.63) 

-0.21 

(0.35) 

-28 

(0.20) 

0.33 

(0.14) 

0.20 

(0.37) 

-0.05 

(0.82) 

0.37 

(0.09) 

-0.19 

(0.39) 

0.21 

(0.35) 

Timed up-and-go test (seconds) 0.17 

(0.46) 

0.10 

(0.65) 

-0.08 

(0.72) 

0.06 

(0.81) 

0.12 

(0.59) 

0.18 

(0.43) 

0.10 

(0.67) 

-0.39 

(0.07) 

0.31 

(0.17) 

Timed stairs test (seconds) -0.19 

(0.42) 

0.09 

(0.69) 

0.43* 

(0.05) 

-0.13 

(0.55) 

-0.23 

(0.3) 

-0.18 

(0.42) 

0.24 

(0.28) 

-0.08 

(0.74) 

-0.02 

(0.93) 

6-minute walk test (meters) 0.26 

(0.25) 

0.11 

(0.63) 

0.30 

(0.18) 

0.08 

(0.73) 

0.37 

(0.09) 

0.56** 

(0.01) 

0.42 

(0.05) 

0.11 

(0.63) 

-0.08 

(0.73) 

Energy expenditure index (score) 0.17 

(0.45) 

-0.30 

(0.17) 

0.21 

(0.34) 

0.15 

(0.51) 

-0.05 

(0.81) 

0.31 

(0.16) 

0.04 

(0.87) 

0.21 

(0.34) 

0.24 

(0.30) 

GPS (°) -0.05 

(0.83) 

0.20 

(0.38) 

-0.04 

(0.85) 

-0.14 

(0.52) 

-0.18 

(0.41) 

-0.12 

(0.59) 

-0.11 

(0.63) 

-0.07 

(0.76) 

0.04 

(0.87) 

ASKp 0.02 

(0.93) 

-0.15 

(0.50) 

0.26 

(0.24) 

0.21 

(0.36) 

-0.17 

(0.44) 

0.26 

(0.24) 

-0.42 

(0.05) 

0.18 

(0.42) 

0.03 

(0.89) 

PODCI 0.40 

(0.08) 

-0.29 

(0.20) 

0.12 

(0.62) 

0.53* 

(0.01) 

0.29 

(0.20) 

0.28 

(0.21) 

0.20 

(0.38) 

0.15 

(0.53) 

0.32 

(0.17) 

PRT. Progressive Resistance Training; HICT. High intensity Circuit Training ; PWR. Power; GPS. Gait Profile Score; ASKp. Activity Scale 

for Kids performance Version; PODCI. Pediatric Outcome Data Collection Instrument; Diff. Difference between T1 and T2; *p<0.05; ** 

p<0.01 
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3.14. Complications 

A sole patient was evaluated for a painful heel after the training period. He suffered from a 

minor skin irritation and was instructed to refrain from excessive exercise for three days. 

There were no other complications as a result of the intervention. 

3.15. Missing values 

In the HICT group there are two missing values for total muscle strength: two children were 

not able to selectively activate their dorsal extensors or plantar flexors and were excluded for 

total muscle strength. In the PRT group there was a missing value for the EEI-measurement 

because of a defective heartrate monitor; the measure of the control measurement was used 

instead. Additionally. one child came without parents for a measurement. The parent 

questionnaire (PODCI) was sent to the parents to be completed the same day but was not 

completed. As a result, this study excluded the PODCI values for this patient. 
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4. Discussion 

This study investigated two strengthening programs for children with cerebral palsy (CP): 

Progressive Resistance Training (PRT) and High Intensity Circuit Training (HICT)1. It is the 

first study investigating HICT in this population.  

The HICT group improved in both strength and activities of daily living and participation. The 

PRT group showed improvement for some activities (climbing stairs, standing up from a chair, 

and walking) but did not improve in strength or participation. These larger improvements in 

the HICT group were achieved even though their exercise session was considerably shorter 

compared to the PRT group1.  

These results indicate that both exercise programs improve function but HICT looks to be the 

preferable option for strengthening in children with CP. Since both programs were home-

based, the study also indicated the viability of adopting a home-based intervention into 

traditional institutional training. These encouraging results provide the basis for further 

research on HICT for CP with an increased sample size. 

4.1. ICF body structure and function 

At the body structure and function level of ICF only the HICT group improved strength (total 

muscle strength increased by 20%)1. These average strength improvements are consistent with 

similar studies examining high-velocity training, however variability in this study was greater, 

because of the difference in training setting. In comparison to the study of Van Vulpen, 

children in this study trained at home and had to follow strict intervals2. While this challenged 

the compliance of the children to produce maximum effort it provided them with the 

opportunity for even higher improvement due to the increased control. The use of intervals 

and optimized context factors could explain why in our study the variability of strength 

improvement was higher (for more information on “context factors” refer to chapter 1.10, for 

more information on the ICF refer to chapter 1.9.).  

A closer investigation of the strength improvement after high-intensity training for individual 

muscle groups found significant changes for plantar flexors, knee flexors, hip extensors, and 

hip abductors for participating children1. These muscles are most important for propulsion and 

stability in walking and running, which could explain the improvements in some activity tests. 
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The strength improvement of the PRT group was considerably lower compared to the HICT 

group (PRT:4% / HICT:20%). Strength gains were also reduced compared to previous PRT-

research (8% strength improvement)1,3. This might be due to the reduced sample size and the 

limitations of home-based training (see 4.10). The higher improvements of the HICT group 

can be exclusively attributed to differences in the training mode because both groups went 

through the exact same five exercises and movements.  

Although the two strengthening programs followed the same exercises, the modes of training 

were different1; both trainings targeted different forms of strength improvement. While PRT is 

designed to improve maximum strength, HICT focuses on anaerobic power and the rate of 

force development4,5. This means that a single strength parameter is not suited to evaluate both 

exercise programs. While the maximum muscle strength that we captured using the hand-held 

dynamometer is the optimal tool to measure strength improvement after PRT, the optimal 

measurement for the HICT group is rapid force development, which requires a dynamometer 

(not feasible in our case)6. Instead, we used the Muscle Power Sprint test (MPST), which 

depends on rapid acceleration and explosive force, and is a good outcome measure for 

anaerobic power in clinical setting7.  

4.2. ICF activities 

For the different types of activity tests that were performed for this study, children in the PRT 

group achieved better results in the tests with submaximal continuous load (timed stairs test 

and the timed up-and-go test) and HICT group performed better in the test that required short 

bursts of high energy (MPST)1. This is in line with a common statement in the field “You gain 

what you train”1,8. To achieve functional improvement, strengthening needs to be task-specific 

to the desired functional goal of the intervention1,9. In this study, both training programs 

improved functional outcomes specific to the focus of their exercises1.  

These results contrast to the available literature on PRT that has failed to show activity 

improvement in children with CP3,10. A possible explanation for this might be that the 

strengthening programs in this study were specifically targeted at improving activities. A 

functional training focused on activities of daily living (ADLs) will likely show improvement 

on the activity level. The children in this study also benefited from the advantages of home-

based exercise training, e.g. optimized context factors (refer to chapter 1.10). 
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Other outcome measures of mobility and activity did not improve (six-minute walk test, Gait 

Profile Score, Energy Expenditure Index)1. A reason for this other lack of improvement might 

be a ceiling effect: many participating children were high-functioning, most of them were 

classified within the Gross Motor Function Classification System as GMFCS I (e.g. members 

of basketball teams, daily walkers, or members of a soccer clubs). While these children were 

challenged by the developed training program and showed improvement among some 

parameters, there are other outcome measures that evaluated activities with no additional room 

for improvement. For example, the task of walking five meters at a self-selected speed was 

already performed close to full potential. 

Another explanation for this lack of improvement is that the exercises and outcome measures 

might not have been targeted to the specific problems of the participating children. Further 

improvements of their walking ability might depend not on strength but on other aspects like 

balance, coordination, or endurance1. Hence, a child’s pure strength-training program might 

not be targeted enough to improve their ability to walk1.  

4.2.1. Muscle Power Sprint test (MPST) 

A closer investigation of the individual activity tests shows the first sprint was the fastest for 

both groups in the MPST with hardly any improvement after the intervention. However, there 

was considerable improvement of consistency across sprints. Because mean- and maximum-

muscle power of the sprint test might not be the best parameters to capture all the actual 

improvement in children with CP after strength-training, this study provided a third parameter: 

minimum muscle power. While the PRT group showed no functional improvement as 

measured by mean and maximum performance in Muscle Power Sprint test, minimum muscle 

power improved significantly. The HICT group showed the same pattern despite a completely 

different form of strength-training. This finding might be of particular benefit to strengthening 

research in children with CP which has failed to find functional improvement. The main 

functional impact of strengthening in children with CP might be on performance consistency, 

not maximum performance. For future strengthening research it would be beneficial to 

develop and employ more outcome parameters that measure performance stability over 

multiple attempts and not just the best attempt for different types of functional improvement. 
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4.2.2. Six-minute walk test 

Our measure of aerobic performance, the six-minute walking test, did not change for either 

group1. This is in contrast to a previous study by Lauglo et. al. which showed significant 

improvement in aerobic capacity (measured as VO2peak) in children with CP 1,5. However, this 

lack of improved aerobic capacity is not surprising, because the study by Lauglo specifically 

focused on endurance, while this study used functional exercises instead1.  

4.2.3. Timed stairs test / timed up-and-go test 

For both the timed stairs test and timed up-and-go test considering the considerable 

differences in strength improvement (4% compared to 20%). One possible explanation might 

be differences in baseline characteristics. For the timed stairs test the PRT group had an 

average time at the baseline measurement that was more than 50% slower than the HICT 

group (12s compared to 8s). This means that the children in the PRT group had more room for 

improvement for this outcome measure. Another explanation is that the training in the PRT 

group was more specific to medium-intensity PRT, as mentioned at the start of the chapter. 

4.2.4. Gait analysis 

The results of the gait analysis showed no change for kinematic parameters. Even a closer 

investigation of the Gait Profile Score using the Movement analysis profile shows not a single 

parameter that changed. The lack of improvement of the Gait Profile Score is consistent with 

other strengthening research:10 exercises designed to improve strength will barely impact the 

gait pattern. If the goal is kinematic improvement it is necessary to employ exercises that 

specifically target gait and the motion during gait; strength training alone is not specific 

enough to allow kinematic improvement. Nevertheless, there was a small improvement of 

kinetic parameters: hip abduction moment showed clear improvement for the HICT group. 

Those results are consistent with the strength measurements that showed improvement of 

muscle groups responsible for stability in the stance phase.  

4.2.5. Energy Expenditure Index 

The energy expenditure index did not show any improvement. However, because of the lack 

of validity of this outcome measure, this does not mean necessarily that energy consumption 
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of the children did not change. Future studies should include spirometry measure to further 

investigate how HICT impacts energy expenditure. 

4.3. ICF measures of participation 

The generalized scores gathered from the two participation questionnaires did not improve. It 

is possible that a ceiling effect influenced these results1. Several participants entered the study 

with very high scores1. For the Activity Scale for Kids performance version (ASKp) there 

were 12 out of 22 children with a score over 95% before the intervention; 6 of those children 

had a perfect score of 100%. This means that the potential for improvement was very limited. 

Large numbers of tasks evaluated were too easy for children with GMFCS I or GMFCS II 

(e.g.: “How often did you stand up from a bed alone?” and “How often did you sit down on a 

chair alone?”). 

Additionally, other parts of the questionnaires were not focused on the lower extremities that 

were the target of the interventions. Such questions included “Did you brush your teeth 

without help?” and “Did you put on your shoes alone?”. The Pediatric Outcome Data 

Collection Instrument (PODCI) included whole subsections on upper extremities and pain. 

Both questionnaires included sections on activities that were not targeted by the intervention. 

Even if none of the groups reached a significant level of improvement, the ASKp 

questionnaire showed a strong trend for improvement within the PRT group (p=0.051). 

However, a deeper examination using the PODCI subsection scores reveals some 

improvement of participation measurements in the HICT group despite the ceiling effect. 

Children scored higher in the basic mobility and transfer, and the happiness scales. The basic 

mobility scale was one of the functional aspects directly targeted by the intervention. This 

indicates that parents noted better performance of activities of daily living at home. The 

happiness scale included some very general questions that are barely affected by lack of 

specificity or a ceiling effect, for example “How well were you able to keep up with friends?”. 

This question can improve for very high-functioning children but also severely functionally 

affected children regardless of the intervention used. There are no subcategories for the ASKp-

questionnaire, which means that such an evaluation is only possible for the parent 

questionnaire. 
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4.4. Comparison of ICF improvement between interventions 

This program was designed with the ICF-model in mind and was the first to show 

improvement for all main components of this model in the HICT group. Why was the HICT 

more successful within the ICF-model compared to PRT? Previous research showed that the 

rate of force development is considerably affected in children with CP6. Most activities, such 

as walking, require rapid development of force over strength1,6. Temporal characteristics of 

force might be a more optimal target for intervention to impact activities of daily living1. The 

improvement of anaerobic power and rapid force development might have been the reason 

why this study was able to find changes in function and activity level of the ICF and some 

improvements at the level of participation for the HICT-group1. This is in contrast to other 

high-quality papers investigating the effect of PRT1, which investigated all levels of the ICF 

but did not show functional improvement 1,3,10. Previous research on similar high-velocity 

training in children with CP was also able to show improvements on one or two ICF 

components, but has not yet investigated all ICF levels 1,2,5.  

4.5. Control follow-up phase 

As expected, we observed some deterioration during the follow-up phase in both groups1. The 

total isometric strength and the mean muscle power in the HICT group showed a significant 

decline1. The PRT group also deteriorated in some of the outcome measures (e.g. timed stairs 

test: -9.9%)1. These results suggest that while strengthening can improve function in children 

with CP, improvements do not persist long-term1. It is essential that children with CP train 

frequently and consistently to maintain their results1. Home-based training programs could be 

a solution that extends institutional physiotherapy and enables consistent long-term 

intervention1. A determination of the frequency and intensity of training necessary to retain 

performance was not the aim of this study and should be analyzed in future studies1. 

4.6. Training time 

If a new intervention is planned, time investment is an important aspect for compliance. The 

average training session in the HICT group lasted for 28 minutes, compared to 40 minutes for 

the PRT group. A shorter training time is a major incentive for children with CP; most 

children who follow recommended treatment receive a large amount of interventions 

throughout their youth, which challenges their compliance and motivation to exercise. For a 

typical exercise program, children need to travel to a hospital, therapist office, treatment 
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center, or fitness studio at a specific and fixed time before dressing for the appointment and 

performing the exercises and returning home. Home-based training, on the other hand, can be 

performed at any time in the comfort of their own home, without any additional time 

investment.  

Motivation is also often affected by unattainable goals. For many children with CP 

maintaining their current level of fitness is considered a success because of the natural 

progression of the disease. However, many children and parents expect increased results, 

maintaining function is not enough for them to invest a large amount of time or energy. As a 

result of these major challenges, exercise duration is one of the most important factors that 

determines whether children exercise, the level of compliance during the exercise, their 

motivation, their long-term commitment to exercise and as a consequence also the entire 

outcome of the intervention. The considerably shorter average training session of the exercise 

program (43%) would be a major advantage of HICT. 

4.7. Load 

An approximation of the differences in load was provided in lieu of a direct comparison of the 

load, which was limited by the differences in load application for the two interventions. While 

the HICT group trained for considerably shorter time periods with less load per exercise, they 

completed a higher number of repetitions and ended up with a higher overall load (21%). This 

increased total load of the whole exercise program despite the shorter training time, could be 

an explanation for the larger strength improvements.  

4.8. Correlation 

The discussion focuses solely on highly significant correlations (p<0.01), because other, while 

still significant, correlations only showed weak trends in the corresponding histograms. The 

identification of these highly significant correlations can be useful for the design of future well 

powered studies. 

There was a relationship between increases of hip abductor strength and the MPST. This 

shows that strengthening muscles responsible for stance phase stabilization should have the 

highest impact on functional gains. Future studies might want to put a particular emphasis on 

those muscle groups in the design of their exercise programs.  
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Another highly significant correlation was that children with improved knee extensor strength 

also performed better in the six-minute walk test. Further studies are necessary to investigate a 

possible reason for this correlation. 

To improve function, other skills, such as (e.g.: maximum force, rapid-force development, 

coordination, balance, and mental aspects must be enhanced in addition to strength. These 

correlations raise important connections that should be targeted in future studies; they are not 

suitable to infer any direct causal connections. 

4.9. Comparison to previous high-velocity research 

HICT is a specific form of high-velocity training. While this was the first study on HICT, 

there have been multiple similar studies that investigated high-velocity training.  

There was only one study that also used intervals1. Lauglo et al. showed that a 24-session 

HICT improved the aerobic capacity of patients, although they reported that quality of life did 

not improve1,5. However, the Lauglo study was not controlled and did not analyze outcome 

measures of all ICF-components1. The presented study, alternatively, provides a more 

extensive analysis of HICT for children with CP and compares it to the gold standard of 

strengthening exercise in cerebral palsy: PRT1.  

The most successful high-velocity program was developed and investigated by Van Vulpen et 

al.2 with similar population, intervention, and outcome measures. They investigated 22 

children with CP, GMFCS I and II, 13 bilateral after a 14-week functional power training 

focused on functional exercises that relied on short bursts of energy. Their main outcome 

measure was the MPST, which is also one of the main measures in this study. The functional 

benefits of this study were considerably larger compared to the gains in this study. Mean 

muscle power as indicated by the MPST improved by 83% and 10-meter shuttle run results by 

56%. Additionally, there were also smaller improvements of gross motor function and a 1-

minute walk test.  

This difference in improvement between the studies is not surprising because despite its 

similarities there were also considerable differences between the two studies. Functional 

benefit of strengthening in children with CP is dependent on the specificity of training. The 

exercises in the Van Vulpen study targeted sprint improvement, where one of the exercises 
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featured children running while pulling weights that were trapped to them. The movement, 

intensity, and muscle groups were identical with those tested in the MPST. This study used 

alternative exercises to sprinting, such as standing up or heel rises. This was necessary to 

enable a meaningful comparison to a group training at medium intensity (PRT group). 

However, it is not possible to carry out specific sprinting exercises at medium intensity which 

is another key difference between the studies. Additionally, this study investigated home-

based training, while the study by Van Vulpen investigated children trained at an institution 

under constant supervision. This allowed for optimal control of the intervention with 

optimized execution of each exercise, also it required both a considerably larger time 

investment by parents and children and additional resources from the health care system. 

Finally, the two studies investigated different lengths of training intervention. The children in 

this study trained for 8 weeks compared to 14 weeks in the Van Vulpen study, which indicates 

that it might be possible to find considerable functional and strength improvements after a 

shorter period of strengthening. The positive results of both studies show the versatility of 

high-velocity training as a strengthening tool despite the differences between the studies. 

High-velocity training can be successful in different settings (at an institution and at home), 

after different durations (8 weeks or 14 weeks), and with a focus on different goals (sprinting 

or more moderate functional exercises). 

4.10. Home-based training 

While it is not clear if home-based training is more beneficial than institutional training, the 

results of this study indicate that home-based strength training is a valuable additional 

intervention in children with CP, one that can extend institutional training and enable more 

affordable and frequent strength training1. The intention is not to completely replace 

institutional training but to complement and support it with home-based training. For example, 

home-based training could be an inexpensive and effective intervention that is added when the 

child is not receiving medical care through institutional interventions. This reduction of 

periods between interventions could lead to an improved overall result. 

The trends in this study are in agreement with the results of other studies that investigated the 

benefits of home-based training in children with cerebral palsy using other forms than 

strengthening and older basic studies on strengthening11–14. 
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Home-based exercise training is still being perfected. Additional developments might make 

home-based intervention even more relevant and feasible to use. Computer assisted therapy, 

internet-based physiotherapy, and robotics can increase the quality of therapy and can ensure 

that the children perform the exercises in a way similar to an institutional setting15–17. Those 

tools can also help ensure adequate motivation and intensity within the training.  

Despite both trainings being home-based exercise programs, both interventions showed a high 

training compliance (HICT:88% / PRT:86%)1, which is comparable to similar institutional 

studies 1,3,10. This shows that children with CP can be motivated to follow exercise programs at 

home1.  

4.11. Variability in responses 

This study found considerable variability in the individual response to training. Some children 

showed improvement far above average while other children showed no improvement at all. 

This high variability was consistent over most outcome measures and showed no clear 

correlation to any basic characteristics.  

This is consistent with most other studies on strengthening for children with CP9,13,18,19. While 

these studies usually find improvement of mean outcome measures, there is also usually a 

considerable difference in individual improvement. The reason for these differences has yet to 

be determined. Variability is a problem because even if an intervention shows a benefit for the 

average participant, it is not possible to assess whether a particular patient in clinical practice 

will be a strong responder or a non-responder. A study on healthy adults has shown that 

considerable differences in outcome after exercise intervention were not primarily explained 

by different lifestyles, environment, age, or other factors, indicating the cause might be 

genetic20. Congenital anomalies can be found in up to 40% of CP registers in Australia, 

meaning that the effect of genetics on strengthening in CP is probably even higher compared 

to healthy adults. This was confirmed by a recent study that investigated the association 

between variation in dopamine genes and treatment outcomes, which found that children with 

a higher polygenetic dopamine gene score had better outcomes after exercise21. Future 

strength training might include individually tailored programs based on the genetic profile of 

the specific patient. 
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4.12. Interpersonal differences 

Children with CP have high degrees of interpersonal variations and the impact of the disease 

can vary from day to day. There were children in this study that had a “bad day” because they 

were considerably influenced by the disease or external factors at the pre- and post-

intervention values. This study was designed for a future clinical application as an intention to 

treat analysis. As a result, there were no statistical corrections for any interpersonal 

differences. However, a closer investigation of the control phase shows that there were indeed 

considerable changes of outcome measures within the control phase, but those positive and 

negative changes offset each other and there was no significant difference for any outcome 

measures. It is very likely that the same effect also occurred within the intervention phase. 

Despite the lack of statistical correction, it is unlikely that any interpersonal difference 

impacted the results and conclusions of this study. 

4.13. Case study balance 

Previous strengthening research suggested that the reason for lack of functional improvement 

might be that the children improved other skills that were not captured by the outcome 

measurements used. This section will examine this theory using a case study focusing on one 

child.  

The participant was a high-functioning diplegic 13-year-old girl with GMFCS I who was 

randomized to the HICT group. The girl and her mother showed a high compliance during 

examinations, instruction, intervention, and post-intervention. She completed 100% of all 

training sessions and showed a considerable increase of repetitions for each exercise during 

the training period. Both mother and child evidenced a high rate of satisfaction with the 

exercise program and its result. However, the objective outcome measures of this study 

showed no considerable improvements. Neither strength, nor function, nor patient-reported 

outcomes improved. Mother and child were asked how they think the child benefited from the 

program and they stated that they noticed considerable balance improvements. There were 

multiple exercises that demanded balance (heel rises, lounges, lateral step-ups). While this 

study did not evaluate balance, we had static balance measurements for this particular patient 

from a trial measurement during the pre-intervention evaluation. Based on the patient 

feedback, the same examination was also carried out post-intervention. The child had to stand 

still on a force plate for 30 seconds first with eyes open, then with eyes closed. The force plate 
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data was used to calculated velocity and sway of the center of pressures for both conditions. 

The child showed clinical meaningful improvement of these parameters.  

Functional exercises require multiple skills, strength, velocity, coordination, balance, and 

more. While the optimal performance for an exercise might be restricted by strength in one 

child, another child might have enough strength for this exercise but is restricted by balance. 

This case study suggests that the same exercise might train strength in one child but improve 

balance in other children. A non-response of a child for one aspect of movement does not 

necessarily mean that the child did not benefit at all. A considerable amount of actual 

improvement might not have been captured, as this case study indicates. Despite the large 

amount of outcome measures used in this study there was potential improvements that was not 

be measured.  

4.14. Dropouts 

Most of the children (4 out of 5) who dropped out of the study were part of the HICT group, 

however, this rate was similar to previous high-intensity training research1,5. High-intensity 

training requires maximum effort, which requires a high level of motivation and cooperation 

from child and parent1. All dropouts of this study were due to the lack of motivation1. While 

high-intensity training seems to be an effective intervention to improve strength and function 

in children with CP, it is only recommended when there is adequate compliance in both parent 

and child1. 

Five children recruited for this study had some problems following the concepts, purpose, and 

instructions of the training program. Three of those five children were among the five 

dropouts within the intervention phase. High intensity training is very challenging, and it is 

difficult to maintain intensity. Therefor maintaining compliance is extremely difficult for 

children who have trouble maintaining attention and who might not completely comprehend 

the importance and relevance of exercising. HICT might be preferable to PRT but only for 

children who are able to completely commit to the training regimen. A more moderate training 

might be more appropriate for children who are not motivated to exercise.  

4.15. Study limitations 

This was the first study investigating HICT in children with CP1. As a result, it was not 

possible to provide a sample size calculation1. While there were several significant results and 
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clinically meaningful improvements, the post-hoc power analysis shows that only the strength 

improvements and the PODCI “happiness” improvement were powered enough. Although, the 

results on functional improvement are encouraging for the future for HICT in children with 

CP, it is not possible to make any definite statements based on the results of this study. 

However, the data provided can be used for the design and optimization of future well-

powered studies on the issue.  

This study did not control for multiple observations and therefore has an increased risk of 

alpha errors. This is a valid approach for a pilot study that is designed to provide the 

information to generate hypotheses for new studies and is not primarily focused on final 

clinical statements, which makes an alpha error acceptable. However, the actual impact of this 

was minimal. The main findings of the study would have persisted even after correction for 

multiple observations. There would have been significant strength improvement only in the 

high-intensity group and functional improvement specific to the intervention in both groups. 

Only the timed up-and-go test would not have shown significant improvements in the PRT 

group as well as two sub-categories that were not among the primary outcome-measures 

(PODCI-Transfer and specific HHD-muscle groups).  

The exercise programs were intentionally designed as a home-based intervention with the goal 

of a clinical application1. However, this study design might have some disadvantages, 

especially because home-based programs lack a tight control of day-to-day execution of the 

training program1. However, the control mechanisms that were employed in this study showed 

a high level of acceptance and understanding of the exercise programs1.  

There is reason to believe that the improvement of several outcome measurements was 

underestimated because of a small number of missing values. Strength results did not include 

two children because they could not selectively activate an evaluated muscle group, but both 

were able to activate the muscle groups after the intervention. The gains of their other muscle 

groups would have been above the average of the remaining participants. Therefor our 

determination was that the missing values did not adversely affect the results of the study. 

4.16. Conclusion 

This study investigated two home-based strengthening programs in children with CP: 

progressive resistance training (PRT) and high intensity circuit training (HICT). While 
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children in both groups showed functional improvement specific to the intervention only the 

HICT group showed improvement in strength and participation improvement1. A closer 

investigation of the sprint test showed that the children primarily improved in functional 

consistency rather than maximum performance. The average training time in the HICT group 

was considerably shorter than that of the PRT group. Although participating in HICT required 

higher motivation, compliance to the training in this study was excellent and comparable to 

the PRT-group.  

The study also indicated that home-based strengthening is a valuable option for strength-

training intervention, that can supplement institutional interventions. It is both a cost-effective 

and easily accessible method for highly functional and motivated children with CP1.  
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5. Supplemental materials 

5.1. Skeletal muscle physiology 

The vast majority of muscle tissue is formed by skeletal muscle110. It provides the mechanical 

power necessary for locomotion and other activities of daily living through muscle 

contraction110. Muscle contraction is the result of an interaction between two proteins actin 

and myosin111. Figure 4 presents the structure of the skeletal muscle.  

 

Figure 13: structure of the skeletal muscle, available at open access reference
112

 

Actin and myosin are contained within the main contractile unit of the human body, 

sarcomeres112. Multiple sarcomeres are found within myofibrils. Myofibrils are included 

within muscle fibers. Multiple fibers form a muscle fascicle and all muscle fascicles together 

represent the skeletal muscle 

Multiple muscle fascicles are innervated by a single alpha-motor neuron. Motor neuron and 

muscle fascicle together form the motor unit. The motor neuron sends an activation potential 

to the muscle fascicle which is transferred at the motoric end plate. The force of a muscle 

contraction depends on the number of motor units that are activated by the central nervous 

system113.  

Speed and endurance of a contraction depend on the type of muscle fibers activated114. 

Different types of muscle fibers vary in contraction speed and energy metabolism. Based on 

their predominant myosin heavy chain isoform content they can be classified as type I slow 
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twitch fibers or type II fast twitch fibers114. Type II fibers can be further classified based on 

the metabolic properties (oxidative or glycolytic).  

Muscle strength is also considerably influenced by muscle architecture. A thicker muscle with 

an increased physical cross-sectional area and muscle fiber diameter, is able to produce a 

higher force113. Contraction velocity is influenced by the length of a muscle, fascicle length 

and fiber length.  

The length of a muscle also determines the distance over which a fiber can shorten. This is 

important because the available muscle strength varies at different lengths. It depends on the 

current number of actin-myosin interactions which is different based on the current sarcomere 

length. This principle is presented in Figure 5. It presents the overlap of actin and myosin 

filaments at different lengths. At point 1 the muscle is overly contracted, with actin filaments 

sliding over each other which restricts force production. Point 2 shows sarcomeres at their 

optimal length (2.1 to 2.2µm). This is the position with the largest actin, myosin overlap thus 

the muscle can produce the largest amount of force. At point 3 and 4 actin filaments start to 

pull away from the myosin heads which decreases the possible muscle force.  

 

Figure 14: length tension curve of a skeletal muscle with actin and myosin overlap at different length (freely 

available online)
115
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The length of a muscle also has direct influence on the lever arm. Each muscle applies a 

specific force at a certain lever arm which moves a weight at a distance from the joint center. 

If the force is applied at a larger distance from the joint center than the weight there is a 

mechanical advantage116. 

5.2. Strength measurement 

Muscle strength is affected in children with cerebral palsy117. Assessing muscle strength in 

children with CP is essential to monitor clinical progress, to identify muscle groups that 

should be targeted by strength training, to determine the load for that training and to monitor 

the progress and necessary adjustments to training. The most reliable way to measure muscle 

strength in a clinical setting is hand held dynamometry, which has been used for over 15 years 

to assess strength in cerebral palsy118.  

The hand-held dynamometer is a device equipped with an internal system that can measure the 

force applied in Newton. It is held against the leg of the patient and when the patient pushes 

against the device the applied force is displayed. There are several challenges in measuring 

strength in children with cerebral palsy, lack of understanding, selective control, problems 

applying force directly and muscle synergies32,119  

There is mixed research on the reliability of HHD-measurements in cerebral palsy. One study 

showed acceptable within session reliability but low between-session reliability for hip 

extensors, plantar flexors and dorsal flexors in children with cerebral palsy118. Another study 

with improved testing positions and statistical analysis found acceptable intertester reliability 

and moderate to high intratester reliability but did not test between session reliability100. 
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Table 17: Standardized positioning of the HHD 

Muscle group Positioning of the patient Positioning of the HHD 

Hip extensors Supine, hip and knee flexed at 90 degrees 3 cm proximal of popliteal crease 

Hip flexors Supine, hip and knee flexed at 90 degrees 3cm proximal of superior border of 

patella 

Hip abductors Supine, hip flexed slightly (~5 degree), Knee 0 

degree 

5cm proximal of lateral epicondyle 

Hip adductors Supine, hip flexed slightly (~5 degree), Knee 0 

degree 

5cm proximal of medial epicondyle 

Knee extensors Sitting, hip and knee at 90 degrees 5cm proximal of lateral malleoli 

Knee flexors Sitting, hip and knee at 90 degrees 5cm proximal of lateral malleoli 

Dorsal extensors Supine, hip and knee at 0 degree Top of metatarsal heads 

Plantar flexors Supine, hip and knee at 0 degree with the bed against 

the wall and the hand-held dynamometer between 

wall and plantar surface with the examiner 

stabilizing the hand-held dynamometer. 

Plantar at the position of metatarsal 

heads 

 

5.3. Muscle Power Sprint test 

A lot of daily childhood activities require short-term high intensity activity instead of long-

term activity74. However most of the current research on children with cerebral palsy is 

focused on aerobic capacity and muscle strength, while less attention is given to high intensity 

activities that last only a few seconds. Anaerobic capacity might be a better measure of 

functional ability than aerobic tests1. Activities such as running are more similar to the typical 

physical behavior seen in high functioning children with cerebral palsy classified GMFCS 

level I and II120.  

The Muscle Power Sprint test was developed as a tool to measure this anaerobic capacity in 

children with cerebral palsy. This test is reliable, non-threatening, inexpensive and easy to 

administer in a non-research setting120. There is an extensive set of reference values for 

children with cerebral palsy121. 
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The Muscle Power Sprint is reliable and its construct validity is established in children with 

cerebral palsy classified as GMFCS I or II and has been used successfully in other 

strengthening studies in children with cerebral palsy122. 

5.4. 6-minute walk test 

The optimal parameter to measure cardiopulmonary performance would be to measure peak 

oxygen uptake in a laboratory setting123. However, this test takes considerable time and 

children have sometimes difficulty accepting the mask when exercising. For that reason, this 

study evaluated the six-minute walk test as a surrogate measurement for aerobic capacity. 

The six-minute walk test is a low tech, easy to use clinical test to measure aerobic fitness. It 

captures the distance walked within 6 minutes at normal walking speed. While the 6-minute 

walk test does not directly determine peak oxygen uptake, the cause of exertion or evaluates 

exercise limitation, it correlates closely with VO2 peak measurements 123. The information 

provided by the 6-minute walk test, may be a an even better index of functional ability in 

activities of daily living compared to peak oxygen uptake124.  

The six minute walk test is reliable in children with cerebral palsy125. It has already been used 

in studies on strengthening in children with cerebral palsy72. 

5.5. Timed up-and-go test / Timed stairs test 

There are a multitude of skills which are affected in children with CP that are required for 

activities of daily living (e.g. strength, balance, coordination and more). The timed up-and-go 

test is a basic mobility test that was originally developed for elderly people and is suited as a 

test for a multitude of skills126. This test requires balance control, movement through planning, 

initiating, executing and completing an integrated movement sequence and movement control. 

All of these skills are diminished in children with cerebral palsy127.  

The timed stairs test is another test in this study that also asses a multitude of these skills. The 

difference between the timed up-and-go test and the timed up and down stairs test is that the 

timed up and down stairs test measures a higher level of function. It requires an increased 

amount of strength, balance, coordination and movement control compared to the timed up-

and-go test. 



66 
 

Both outcome measures are valid and reliable and have been previously used in strengthening 

research in children with cerebral palsy63,128–130. 

5.6.  Gait analysis 

Children with cerebral palsy suffer from a wide degree of different gait deviations. Clinical 

gait analysis allows clinicians to better understand these deviations and base their decisions on 

additional and more precise information131. It provides a better understanding of the effect of 

each treatment and intervention. 

Gait analysis allows a more accurate assessment of gait deviations compared to visual 

assessment and is widely accepted as a research tool. Gait analysis can change treatment 

decision making and reinforce existing treatment plans. Gait and functional outcomes are 

improved if gait analysis was performed before an intervention.  

Gait analysis provides kinematic and kinetic data. Kinematic data illustrates the movement of 

the child described in gait analysis by the angular deviations of different joints/segments: 

pelvis, hip, knee and ankle131. The raw data for this analysis is captured by infrared cameras 

that determine the position of passive reflective markers. These markers are precisely attached 

to anatomical landmarks that define each body segment. The most common model to define 

these segments which is also used in this study is called “Plug-InGait”131. Kinetic data 

describes the forces applied by the patient during gait which corresponds to the ground-

reaction forces, joint moments and powers of each joint. Data captured by force plates 

embedded in the ground is used for this analysis131. 

As a result, gait analysis has been extensively used in research to understand the efficacy, 

effect and mechanism of all sorts of interventions for children with cerebral palsy. It has also 

already been thoroughly employed in strengthening research although with limited results32,63. 

5.7. Activity Scale for kids performance version (ASKp) 

Cerebral palsy affects the frequency of participation in activities and social situations such as 

community activities, sports and other events of daily living132. It is essential to document the 

impact of any intervention on the environment of children and their participation in daily 

life133. The ASKp is a self-reported questionnaire that captures the ICF-participation level 

from the view of the child. The ASK was designed as a self-report outcome measure of 

activity and physical function for children aged 5 to 15 years.  
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The ASK is an assessment of a child’s physical disability using domains such as personal care, 

dressing, locomotion, playing, standing skills and transfer132. It is completed by the children 

themselves without any parental intervention or information. If the child is unable to answer 

some questions alone, the parents are allowed to assist and their level of assistance is 

documented.134. 

There are two versions of the ASK, the ASK-capability (ASKc) that measures what the child 

is able to do and the ASK-performance that measures what the child actually does. This study 

only uses the ASKp. The ASKp assesses the environment of each child and how it operates in 

that environment133. 

It is valid and reliable in children and it has already been used in studies on children with 

cerebral palsy135,136. 

5.8. Pediatric Outcome Data Collection Instrument (PODCI) 

The PODCI is another questionnaire that measures participation which is completed by the 

parents. It was developed as an outcome measure to assess changes after pediatric orthopedic 

intervention for a broad range of different diagnoses, one of those is children with cerebral 

palsy whose function is minimal to moderately impaired with a Gross Motor Classification 

System level between I and III137. 

There are seven sub-constructs within the PODCI, upper extremity function, transfer, 

mobility, physical function and sports, comfort, happiness, satisfaction and expectations. The 

single elements range from very simple tasks like standing up from a chair to high functioning 

tasks like competitive sports 138. 

The reliability, internal consistency and discriminant validity of all those dimension has been 

established 137 and it has been used in multiple studies on strengthening in cerebral palsy 74,139. 

5.9. Exercise descriptions 

5.9.1. Adapted sit to stand 

Properties: 3 sets, PRT: 10-12 repetitions with the load determined by 10 repetition max test, 

HIIT: 30 seconds with as many repetitions as possible at maximum speed without load. 
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Type of Exercise: bilateral exercise targeting hip flexors, hip extensors, hip abductors, knee 

flexors, knee extensors 

Starting position: 

 

Figure 15: Starting position adapted sit to stand 

The participant is standing in front of the chair, legs hip width apart and parallel with extended 

hips and knees. 

Instruction: Sit down with controlled knee axis and controlled upper body without using 

hands or upper body for support. When the buttocks is slightly touching the seat, stand up 

again. 

End position 

 

Figure 16: End position adapted sit to stand 
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Almost sitting on the chair, slightly touching it but with no body weight on it. 

Correct Trial: A correct trial required a correct axis in all joints, a stable upper body, hip 

wide stance throughout and a starting position not too near or far from the chair. It is important 

that the child goes through the whole movement which means returning all the way back to the 

starting position.  

Adaptations: The most frequent problem was that some children were not able to lower their 

body all the way to the chair without sitting down. They were instructed to move as far as 

possible without sitting down and then return to the starting position. 

5.9.2. Heel rises 

Properties: 3 sets, PRT: 10-12 repetitions with the load determined by 10 repetition max test, 

HIIT: 30 seconds with as many repetitions as possible at maximum speed without load. 

Type of Exercise: Bilateral exercise targeting plantar flexors 

Starting position: 

 

Figure 17: starting position heel rises 

Standing on the floor in hip wide stance with stable upper body and hips and knees extended. 

Instruction: Lift heels as high as possible and lower them back to the ground as slowly as 

possible. 
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End position 

 

Figure 18: End position heel rises (This figure was reproduced from the article by Schranz et al. 1 and is covered 

by the licensing agreement of the article) 

Standing on the toes with the heel lifted as high as possible, with extended hips and knees and 

the heels plantar flexed with a stable upper body. 

Correct Trial: Heels lifted as high as possible, the foot is lowered slowly, controlled back to 

the floor and not dropped without muscle tensions. Knee axis, hip wide stance and upper body, 

stay controlled throughout. 

Adaptations: The main problem for this exercise were balance issues when the children stood 

on their toes. The goal of this exercise was muscle strengthening and not balance training. As 

a consequence, children were allowed to hold on to someone or something for balance and 

support and ensure that balance issues didn’t limit the strength that could be used within this 

exercise. 

5.9.3. Lounges 

Properties: 3 sets for each side, PRT: 10-12 repetitions with the load determined by 10 

repetition max test, HIIT: 30 seconds with as many repetitions as possible at maximum speed 

without load. 
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Type of Exercise: Unilateral exercise targeting hip extensors, flexors, abductors and knee 

flexors and extensors. 

Starting position:  

 

Figure 19: Starting position Lounges 

Standing with extended hips and knees 

Instruction: Take a big step forward and lower the contra lateral knee as close to the floor as 

possible without touching it. Then move back to the starting position. 

End position:  

 

Figure 20: End position Lounges (this figure was reproduced from the article by Schranz et al. 
1
 and is covered 

by the licensing agreement of the article) 

Knee and hip flexed at 90° on one side, knees flexed, and hips extended on the other side. 
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Correct Trial: A correct trial is executed when the knee axis in both legs and the upper body 

remains stable. The step needs to be far enough so that 90° Knee flexion is reached when the 

contra lateral leg is close to the ground. 

Adaptations: Similar to heel rises, several children were allowed to hold on to support 

balance. Some children were not able to take a step that was large enough without moving the 

contra lateral foot or were not able to go all the way down to the floor. They were allowed to 

make smaller steps. Additionally, they were told to establish a visual line of how far the step is 

to ensure that they maintain step length and increase step length once they progressed. 

5.9.4. Bridging 

Properties: 3 sets, PRT: 10-12 repetitions with the load determined by 10 repetition max test, 

HIIT: 30 seconds with as many repetitions as possible at maximum speed without load. 

Type of Exercise: trunk exercise on the floor targeting hip extensors and trunk muscles. 

Starting position:  

 

Figure 21: Starting position bridging 

Supine on the floor with knees flexed 90° and the torso lifted of the floor. 

Instruction: Lift one foot slightly off the ground and put it right back down again. For the 

next repetition do the same thing with the other foot. The torso stays lifted throughout the 

whole exercise, without dropping down. 
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End position: 

 

Figure 22: End position bridging 

Same as the starting position with one foot slightly lifted off the floor 

Correct Trial: The participant can maintain a straight line between head and knee. The hip 

never drops, and hip wide stance is maintained. 

Adaptations: Several children did not have enough strength for this exercise. They were told 

to maintain the starting position as long as possible and do as many repetitions as possible but 

progress to the correct execution as fast as possible. One patient was not able to perform this 

exercise because of a recent open cranium wound. He was instructed a similar exercise 

targeting the same muscles to the same degree.  

5.9.5. Lateral step ups 

Properties: 3 sets for each side, PRT: 10-12 repetitions with the load determined by 10 

repetition max test, HIIT: 30 seconds with as many repetitions as possible at maximum speed 

without load. 

Type of Exercise: Unilateral exercise targeting hip abductors, hip extensors and knee 

extensors 

Starting position: 

 

Figure 23: Starting position lateral step ups 
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Both feet on the stepper close to the edge with extended hips and knees. 

Instruction: Move the lateral foot towards the ground, heel first. When it first touches the 

floor slightly without putting weight on the foot move the foot back to the starting position. 

End position: 

 

Figure 24: End position Lounges (this figure was reproduced from the article by Schranz et al. 
1
 and is covered 

by the licensing agreement of the article) 

The medial leg is on the stepper, knees and hips slightly flexed. The lateral leg is slightly 

touching the floor. The upper body remains stable. 

Correct Trial: Stable upper body, correct knee axis, no hip flexion or extension on the lateral 

side, the lateral leg moves towards the floor next to the body. This exercise should not be 

executed with too much plantar flexion which would allow the child to reach the floor quicker. 

Adaptations: Some children needed slight balance support similar to previous exercises “heel 

rises” and “lunges”. There were children who could not reach the floor on both sides at the 

start of training. They were instructed to move as low as possible. 
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5.10. Additional correlation tables 
 

Table 18: Correlation between main outcome measures and baseline characteristics of the whole group: 

Pearson correlation coefficient (p-value) for differences between T1 and T2 

 Basic characteristics 

Correlation GMFCS Gewicht Größe HeDi Gender Age 

Total Strength (N/kg) 0,24 

(0,30) 

0,23 

(0,31) 

0,18 

(0,45) 

-0,16 

(0,49) 

-0,31 

(0,17) 

0,24 

(0,29) 

Mean Muscle Power -0,16 

(0,48) 

0,35 

(0,11) 

0,3 

(0,18) 

0,37 

(0,09) 

0,21 

(0,35) 

0,27 

(0,23) 

Max Muscle Power 0,24 

(0,29) 

-0,40 

(0,07) 

-0,45* 

(0,04) 

0,47 

(0,03) 

-0,11 

(0,64) 

-0,37 

(0,10) 

Min Muscle Power -0,23 

(0,30) 

0,42* 

(0,05) 

0,44* 

(0,04) 

0,18 

(0,43) 

0,17 

(0,44) 

0,40 

(0,07) 

Timed Up-and-go Test (seconds) -0,46* 

(0,03) 

0,01 

(0,96) 

-0,04 

(0,86) 

0,16 

(0,47) 

0,21 

(0,36) 

-0,24 

(0,29) 

Timed Stairs Test (seconds) -0,07 

(0,75) 

0,30 

(0,18) 

0,37 

(0,09) 

0,0 

(0,99) 

-0,17 

(0,46) 

0,27 

(0,23) 

6 minute walk test (meters) 0,10 

(0,66) 

-0,12 

(0,58) 

-0,17 

(0,46) 

-0,22 

(0,33) 

-0,15 

(0,50) 

-0,01 

(0,95) 

Energy Expenditure Index (Score) 0,26 

(0,25) 

0,23 

(0,30) 

0,30 

(0,17) 

-0,02 

(0,93) 

-0,19 

(0,39) 

0,26 

(0,24) 

GPS (°) 0,09 

(0,70) 

-0,06 

(0,79) 

-0,07 

(0,75) 

0,28 

(0,21) 

0,23 

(0,30) 

0,06 

(0,80) 

ASKp 0,0  

(1,0) 

0,10 

(0,66) 

0,07 

(0,75) 

-0,24 

(0,29) 

0,05 

(0,82) 

0,07 

(0,77) 

PODCI -0,07 

(0,76) 

-0,47* 

(0,03) 

0,33 

(0,14) 

0,17 

(0,47) 

0,08 

(0,73) 

0,36 

(0,11) 

PRT, Progressive Resistance Training; HICT, High intensity Circuit Training ; PWR, Power; GPS, Gait Profile Score; ASKp, Activity Scale 

for Kids performance Version; PODCI, Pediatric Outcome Data Collection Instrument; Diff, Difference between T1 and T2; *p<0,05; ** 

p<0,01 
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Table 19 Correlation between parameters of activity/participation: Pearson correlation coefficient (p-value) for differences between T1 and 

T2 

 Actitivy/participation outcome measures 

Correlation MeanP TUG TST 6m EI  GPS ASKp PODC 

Mean Muscle Power X 0,25 

(0,26) 

0,18 

(0,43) 

0,13 

(0,56) 

0,27 

(0,22) 

0,17 

(0,44) 

-0,10 

(0,66) 

0,50* 

(0,02) 

Max Muscle Power X -0,0 

1,0 

-0,14 

(0,53) 

-0,09 

(0,70) 

-0,05 

(0,83) 

0,14 

(0,55) 

0,01 

(0,96) 

-0,23 

(0,32) 

Min Muscle Power X 0,14 

(0,53) 

0,33 

(0,14) 

0,09 

(0,68) 

0,26 

(0,25) 

0,07 

(0,75) 

-0,16 

(0,47) 

0,44* 

(0,05) 

Timed Up-and-go Test (seconds) 0,25 

(0,26) 

X -0,01 

(0,97) 

0,12 

(0,61) 

-0,14 

(0,53) 

-0,03  

(0,91) 

-0,01 

(0,96) 

-0,05 

(0,82) 

Timed Stairs Test (seconds) 0,18 

(0,43) 

-0,01 

(0,97) 

X -0,22 

(0,34) 

0,14 

(0,53) 

0,07 

(0,76) 

-0,43* 

(0,04) 

-0,41 

(0,06) 

6 minute walk test (meters) 0,13 

(0,56) 

0,12 

(0,61) 

-0,22 

(0,34) 

X 0,08 

(0,73) 

0,18 

(0,43) 

0,14 

(0,54) 

0,18 

(0,45) 

Energy Expenditure Index (Score) 0,27 

(0,22) 

-0,14 

(0,53) 

0,14 

(0,53) 

0,08 

(0,73) 

X 0,35 

(0,11) 

0,32 

(0,15) 

0,21 

(0,35) 

GPS (°) 0,17 

(0,44) 

-0,03 

(0,91) 

0,07 

(0,76) 

0,18 

(0,43) 

0,35 

(0,11) 

X 0,24 

(0,29) 

-0,19 

(0,40) 

ASKp -0,10 

(0,66) 

-0,01 

(0,96) 

-0,43* 

(0,04) 

0,14 

(0,54) 

0,32 

(0,15) 

0,24 

(0,29) 

X 0,24 

(0,30) 

PODCI 0,50* 

(0,02) 

-0,05 

(0,82) 

-0,41 

(0,06) 

0,18 

(0,45) 

0,21 

(0,35) 

-0,19 

(0,40) 

0,24 

(0,30) 

X 

PRT, Progressive Resistance Training; HICT, High intensity Circuit Training ; PWR, Power; GPS, Gait Profile Score; ASKp, Activity Scale 

for Kids performance Version; PODCI, Pediatric Outcome Data Collection Instrument; Diff, Difference between T1 and T2; *p<0,05; ** 

p<0,01 
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